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Summary

Tectonics-climate interactions as well as the impact of greenhouse forcing on climate

have become a major focus of paleoclimate studies. The Himalayas and Tibetan Plateau

owe their current latitudinal position and height due to the Cenozoic collision between

Indian and Asian plates, since ∼55 Ma. However, the timing and rate of surface eleva-

tions remain controversial and their impact on Asian climate and the onset of monsoon

systems in this area is highly debated.

Stable oxygen paleoaltimetry is considered to be a very efficient and widely applied

technique, but has limitations from two sides: 1) the link between stable oxygen compo-

sition of precipitation and climate is not well established, 2) Cenozoic climate over Asia

is poorly reconstructed. With a purpose of filling the gap in our knowledge of climate

variability over Asia during the Cenozoic we use the isotope-enabled atmospheric gen-

eral circulation model LMDZ-iso. Various scenarios of mountains growth have been ap-

plied together with Early Eocene, Middle Eocene, Oligocene and Miocene boundary con-

ditions. Our results show a significant influence of paleogeography on the Asian climate.

Specifically, the surface elevation of the Himalayas and Tibetan Plateau directly impact

local temperatures, but also the atmosphere circulation that results in increased precipi-

tation rates over the southern Tibet and wide-spread aridity over the northern Tibet and

in central Asia.

For the purpose of understanding where and how these climatic changes linked with

the growth of mountains affect δ18O in precipitation we develop a theoretical expression

for the precipitation composition based on the Rayleigh distillation and show that only

40 % of sampled sites for paleoaltimetry depict signal attributed to topography changes.

We conclude that the Himalayas may have attained their current elevation later than ex-

pected. In contrast, we suspect that isotope-based palaeoaltimetry could underestimate

surface elevation over the northern Tibet. In addition, realistic Cenozoic boundary con-

ditions together LMDZ-iso allow reconstructing δ18O in paleoprecipitation for several pe-

riods during the Cenozoic.

The focus has been put on the Eocene, since paleoelevation reconstructions are par-

ticularly controversial for this period. Wind trajectories back tracking applied to the model

outputs allows to compare the moisture feeding of the Himalayas and the Tibetan Plateau

regions for the present-day and the Eocene cases and shows that the Rayleigh distillation

processes are not applicable for the Eocene Himalayas due to mixing of air from mul-

tiple moisture sources over this area. We show that Eocene precipitation δ18O is rather

insensitive to topographic height in Asia. However, carbonate δ18O still records paleo-

elevation because the fractionation between calcite and water is sensitive to temperature,
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Summary

which depends on altitude. Comparison of simulated Eocene δ18O patterns with data

from the carbonate archives suggest that the Himalayas and the Tibetan Plateau did not

reach present-day (3000+ m) elevations during the Eocene.
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Résumé étendu

Les interactions entre la tectonique et le climat ainsi que l’étude du forçage radiatif

associé aux gaz à effet de serre sont devenus des axes de recherche prioritaires des sci-

ences de la terre pour les décennies à venir. Les déplacements horizontaux et verticaux

des plaques lithosphériques jouent le rôle principal dans les changements climatiques

à long-terme à travers plusieurs processus. Le relief à la surface du globe terrestre a un

impact direct sur le climat en modifiant le bilan radiatif mais aussi la circulation atmo-

sphérique, les courants océaniques et le potentiel d’entrée en glaciation. De plus, la tec-

tonique impacte indirectement le climat en affectant la dynamique du cycle du carbone

et donc les compositions chimique de l’atmosphère et de l’océan. D’ailleurs, alors que

l’évaluation des changements climatiques liés à l’altitude est nécessaire pour compren-

dre l’histoire du soulèvement d’une chaîne de montagnes, les données précises de paléo-

élévation sont essentielles pour les reconstructions paléoclimatiques.

Le massif formé par l’Himalaya et le plateau tibétain (HPT) constitue la plus haute

chaîne de montagnes du monde, et la barrière orographique formée par celle-ci contrôle

la circulation atmosphérique en Asie. Cette région est considérée comme un véritable

« laboratoire naturel » pour l’étude des interactions entre tectonique et climat, car les

observations de terrain ainsi que les simulations numériques suggèrent un impact im-

portant de la formation de ces montagnes sur les changements climatiques à différentes

échelles de temps. On sait que le soulèvement orographique dans cette région résulte

de la collision de la plaque indienne avec la plaque eurasiatique, initiée il y a ∼55 Ma,

et du poinçonnement de l’Inde vers le nord-nord-est dans le continent eurasiatique. En

revanche, la vitesse de surrection du HPT tout au long du Cénozoïque reste encore au-

jourd’hui largement débattue.

La paléo-altimétrie est une estimation quantitative de la paléo-élévation au-dessus

du niveau moyen de la mer. Parmi les nombreuses techniques aujourd’hui disponibles

pour reconstruire la paléo-altitude, celle reposant sur l’analyse des isotopes stables de

l’oxygène (i.e., la composition isotopique d’un échantillon définie par rapport à un étalon

et indiquée par la notation δ: δ18O) est la plus largement répandue. Cette approche se

fonde sur la sensibilité du δ18O des précipitations (δ18Op ) à la température (qui, à son

tour, est contrôlée par l’altitude), selon le modèle de la distillation de Rayleigh. Les études

utilisant les isotopes de l’oxygène exploitent la forte sensibilité du δ18Op aux change-

ments d’élévation (via un lapse rate isotopique moyen global de 2,8 %% km−1) pour recon-

struire l’altitude des reliefs dans le passé lointain. Généralement, plusieurs étapes sont

nécessaires pour ces paléo-reconstructions: (1) le rapport isotopique de l’oxygène δ18Oc

doit être mesuré dans des archives naturelles (les carbonates des sols, les carbonates la-
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Résumé étendu

custres, etc.) ; (2) le rapport est ensuite calculé dans les paléo-précipitations (δ18Opp ) en

tenant compte de l’équilibre entre l’eau et la calcite à une température donnée; et (3) les

valeurs du δ18Opp sont converties en valeurs de paléo-altitude en utilisant des relations

théorétiques entre δ18Op et topographie (i.e., un lapse rate isotopique).

Les reconstructions paléo-altimétrique fondées sur l’analyse des isotopes stables de

l’oxygène ont été appliquées à la chaîne de l’Himalaya et du plateau tibétain pour les péri-

odes de temps allant du Paléocène au Pléistocène (60-2 Ma). Néanmoins, cette méthode

a deux limites principales: 1) les relations entre δ18O et climat ne sont pas bien établies;

et 2) le climat Cénozoïque en Asie est mal contraint. Dans le cadre de cette thèse, nous

avons étudié le rôle de la surrection du HPT, l’influence du changement de la concentra-

tion atmosphérique en CO2, ainsi que l’impact des modifications de la paléogéographie

au cours du Cénozoïque, sur le cycle de l’eau et sur la composition isotopique des précip-

itations. Nous avons pour cela souhaité répondre aux questions suivantes :

1. Quels sont les processus contrôlant aujourd’hui la distribution spatiale des isotopes

stables de l’oxygène ?

2. Comment a évolué le climat asiatique au cours du Cénozoïque ?

3. Est-ce que les processus qui contrôlent la distribution spatiale des isotopes sta-

bles d’oxygène étaient constants pour toutes les périodes de temps, en particulier,

quand les montagnes étaient plus petites, la région de HPT était située près de

l’équateur et la concentration du CO2 dans l’atmosphère était considérablement

plus élevée ?

4. La méthode classique de paléo-altimétrie du HPT, fondée sur les isotopes stables

de l’oxygène, peut-elle être appliquée tout au long de l’ère Cénozoïque ?

Pour répondre à ces questions, nous avons utilisé le modèle de circulation générale

atmosphérique LMDZ et sa version isotopique LMDZ-iso. Avec cet outil, nous avons

évalué les changements spatiales et temporelles des variables climatiques et la compo-

sition isotopique de la vapeur et des précipitations. Pour les simulations plus « réalistes »,

nous avons également utilisé les températures océaniques de surface dérivées d’un mod-

èle couplé océan-atmosphère (FOAM), ainsi que la distribution de la végétation simulée

avec un modèle dédié (LPJ). L’utilisation d’une grille conçue spécifiquement pour cette

étude, bénéficiant d’un zoom sur l’Asie du Sud-Est, a permis d’atteindre une résolution

spatiale moyenne de l’ordre de 50 km sur l’Asie centrale, tout en conservant une taille des

cellules beaucoup plus grande sur le reste du globe, ce qui fournit un bon compromis en-

tre un temps de calcul raisonnable et une résolution spatiale permettant de représenter

adéquatement toutes les caractéristiques principales de la topographie du HPT. En outre,

la comparaison des résultats de nos modèles avec les données publiées de δ18O mesuré

dans les archives naturelles, a fourni une occasion unique de réviser l’histoire de la sur-

rection du HPT.

Nous avons tout d’abord étudié les variations isotopiques dans la région du HPT à

l’époque actuelle. D’après les mesures de δ18O dans les eaux de pluie, le taux de varia-

tion du δ18O en fonction de l’altitude moyenne est de 2.8 %% km−1 (Poage and Chamber-

lain, 2001). Cette relation a été établie empiriquement, sur la base d’échantillonnages des
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eaux de surface sur le front sud de l’Himalaya (e.g Garzione et al., 2000a), et confirmée

théoriquement selon l’équation de la distillation de Rayleigh (Rowley and Garzione, 2007;

Rowley et al., 2001). Cependant, la composition isotopique des précipitations est égale-

ment influencée par la température, l’humidité, les processus de post-condensation, la

quantité de précipitations et la composition isotopique initiale des sources d’humidité.

Les résultats de simulations conduites avec LMDZ-iso suggèrent que le lapse rate iso-

topique n’est pas constant spatialement à travers la région étudiée. Nous montrons que

le modèle de la distillation de Rayleigh calibré pour l’Himalaya (Rowley and Garzione,

2007; Rowley et al., 2001) reproduit bien les données des échantillons actuels des eaux de

rivières dans certains secteurs donnés de la région asiatique, mais qu’ailleurs la confor-

mité est beaucoup plus faible. L’utilisation d’une valeur unique de lapse rate isotopique

pour l’ensemble de l’Himalaya pourrait dès lors causer une sous-estimation considérable

des paléo-altitudes dans les segments centraux et septentrionaux du plateau tibétain.

Dans une deuxième étape, afin de tester la validité du lapse rate pour les temps géologi-

ques plus anciens, nous avons effectué des tests de sensibilité du climat et du δ18Op aux

changements de la topographie du plateau tibétain. Nous avons réalisé des simulations

dans lesquelles la topographie de l’Himalaya est réduite partiellement (i.e., de moitié),

ou totalement, tout en gardant le reste des conditions aux limites identiques à celles

de l’époque actuelle (i.e. la position des continents reste constante). Ces simulations

révèlent que la composition isotopique des précipitations est très sensible aux change-

ments climatiques associés à la surrection du HPT. Afin de comprendre où et comment

ces changements climatiques liés à la surrection des montagnes affectent le δ18Op , nous

avons proposé une expression théorique de la composition isotopique des précipitations

fondée sur la distillation de Rayleigh. Nous avons montré que seulement 40 % des sites

échantillonnés du HPT contiennent la signature isotopique représentant la topographie.

Il apparaît donc que la topographie n’est pas l’unique facteur contrôlant les valeurs du

δ18Op . La contribution relative des autres facteurs peut varier en fonction de l’étape de

la surrection et de la région considérées. Notamment, les changements d’humidité rel-

ative, la quantité de précipitations et les processus de post-condensation en Asie ont un

impact majeur sur le δ18Op . Nous soulignons que les futures études portant sur les recon-

structions de paléo-altitude devraient prendre en compte ces facteurs climatiques pour

éviter une mauvaise estimation des altitudes d’époques anciennes. Les résultats obtenus

dans cette étude montrent que l’Himalaya pourrait avoir atteint son élévation actuelle

plus tardivement que précédemment proposé. En revanche, dans le nord du Tibet, la

paléo-élévation pourrait avoir été sous-estimée.

Dans l’étape suivante, des simulations ont été réalisées avec le modèle LMDZ-iso

en utilisant les reconstructions paléogéographiques représentatives de quatre époques

du Cénozoïque (55, 42, 30, 15 Ma). Ces paléogéographies reflètent le déplacement pro-

gressif du sous-continent indien vers le nord et le retrait de la Paratéthys, ancêtre élargi

de la Mer Méditerranée dont la présence pourrait avoir largement influencé les régimes

de pluie sur le plateau tibétain. En général, pour toutes ces expériences, les valeurs du

δ18Op dans la région himalayenne augmentent de 9 %% par rapport aux valeurs actuelles.

Pour l’expérience avec les conditions aux limites Miocène (15 Ma), une évolution vers des

valeurs de δ18O moins appauvries sur la topographie élevée est compatible avec le mé-
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canisme proposé par Poulsen and Jeffery (2011). Ces derniers ont montré que lors d’une

augmentation des teneurs en CO2 atmosphérique, la haute troposphère se réchauffe plus

que les basses couches. Ce différentiel induit un gradient vertical de température dans

la troposphère plus faible qui se traduit lui même par des valeurs de δ18Ov relativement

enrichies, qui sont ensuite transportées vers le surface terrestre dans les zones de sub-

sidence. Pour les périodes plus anciennes, telles que l’Eocène et l’Oligocène, le plateau

tibétain est situé à 10◦ de latitude plus au Sud qu’aujourd’hui. Ce déplacement de la ré-

gion dans la zone de convection où de l’air enrichi de la surface est transporté jusqu’au

niveau de condensation par ascendance va induire la présence de valeurs de δ18Ov sur le

plateau tibétain largement plus positive que de nos jours.

Dans la mesure où les reconstructions des paléo-élévations sont particulièrement con-

troversées pour les premières étapes de l’évolution du plateau tibétain, nous avons en-

suite souhaité approfondir notre étude de l’Eocène (en utilisant une paléogéographie qui

correspond au 42 Ma). L’analyse des différences climatiques entre l’Eocène et l’époque

actuelle a été réalisée afin de comprendre les mécanismes climatiques qui font varier le

δ18Ov dans la région asiatique. Dans le cadre du contexte de l’Eocène, nous avons testé

la sensibilité du climat au retrait de la Paratethys, aux changements de la température

de surface de l’océan (SST), à la concentration atmosphérique en CO2, à l’albédo du sur-

face, aux paramètres orbitaux ainsi qu’aux changements de topographie. Ces tests de

sensibilité montrent que la paléogéographie joue le rôle le plus important dans les motifs

spatiaux du δ18O. Le traçage des trajectoires du vent appliqué aux résultats des mod-

èles a permis de comparer l’alimentation en humidité dans les régions de l’Himalaya et

du plateau tibétain pour l’époque actuelle et pour l’Eocène. Cette analyse révèle que les

procédés de distillation de Rayleigh ne sont pas applicables pour l’Himalaya de l’Eocène à

cause du mélange d’air provenant de sources d’humidité multiples dans cette zone. Cela

suggère donc que l’hypothèse de stationnarité de la relation δ18O-altitude à travers les

temps géologiques est inexacte, et qu’elle peut conduire à des estimations trompeuses

de paléo-altitude. En plus, pour le cas Eocène, nous montrons que le δ18Op lui-même

est insensible à la hauteur topographique en Asie, tandis que le δ18Oc enregistre le sig-

nal de la paléo-élévation puisque le fractionnement entre la calcite et l’eau est sensible

à la température, qui, à son tour, dépend de l’altitude. La comparaison du δ18O simulé

pour l’Eocène avec les données du δ18O mesuré dans les carbonates suggère que, pen-

dant l’Eocène, l’Himalaya et le plateau tibétain n’avaient encore pas atteint leur élévation

actuelle (> 3000 m).

De nombreux travaux récents de modélisation se sont intéressés à l’impact du soulève-

ment de l’Himalaya et du plateau tibétain sur la circulation atmosphérique, l’aridification

et la mousson dans la région asiatique. Cependant, la plupart des études ont utilisé des

conditions aux limites proches de celles de l’époque actuelle (y compris la configuration

des continents et la concentration atmosphérique en CO2) pour tester le rôle de la tec-

tonique dans les caractéristiques de la mousson asiatique. Ainsi, les apports relatifs du

forçage de la tectonique et des gaz à effet de serre à l’intensification de la mousson Céno-

zoïque et à la désertification en Asie n’étaient pas connus avec précision. D’autre part,

l’acquisition de nouvelles données géologiques nécessite les bases physiques pour les ex-

ploiter et les interpréter correctement. Nous avons ici utilisé un modèle de circulation
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générale (LMDZ) pour estimer la sensibilité du climat cénozoïque en Asie à la topogra-

phie et à la concentration atmosphérique en CO2, qui changent conjointement avec la

configuration des continents au cours du Paléocène, de l’Eocène, de l’Oligocène et du

Miocène. Cette méthode nous a permis d’évaluer l’importance relative de chacun de ces

facteurs pour les modèles climatiques. Pour les expériences plus réalistes, LMDZ a été

forcé avec les SST calculées en utilisant le modèle FOAM et avec l’albédo provenant des

résultats du modèle de végétation LPJ. Les résultats préliminaires illustrent parfaitement

une influence significative des changements topographiques sur le climat asiatique pour

toutes les périodes cénozoïques, à l’exception de l’Eocène inférieur. Nos simulations cli-

matiques montrent que le retrait de la Paratéthys, le déplacement latitudinal de l’Inde et

la hauteur du plateau tibétain contrôlent les précipitations et provoquent la variabilité de

la mousson en Asie. Selon ces modèles, l’aridité à l’Asie central a persisté pendant tout le

Cénozoïque, alors que l’étendue latérale des déserts était contrôlée par la topographie, la

paléogéographie et la concentration atmosphérique en CO2.

Notre recherche s’adresse non seulement à une vaste communauté de géochimistes,

de climatologues, mais aussi aux géologues et aux géophysiciens qui se sont intéressés à

l’histoire de la surrection des chaînes de montagnes ainsi qu’à l’évolution géodynamique

de la collision entre l’Inde et l’Eurasie. Les résultats de ce travail pourraient être appliqués

non seulement pour améliorer notre connaissance de l’évolution du climat pendant le

Cénozoïque mais aussi pour réinterpréter l’évolution du soulèvement du plateau tibétain

et de l’Himalaya, avec une application pratique possible à la géodynamique de la région.
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Introduction

General context and scientific questions

Tectonics-climate interactions have been inspiring much inter-disciplinary discus-

sion since a quarter of a century. The Himalayas and Tibetan Plateau (HTP), as the ma-

jor mountain building on the Earth, serves as an important natural laboratory for in-

vestigating the coupling between topographic evolution and climate forcing. In pioneer

works on this subject, Kutzbach et al. (1989); Raymo and Ruddiman (1992); Ruddiman and

Kutzbach (1989) suggested that the uplift of the HTP has a profound effect on atmospheric

circulation. In these works it has been also proposed that Cenozoic tectonic uplift of the

HTP drives the increase in atmospheric CO2 concentrations through the increase in the

chemical weathering. Since these early studies substantial progress has been made, in-

cluding studies that use modeling tools to investigate the impact of Asian topography on

climate and the carbon cycle. However, a major limit in such kind of modeling is linked to

the paleogeography reconstruction uncertainty, and to our limited knowledge of the scale

and rate of the HTP surface uplift. In addition, the surface elevation provides important

information on the geodynamic mechanisms shaping the Earth surface.

For paleoelevation reconstructions, a lot of modern techniques are available. Among

them, stable oxygen paleoaltimetry is considered to be one of the most efficient and has

been widely applied for reconstruction of the elevation history of the HTP. However, sta-

ble isotope paleoaltimetry has several limitation, because: 1) the link between stable oxy-

gen composition of precipitation and climate is not established, 2) the main atmospheric

factors that control atmospheric distillation and air mass δ18O values may vary through

time, and 3) Cenozoic climate over Asia, including the monsoon onset is poorly recon-

structed.

In this thesis we aim to address the following scientific questions:

1. What processes control present-day distribution of stable water isotopes in precip-

itation?

2. How climate was changing under the influence of the Asian topography uplift, change

of the paleogeography during the Indo-Asian collision and the drop of atmosphere

pCO2 through the Cenozoic?

3. Were the processes controlling the spatial distribution of stable oxygen isotopes in

precipitation constant through the Cenozoic, especially in a case of lower eleva-

tion of Himalayas and Tibetan Plateau, their southward shift, and high atmosphere
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pCO2 concentration?

4. Could the classic stable oxygen isotopes-based paleoaltimetry technique be applied

for the Cenozoic?

Dissertation format

The following work consists of 7 Chapters, connected in between and which, all to-

gether are aiming to answer the scientific questions asked.

Chapter 1 reviews the scientific background of this thesis, discussing the main forms

of tectonics-climate interaction (focusing on the impact of the tectonics on climate), the

geological structure and geodynamical history of the Himalayas and Tibetan Plateau as

well as the main techniques of paleoelevations reconstructions (with a focus on stable

oxygen isotopes paleoaltimetry). This introductory chapter is pivotal to set up for com-

prehension of the multidisciplinary topic of this thesis.

Climate modeling is the main tool of this work. Thus, in Chapter 2 we provide fun-

damentals of climate and stable oxygen isotopes modeling and review the models and

boundary conditions used in this study.

In Chapter 3 we discuss the main factors that control of δ18Op over Asia nowadays and

their variations with the HTP uplift. We suggest the possible impacts of this variations on

the paleoelevations estimates accuracy. In this chapter we present our article entitled

"Impacts of Tibetan Plateau uplift on atmospheric dynamics and associated precipitation

δ18O" published in Climate of the Past.

Further, in Chapter 4 we discuss the results of our experiments with realistic Cenozoic

boundary conditions and exploring the isotopic processes for paleo periods. In this chap-

ter the focus is made on the Eocene period and we present the article in preparation for

EPSL, entitled "Controls of the Eocene stable oxygen isotopes over Himalayas and Tibetan

Plateau".

In Chapter 5 we provide a comparison of measured carbonate δ18O with model sim-

ulated δ18O (so-called "forward proxy modeling") in order to test the validity of exist-

ing δ18O-based Eocene paleoelevations reconstructions for the HTP. In this chapter we

present a draft paper "Eocene stable oxygen isotopes in the Himalayas and Tibetan Plateau:

A record of elevation or of climate change?", ready for submission to Nature Communica-

tions.

In Chapter 6 we discuss the impact of the tectonic evolution of the Indo-Asia collision

zone on the Asian monsoon circulation and test the sensitivity of Asian climate through

the Cenozoic to the change of paleogeography, topography and CO2 concentration with

the numerical experiments

Finally, in Chapter 7 we summaries our investigation, discuss possible uncertainties

associated, give an idea on the work in progress and highlight the perspectives and possi-

ble applications of this study.
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Chapter 1

General introduction

In this introductory chapter we define the main possible impacts of tectonics-induced

horizontal displacements and vertical motions of the Earth crust on climate change, fo-

cusing on the Himalayas and Tibetan Plateau region (Section 1.1). Further, with a purpose

of understanding the timing and scale of the Earth surface uplift and latitudinal displace-

ment of land masses over this region during the Cenozoic, we provide a quick overview

of tectonic evolution of Indo-Asia collision zone (Section 1.2). As the surface elevation

is suspected to be one of the most crucial factor impacting regional and global climates,

we provide an overview of geological, paleontological and geochemical methods typically

used for paleoelevation reconstruction of mountain belts in general and the Himalayas

and Tibetan Plateau in particular (Section 1.3). In the Section 1.3 we discuss the principles

of the stable water isotopes-based paleoaltimetry: we give the definition of the isotopic

composition of water, main properties of stable oxygen isotopes, present-day spatial dis-

tribution and application for measurements of paleoelevations. We also suggest a com-

plete elevation history of the HTP during the Cenozoic based on published data. Finally,

based on the problematic discussed in this chapter, we specify the main objectives of our

work (Section 1.4).

Contents
1.1 Tectonics-climate interactions . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.1.1 Impact of orography on climate . . . . . . . . . . . . . . . . . . . . . 5

1.1.2 Impact of paleogeography on climate . . . . . . . . . . . . . . . . . . 11

1.1.3 Impact of atmospheric pCO2 variations on climate . . . . . . . . . . 13

1.1.4 Himalayas and Tibetan Plateau as a natural laboratory of tectonics-

climate interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.2 Tectonic evolution of India-Asia collision zone . . . . . . . . . . . . . . . 16

1.2.1 Structural zonation, geology and manifestations of Cenozoic tec-

tonics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
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1.3.1 Paleoelevation reconstructions based on geological evidences . . . 26
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Chapter 1. General introduction

1.1 Tectonics-climate interactions

Nowadays it becomes evident that horizontal and vertical displacements of terrains

associated with plate tectonics play a fundamental role on climate (DeConto, 2009; Kutzbach

et al., 1989; Raymo and Ruddiman, 1992; Ruddiman and Kutzbach, 1989). The form of the

earth surface has an impact on climate through direct effects, modifying the surface en-

ergy balance, atmospheric circulation, oceanic currents and glaciation. Tectonics also

has important indirect effects on climate through control of the geochemical cycles and

the composition of the atmosphere and the ocean. Consequences of tectonics activity

on the shape and composition of the Earth layers (lithosphere, hydrosphere, atmosphere,

etc.) are complex and include a lot of interacting elements (e.g. surface elevations, form

of orogens and its spatial position, land-sea distribution, sea-level, carbon dioxide emis-

sions into the atmosphere by volcanoes, etc.). Several early reviews have treated different

aspects of tectonics-climate interactions (DeConto, 2009; Hay, 1996). In the following

sections we do not aim to specify the full variety of interactions between tectonics and

climate, but to provide the basics for the major ones. In this quick overview we sum-

marize the recent achievements made by climate modeling studies on tectonics-climate

interactions. A particular focus is put on the HTP region.

1.1.1 Impact of orography on climate

Tectonic uplift of major mountain belts is often cited as an important factor to mod-

ify climate (Raymo and Ruddiman, 1992; Ruddiman and Kutzbach, 1989). The potential

impact of mountains on climate was first inferred based on the interpretation of the geo-

logical record and then, with the development of computers, using numerical models and

general circulation models in particular (see more on climate modeling methods in Chap-

ter 2). However, it is necessary to keep in mind that the impact of an orogen on climate

depends on its latitudinal position, size and elevation, thus, although general impacts are

known, each particular region should be studied individually.

Orographic precipitation, barrier effect and rain shadows

Orographic precipitation occurs when moist air is forced upwards over rising terrain,

such as a mountain. A rain shadow is an area on the leeward side of an orographic bar-

rier with relatively small precipitations amount compared to adjacent regions. During an

orographic ascent to the mountain tops, humid air masses cool down and reach the dew

point (the point where the water vapor condenses into rain), thus most of precipitation

falls on the windward side or on top of the mountain. On a leeward side, only moisture-

depleted air is advected and a dry region forms, that is called "a rain shadow" (Figure 1.1).

Rain shadow effect area can extend hundreds of kilometers and is pronounced in veg-

etation types and sediments characteristic for dry zones (evaporates). Vegetation is of par-

ticular importance because it affects land surface roughness, atmospheric moisture, and

the partitioning of sensible and latent heat fluxes between the surface and atmosphere

(Dickenson and Henderson-Sellers, 1988).
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RAIN SHADOW
lee sidewindward side

Figure 1.1 – Schematic diagram showing the orographic precipitation and formation of a rain
shadow of a mountain range. Figure after from (Hay, 1996). Precipitation occurs on the wind-
ward side of the range, and a rain shadow develops on its lee. RH relative humidity.

Rain shadow effect is very typical for modern climates and is observed over a lot of

places in the word. The most pronounced examples are: the Death Valley, a desert in

North America, that is in the rain shadow of the Sierra Nevada mountain range; the South

Island New Zealand, which is a rain shadow of the Southern Alps; the Atacama Desert in

Chile as a rain shadow of the Andes together with moisture-blocking action of high pres-

sure over the Pacific; the eastern part of the Pyrenean mountains in the south of France.

Similarly, Karakum Desert and Kyzylkum Desert, are protected from the penetration of

moist air by Caucasus in the west, Mount Elbrus in the south and the Himalayas to the

east. The Tibet is one of the most remarkable rain shadows anywhere on Earth, where the

Himalayas snap up moisture coming form the Bay of Bengal and the Pacific Ocean and

the Tian-Shan and the Pamir have a blocking effect on the westerly moisture.

Similar to rain shadow effects may have been characteristic for ancient climates. For

example, in a simulation with idealized "supercontinent" (pole-to-pole continents) more

arid condition that exists today have been produced by Hay (1996). Numerous model-

ing efforts have been made for reproducing and explaining rain shadow effect in various

domains all over the world. For example, Sepulchre et al. (2006) showed that the topo-

graphic uplift of eastern African topography impact has complex effect on regional cli-

mate, including the rain shadow effects. The orographic barrier and rainshadow effect of

Tian-Shan mountains is also well known. It acts as a "trap" for the moisture coming with

the westerlies thus contributing to the hyper aridity of the Taklimakan desert (Baldwin

and Vecchi, 2016; Sato, 2005). Liu et al. (2015) based on numerical experiments indicates
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the rain shadow effect of Tibetan Plateau as the main reason of formation of inland Asian

deserts.

However, recent study of development of orographic rain shadows during orogene-

sis (Galewsky, 2009) have shown that rain shadow formation is nonlinear and nonunique

function of both topography and atmospheric state. These conclusions indicate that geo-

logical records of orographic aridity cannot be interpreted in terms of topography eleva-

tion alone.

Mountain uplift and atmospheric planetary waves

An atmospheric wave is a periodic disturbance in the fields of surface pressure, geopo-

tential height, temperature, or wind velocity which may either propagate (traveling wave)

or not (standing or stationary wave). Large-scale planetary waves are called Rossby waves.

Rossby waves form as a consequence of the conservation of absolute vorticity. When a

parcel of air (or water) is displaced from its original latitude or changes its thickness as

it passes over a mountain range, it responds by changing its latitude (planetary vorticity)

and/or its relative vorticity (tendency to rotate). The resulting oscillations in the mean

flow about a given latitude produce long planetary waves which move westward relative

to the flow. In the fast flow of the upper troposphere, the waves appear to move slowly

eastward relative to the Earth’s surface.

Large mountain belts provide direct physical barriers to atmospheric flow, which in-

duce these long planetary Rossby waves in the upper-level westerlies. In the Northern

Hemisphere, the longest of these waves tend to become stationary or locked relative to

major orographic features. Uplift of mountain chains can disrupt atmospheric circula-

tion by deflecting the atmosphere jet stream and planetary waves (Hay, 1996).

Pioneer works on the importance of the orography of the Earth for the general charac-

ter of westerlies were held by Charney and Eliassen (1949), Dorodnitsyn (1950) and Bolin

(1950). In these works the atmospheric behavior in presence of an obstacle (mountain)

was described with the equations of geophysical hydrodynamics.

Manabe and Broccoli (1990) provided numerical experiments with and without moun-

tains in the northern hemisphere and showed the role of high topography on the position

of the jet stream (Figure 1.2). In addition, these authors attributed the general aridity of

the American interior and the Central Asia to the effect of the Rocky Mountains and the

Tibetan Plateau on the planetary wave pattern. One of the main conclusions of this pa-

per is that without mountains in the northern hemisphere, large-scale circulation is much

more zonal.

Recent works investigated the relative contribution of the TP and Mongolian moun-

tains on the westerly jet over North Pacific (Shi et al., 2014). Based on numerical exper-

iments, these authors speculate that the Mongolian topography has a greater impact on

westerlies that the TP despite its smaller size. Based on coupled atmosphere-ocean GCM

experiments, Yun et al. (2016) studied the impact of the TP uplift (with experiments from 0

to 100 % of the current height) on the seasonal characteristics of the westerlies flow, the jet

displacement and strength in the northern hemisphere. Authors assess the effects of the

progressive uplift of the Tibetan Plateau on the atmospheric blocking (quasi-stationary
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1.1. Tectonics-climate interactions

A B

Figure 1.2 – The effect of mountains uplift on westerly wind in the northern hemisphere based on
numerical experiments done by Manabe and Broccoli (1990). A) experiments with present-day
topography, B) experiment with neglected topography all over the world. The 500-mb geostrophic
wind speed is inversely proportional to the spacing of the height contours for March-Avril-May,
and the thick arrows indicates the position of the jet-stream axis at 500 mb. Stippling indicates
precipitation rate > 3 mm per day. This figure greatly illustrates that without mountains global-
scale atmospheric circulation is much more zonal.

mid-latitude high pressure system blocking the westerly background flow) and show that

during winter, the Tibetan Plateau uplift increases the blocking frequency over both At-

lantic and Pacific oceans via amplifying the eddy kinetic energy of stationary waves, while

during the summer this effect is larger over the Atlantic.

Mountain uplift and global monsoons

The term monsoon is generally defined from the seasonal reversal in both precipita-

tion and wind fields. The monsoon circulation is characterized as a climate system with

seasonal reversal in surface winds over and around the continents accompanied by highly

seasonal, intense precipitation (Wang and Ding, 2006). A network of seasonally varying

precipitating systems and winds reversal is called the global monsoon (Fasullo and Web-

ster, 2003). The global monsoon includes all major monsoon regions: Australia, northern

Africa, southern Africa, North America, South America, and Asia (Wang et al., 2014b).

Mountain uplift is known to effect the onset and intensification of the monsoonal cir-

culations, thus it become one of the most important manifestations of tectonic-climate

interactions (Huber and Goldner, 2012; Molnar et al., 1993; Roe et al., 2016). Relation-

ship between the presence of topography and monsoon circulation has been examined

in numerous studies; it has been shown that mountain ranges have significant impact on

atmospheric circulation through mechanical and dynamical effects (Wu et al., 2015) (see

more on the discussion about mechanical and dynamical effects of the Himalayas and

Tibetan Plateau in Section 1.1.4).

Paleo-monsoon variability is commonly linked with tectonic forcing. Paleo-monsoon
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variability have been studied using sedimentogical and paleontological proxies. For ex-

ample, quantitative studies of the variability in the African monsoon have been based

on terrestrial records of lake level changes in northern Africa (Kutzbach, 1980), marine

records of eolian dust from the Atlantic (Sarnthein et al., 1981), and sapropels in the

Mediterranean (Rossignol-Strick, 1983). The Indian monsoon was studied using upwelling

records from the Arabian Sea (Gupta et al., 2015), cyclicity in eolian deposits (e.g. Loess

Plateau of China) (An et al., 2001), analysis of Siwalik Group sediments (Sanyal et al.,

2004b) and many others proxies.

Nowadays, besides sedimentological and palentological proxies, general circulation

models (GCMs) are frequently used to investigate the impact of topography uplift on

paleo-monsoon onset and variability (An et al., 2001; Broccoli and Manabe, 1992; Lunt

et al., 2010).

Huber and Goldner (2012) using Eocene boundary conditions showed that a global

monsoon distribution of precipitation exists in the Eocene regardless of Tibetan Plateau

height. However, most of paleoclimate modeling studies use near-present day boundary

conditions (e.g land-sea mask, atmospheric CO2) for reconstructing paleo-monsoons.

We discuss the impact of the HTP on Asian climate based on published data in Section

1.1.4 and we bring our contribution to this subject in Chapter 6.

Mountains uplift and oceanic circulation

The effect of mountains uplift on in the context of coupled atmosphere-ocean sys-

tem has been investigated since only last decade. Studies of Abe et al. (2003) and Ki-

toh (2004) showed that the uplift of the HTP has influence on sea surface temperatures

and sea surface salinity of Pacific and Indian Oceans both, as well as on precipitation

through changes in the intensity of the subtropical anticyclone and trade winds. Impor-

tantly, numerical studies have also suggested that global mountains have important effect

on global-scale meridional overturning circulation (MOC) (Rind et al., 1997; Schmittner

et al., 2011). The authors show that higher mountains reduce water vapor transport from

the Pacific and Indian Oceans into the Atlantic Ocean and contribute to increased salini-

ties and enhanced deep-water formation and MOC in the Atlantic and simultaneous de-

crease of MOC in the Pacific Ocean.

The impact of the Andes uplift on oceanic currents have been studied by Sepulchre

et al. (2009b). The author show that this uplift played a crucial role in shaping the lower

troposphere dynamics over the Pacific Ocean and wind stress values that results in a

marked southward shift of the Humbold Current System, changing the latitudinal posi-

tion of coastal upwelling areas as well as the strength of the South Pacific gyre.

Mountains uplift and glaciation

Because tropospheric temperatures generally decrease with increasing altitude (the

globally averaged tropospheric lapse rate is about 6.5 ◦C · km−1), high terrain is more likely

to maintain perennial snow and ice cover. James Dana in 1856 was one of the first scien-

tists who noticed that continental glaciations could be linked with terrestrial movements
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1.1. Tectonics-climate interactions

during the past time periods (Dana, 1856). In addition, he concluded that continental

glaciations existed in the geological time because of higher topographical elevations.

Numerical modeling studies in the end of the XXth century have shown that tectonic

uplift of widespread land areas above the equilibrium snowline can lead to the sudden,

non-linear growth of glaciers and ice sheets, possibly leading to continental-scale glacia-

tion. The rapid non-linear response is caused mainly by albedo feedbacks (North et al.,

1983) associated with the high reflectivity of snow and ice and the geometrical effect of a

growing ice cap and its rapidly expanding accumulation zone.

Further investigations revealed that the spatial scale of surface uplift is a key factor in

the potential response of glaciations. For example, modern ice sheet modeling studies

have shown that broad uplift of an initially ice-free Antarctic interior can trigger sudden

glaciation, provided the continent is already near a glaciation threshold (DeConto and

Pollard, 2003).

Besides the direct effect of mountains uplift on glaciation indirect effect through in-

crease rate of silicate weathering and reduction of atmospheric CO2 exists (see the follow-

ing section). Thus, studying of the impact of the topography on glaciations is important

because glaciation itself has important feedback on climate through the albedo change

(snow has high albedo).

Mountain uplift and global CO2 level

Based on terrestrial and marine proxies (e.g. stromatal density, fossil soils, B/Ca) at-

mospheric CO2 concentration lowering has been reconstructed during the Cenozoic (Fig-

ure 1.3) from more then 1000 ppm in the Early Eocene to 280 ppm in the XIXth century

(pre-industrial levels). For more details on the change of pCO2 through the Cenozoic see

Section 1.1.3.

Observations infer that large uplift of mountain ranges globally results in higher ero-

sion rates (Molnar and England, 1990; Raymo and Ruddiman, 1992). Erosion not only af-

fects the mountains themselves, but delivers large volumes of sediment to the ocean. On

a global scale, this sedimentary flux influences ocean chemistry and imposes a net draw

down of atmospheric CO2 (Raymo and Ruddiman, 1992). Following simplified equation

describes the consumption of CO2 during chemical weathering of silicates:

CaSi O3 +CO2 ↔ CaCO3 +Si O2 (1.1)

According to this equation, the carbon dioxide is consumed during the chemical weath-

ering and thus lower concentration of "free CO2" in the atmosphere. Furthermore, burial

of organic carbon in deep-sea submarine fans may also cause a reduction in CO2 through

removing large volumes of carbon from the normal carbon recycling process (Galy et al.,

2007; Raymo, 1994). France-Lanord and Derry (1997) showed that at least during the Neo-

gene, CO2 consumption from the net burial of organic carbon during the Himalayan sed-

iment deposition was 2-3 times higher then those from the removal of Himalayan weath-

ered silicates.

In turn, atmospheric pCO2 variations are known to have an impact on climate through

10



Chapter 1. General introduction

the temperature feedback, thus the linkage between the mountain uplift and pCO2 be-

come a highly discussed topic since the last decades. For more details on the impact of

CO2 on global climate, see Sections 1.1.3. We also provide some insight into the discus-

sion on the linkage between the Himalayas and Tibetan Plateau uplift and global cooling

(through reducing the atmospheric CO2 concentration) in Section 1.1.4.

Figure 1.3 – Atmospheric CO2 estimates reconstructed from terrestrial and marine proxies over
the past 60 million years following recent revisions (see Beerling and Royer (2011) for more de-
tails). The vertical lines show the error bars. Horizontal dashed line indicates the present-day
atmospheric CO2 concentration (390 ppm). Figure modified from Beerling and Royer (2011).

1.1.2 Impact of paleogeography on climate

Term "paleogeography" implies not only paleo surface relief, but also bathymetry, pa-

leo position of continents, land-sea distribution, opening an closing of oceanic passages.

In the following section we review the impact of the paleogeography (apart from the to-

pography) on some aspect of the Earth climate.

The consent on fundamental link between climate and land-sea distribution dates

back at least to Lyell. His theory saying that a concentration of land on the pole should

cool the Earth (Lyell, 1830) was born much earlier then the plate tectonics theory. To-

day we consider that the horizontal movement of the earth’s surface reached huge scale

through the geological time (up to 200 km/Ma), and the idea about the impact of conti-

nents movements on climate is widely explored.
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Oceanic circulation

Recent modeling studies show that land mass distribution modifies the regional and

global climate through, first of all, changes in the oceanic circulation (Donnadieu et al.,

2016; Hamon et al., 2013; Hill et al., 2013; Lefebvre et al., 2012). Poulsen et al. (2003, 2001)

carried out model simulations under two different Cretaceous palaeogeographies, rep-

resenting conditions before and after the separation of the African and South American

continents to form the Atlantic. They found that continental positions strongly influenced

global ocean circulation, in particular regions of deep water formation.

Opening and closing of oceanic passages also are important consequences of plate

tectonics and sea level variations. Changes in gateways have become a focus of multi-

ple paleoclimate studies (Bijl et al., 2013; Hamon et al., 2013; Sijp et al., 2014; Yang et al.,

2014). For example, it has been suggested that Late Cretaceous changes in climate and

continental configuration, namely the widening of the Atlantic Ocean and the deepening

of the Central Atlantic gateway, could have induced major changes in oceanic circulation

that may have had an impact on the general oxygenation state of the oceanic basins and

contributed to the conclusion of large-scale anoxic events in the deep ocean (Donnadieu

et al., 2016). Bice and Marotzke (2002) examined the role of ocean gateways in the Eocene,

and found that the configuration of polar seaways affected the sensitivity of climate to hy-

drological forcing, through changes in ocean overturning.

In addition, oceanic currents change may have an important consequence on CO2

level through the change of the residence time of carbon in the ocean due to variations in

ocean circulation (Lauderdale et al., 2013).

Sea surface temperatures

Land-sea distribution impacts sea surface temperatures directly and through oceanic

currents. For example, Donnadieu et al. (2006) examined three paleogeographies through

the Cretaceous, using the FOAM model coupled to a slab ocean. They focused on the in-

fluence of continentality on seasonality, but noted that changing paleogeography alone

could give a ∼4 ◦C global-mean warming at a constant CO2 level. Recently, Lunt et al.

(2015) provided high-resolution modeling and showed that paleogeography and solar ra-

diation affected global mean, zonal mean, and local temperatures for periods form the

Cretaceous to the Eocene.

Thermal properties of land

The land-sea distribution can have a direct effect on climate, for example, through

changes in the global distribution of low-albedo characteristic for the oceans surface and

high-albedo of land surfaces (Barron et al., 1980). On the other hand, the latitudinal posi-

tion of continents determines vegetation distribution over land and thus, has an impact

on surface albedo and roughness. In turn, the albedo has direct impact on the precipita-

tion/evaporation balance and runoff (Otto-Bliesner, 1995). Charney et al. (1977); Sud and

Fennessy (1982) provided GCM experiments with varies surface albedo and have shown

that despite the evaporation scheme set, the increase in albedo causes a net decrease of
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radiative flux to the ground surface and, thus, net decrease of convective clouds and pre-

cipitation.

The seasonal thermal contrast between land and ocean is generally considered to be

responsible for the well-known monsoonal circulation systems driven by seasonally alter-

nating low-level pressure patterns over land and sea (DeConto, 2009). Thus, continents

position potentially impacts this contrast and, consequently, seasonality, magnitude and

coverage area of monsoons.

1.1.3 Impact of atmospheric pCO2 variations on climate

Through the geological time, CO2 level was not constant (Figure 1.3). On long timescales,

atmospheric CO2 concentration is determined by the balance among geochemical pro-

cesses including organic carbon burial in sediments, silicate rock weathering (for mode

detail see 1.1.1) and volcanism with crucial contribution from Large Igneous Provinces

(LIPs) (Ernst and Youbi, 2016; submitted). Since the carbon dioxide is one of the main

greenhouse gases and largely contributes to the global temperature change, evaluating

its impact through the Cenozoic is very important.

Variations of carbon dioxide during the Cenozoic

The pCO2 levels throughout the Cenozoic were generally lower than during much of

the Cretaceous (Goddéris et al., 2014; Wang et al., 2014c). During the Paleocene, pCO2

levels was around 500 ppm1 (Figure 1.3). For the Eocene, however, there is a wide range of

estimates (e.g. Beerling and Royer, 2011; Maxbauer et al., 2014; Smith et al., 2010; Zachos

et al., 2008).

During the early Eocene climate optimum, relatively high concentration (about 1000

ppm) was reached (Beerling and Royer, 2011; Doria et al., 2011), but according to Smith

et al. (2010), in the early Eocene, pCO2 values range from 580 ± 40 to 780 ± 50 ppm. For a

climatic optimum occurred in the middle Eocene, the reconstructed pCO2 is mainly be-

tween 700 and 1000 ppm, up to 1200 ppm (Beerling and Royer, 2011). In the late middle

Eocene, overall estimates indicates a shift in pCO2 towards lower values. Still, the upper

branch of the estimates indicate pCO2 up to 1000 ppm (Beerling and Royer, 2011). Si-

multaneously, for the same time interval, based on stomatal indices, Doria et al. (2011)

indicate the declined of pCO2to 450 ppm.

During the late Eocene, the decreasing trend of the pCO2 level was replaced by an

abrupt increase in pCO2 up to 1000 - 1500 ppm just a few million years before the Eocene-

Oligocene boundary (Figure 1.3) (Beerling and Royer, 2011).

Although various results were made by different pCO2 reconstruction proxies at the

same time, their entire decreasing tendency of pCO2 level is remarkably consistent with

each other since the Eocene. Starting from the Oligocene, an overall decreasing trend of

the pCO2 is reconstructed (Figure 1.3) which is consistent with appearance of ice-sheets

in the Antarctic during the Late Cenozoic (Beerling and Royer, 2011; Zachos et al., 2008).

1parts per million
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During the Oligocene mean pCO2 was about 450-700 ppm, reaching its minimum during

the Miocene and Pliocene (Figure 1.3).

Although growing evidences confirmed a general trend (a long-term decrease) of pCO2

during the Cenozoic (Liu et al., 2016; Maxbauer et al., 2014; Pagani et al., 2005), the rea-

son behind the decline of pCO2 is still under debates. Since the Cenozoic CO2 undergo

tremendous changes, it is important to know to what extent climate is sensitive to these

variations.

Cenozoic climate sensitivity on CO2 forcing

Reconstructed based on paleotemperature proxies global temperature decreasing trend

throughout the Cenozoic appeared to be consistent with the global decrease of the atmo-

spheric pCO2 concentration (Beerling and Royer, 2011; Zachos et al., 2008). Expectedly,

a scientific efforts have been undertaken to reveal a link between these CO2 levels and

Cenozoic climate change. Thus, starting with the earliest works, atmospheric pCO2 is

considered as a major forcing factor driving the climatic oscillations over geological time

scales (Walker et al., 1981).

Climate sensitivity is the equilibrium temperature change in response to the variation

of the radiative forcing. The climate sensitivity specifically to CO2 is often expressed as

the global mean temperature change in ◦C associated with a doubling of the concentra-

tion of carbon dioxide in Earth’s atmosphere. Because the CO2 concentration constantly

increases since the industrialization its impact on recent global climate warming is rel-

atively well understood and the range is estimated to be between 2 and 4.5 ◦C (Stocker

et al., 2014).

In a context of the Cenozoic conditions, the climate sensitivity is difficult to establish

(Kürschner et al., 2008). However, experiment with increased CO2 concentration have

become the focus of paleoclimate modeling studies. For example, Barron and Washing-

ton (1985); Manabe and Bryan (1985) explored the climatic effects of large changes of

CO2 concentration in the atmosphere and show that increase in CO2 concentration re-

sults in decrease in the meridional gradient of surface air temperature with a simultane-

ous increase in upper tropospheric temperature. Sensitivity experiments using general

circulation models are the basis for investigation of whether changes in geography or at-

mospheric CO2 concentration can explain Cenozoic global cooling detected from natural

archives (Barron and Washington, 1985; Goddéris et al., 2014).

1.1.4 Himalayas and Tibetan Plateau as a natural laboratory of tectonics-

climate interactions

The Himalayas and Tibetan Plateau is the largest mountain building in the world and

is considered as a "natural laboratory" of tectonics-climate interactions, because obser-

vations together with numerical simulations show the important impact of its uplift on

climate modifications on different time scales (see Tada et al. (2016) for complete review).

A famous example of tectonics-climate couplings is the Asian monsoon and the uplift

of the HTP (An et al., 2001; Clift and Plumb, 2008; Molnar et al., 1993). However, still the
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physical basics of such influence are disputed. For example, there are large amount of

discussion about impact of Asian mountain ranges on atmosphere circulation through

mechanical and thermodynamic effects (e.g. Boos and Kuang, 2010; Wu et al., 2015, 2012)

and change of such effects with the growth of mountains buildings (Ramstein et al., 1997;

Tang et al., 2013).

The thermal effects of TP in most cases are identified with the so-called "air pump"

mechanism. The air column over the TP descends in winter and ascends in summer each

year, working as an air pump and regulating the atmospheric circulation (Wu et al., 2015).

The major driving source of these movements is sensible heating on elevated surfaces

(Molnar et al., 2010), that contributes to heating the overlaying atmosphere. In summer

the TP generates not only a heating source but also a negative vorticity source for the

atmosphere, creating cyclonic circulation in the lower troposphere, which converges to-

ward the continent and rises over the TP (Wu et al., 2015).

The opponents of "air pump" mechanism argues that the high TP affect the South

Asian monsoon less by heating the overlying atmosphere, more simply acting as an ob-

stacle to southward flow of cool, dry air (e.g. Boos and Kuang, 2010). Now, it is more or

less accepted, that the large-scale orography of TP and Himalayas affects the Asia climate

through thermal and mechanical forcing both. Yanai and Wu (2006) and more recently Wu

et al. (2015) gave a thorough review of the past studies about the effects of the HTP and

conclude that the thermal effects of these large-scale mountains are closely connected

with their dynamic counterparts. However, Wu et al. (2015) also indicate that the differ-

ent contributions of dynamic and thermodynamic effects of the HTP to climate, and the

intrinsic dynamical processes require further investigation.

In recent modeling studies is also discussed what Plateau elevation and what part of

the Plateau are crucial for the monsoon change. Different elevation scenarios (based on

the geological evolution), including bulk-plateau uplift, partial or phased HTP uplift were

applied (see Liu and Dong (2013) for a review). However, in most cases these experiments

are not realistic because they use, except of the topography, near-present boundary con-

dition. Our contributions on the studying of the links between the HTP and the Asian

monsoon is in Chapter 6.

Another classical example of climate-tectonics interaction is the HTP uplift and the

Central Asia aridification. Manabe and Broccoli (1990) also explored the role of moun-

tains in maintaining extensive arid climates in the middle latitudes of the northern hemi-

sphere (see also Broccoli and Manabe (1992)) and stressed the importance of orographi-

cally induced stationary wave troughs.

Theories suggest that the mountains uplift can result in greater rates of chemical weath-

ering, and thus lower atmospheric CO2 concentrations (see Section 1.1.1). The hypoth-

esize that the Cenozoic uplift of the Himalayas and Tibetan Plateau has a crucial role in

the Cenozoic cooling associated with reduction of the atmospheric CO2 that we observe

during the Cenozoic (see Section 1.1.3) was hypothesized since a quarter of century (Mol-

nar and England, 1990; Molnar et al., 1993; Raymo and Ruddiman, 1992). Moreover, it has

been also suggested that this uplift played an important role in the initiation of northern

hemisphere glaciations (Ruddiman and Kutzbach, 1989).

Recent modeling of tectonic-climate feedbacks associated with increased weathering
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of the Himalayas and Tibet suggests that two primary biogeochemical processes - silicate

weathering and organic carbon burial - can account for the lowering of atmospheric CO2

necessary to force global cooling Zachos and Kump (2005). However, at the time of these

inferences, accurate records of both atmospheric CO2 and the surface uplift history of the

Himalaya and Tibet were lacking. Besides interactions listed here, the TP uplift has much

more other effects on climate including the oceanic circulation, SSTs, etc.
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1.2 Tectonic evolution of India-Asia collision zone

The Himalayas, the Tibetan Plateau and surrounding mountains (Figure 1.5) are the

largest mountain building on the planet, stretching 3000 km from west to east with aver-

age modern elevations of ∼4.5 km for Tibetan plateau with complex and heterogeneous

geological structure (see Section 1.2.1).

Interpretation of the structural record, sediment accumulation history reconstruc-

tion, thermochronological and geochemical results suggest the Himalayas and Tibetan

Plateau uplift was probably caused by stress and deformation linked with the conver-

gence of Indian and Asian plates. The Himalayan-Tibetan orogen have become a focus

of multidisciplinary study as an archetypical example of a collision since more then half a

century, since the approval of the plate tectonics theory.
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The collision of India with the Eurasian continent represents one of the most spectac-

ular examples of continental collisions during the Cenozoic, since the northward migra-

tion velocity of India continent was extremely fast, with maximum convergence rate of

∼20 cm/year (Patriat and Achache, 1984) and immense horizontal shortening. The rate of

convergence and the latitudinal position of the Indian plate is relatively well constrained

based on paleomagnetic data (see Section 1.2.3).

The deformations and related magmatic events in the interior and margins of the Ti-

betan Plateau probably occurred in late Paleocene, Eocene, Oligocene, Miocene and/or

Plio-Quaternary. However, despite extensive research on the tectonic and geodynamic

evolution of the HTP, the details of the timing and rate of India-Eurasia collision, timing

of geological events and associated response of surface elevations remain controversial

(Molnar and Stock, 2009; Najman et al., 2010; Tapponnier et al., 2001; Wang et al., 2008a,

2014a) (Section 1.2.2).

More complete overview dealing with both active tectonics and the overall geologi-

cal evolution of the system can be found in numerous works, for example, Allegre et al.

(1984); Burg and Chen (1984); Chang et al. (1989); Chung et al. (2005); Pan et al. (2012);

Tapponnier et al. (1986, 2001); Wang et al. (2008b,c); Yin (2006); Yin and Harrison (2000)

and others. The goal of the following section is to provide a coherent picture of the tim-

ing and rate of geological events over the studied region and to give an idea on the order

of magnitude of the tectonics events that have been hypothesized to have an impact on

climate (e.g. Molnar et al., 1993; Ramstein et al., 1997; Ruddiman and Kutzbach, 1989).
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1.2.1 Structural zonation, geology and manifestations of Cenozoic tec-

tonics

Present-day Himalayan-Tibetan orogen is a collage of continental fragments assem-

bled in Paleozoic and Mesozoic, with the latest amalgamation and tectonic reactivation

during the Indo-Asia collision event in the Cenozoic. Here we suggest an overview of the

geological structuring and manifestations of the Cenozoic tectonics and igneous activ-

ity that may have resulted in Cenozoic massive uplift of the region (for the uplift history

reconstructions of the HTP region see Section 1.3.6).

Figure 1.6 – Simplified geological map of the Tibetan plateau and surrounding areas from (Chung
et al., 2005). An asterisk in the legend for magmatic rocks remarks that Paleocene (60 Ma) sodium-
rich basalts emplaced in the western Qiangtang are included. Inset shows the Cenozoic tectonic
extrusion in East Asia related to the India – Asia collision (after Tapponnier et al., 1982). MBT =
Main Boundary Thrust; MCT = Main Central Thrust; STDS = South Tibet Detachment System; ITS
= Indus – Tsangpo Suture; BNS = Bangong – Nujiang Suture; JS = Jinsha Suture; AKMS = Ayimaqin –
Kunlun – Muztagh Suture; ATF = Tltyn Tagh Fault; KF = Kunlun Fault; KJFZ = Karakorum – Jiali Fault
Zone; RRF = Red River Fault; WCF = Wang Chao Fault. Ages of post-collisional potassic magmas
are shown in numerals, data sources are given (Chung et al., 2005).

Himalayas

The Himalayas lie between the Indian shield to the south and the Indus-Yalu (Indus-

Tsangpo) suture to the north (Chung et al., 2005; Yin and Harrison, 2000). They consist

of three tectonic slices bounded by three north-dipping Late Cenozoic fault systems of

different ages: the Main Boundary Thrust (MBT), the Main Central Thrust (MCT), and the
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South Tibetan Detachment System (STDS) (Figure 1.6). All three tectonic slices are con-

sidered to be parts of so-called Tethyan Himalayas - the north-facing passive continental

margin, which developed from middle Proterozoic to Cretaceous times (Brookfield, 1993).

The Mesozoic passive continental margin sequence of the Himalaya was developed con-

tinuously until the latest Cretaceous when the collision between India and Asia began af-

fecting its sedimentary facies patterns and its rate of subsidence (Yin and Harrison, 2000).

The lowest slice is called The Lesser Himalayas and is bounded at the base by the MBT

and at the top by the MCT (Yin and Harrison, 2000). This tectonic zone consists mainly of

Precambrian clastic sediments and metasedimentary rocks (Brookfield, 1993).

The second slice, The Greater (or High) Himalayas is bounded by the MCT below

and the STDS above (Burchfiel et al., 1992; Burg and Chen, 1984; Yin and Harrison, 2000)

and comprises late Proterozoic to early Cambrian metasedimentary rocks (Hodges et al.,

1996).

The North Himalayas lies between the South Tibetan Detachment System and the

Indus-Tsangpo Suture (ITS)Indus-Tsangpo Suture zone (Yin and Harrison, 2000). It con-

sists of late Precambrian to early Paleozoic sedimentary and metasedimentary rocks (Burch-

fiel et al., 1992; Yin and Harrison, 2000) and thick Permian to Cretaceous continental mar-

gin sequences (Brookfield, 1993).

Tibetan Plateau

On a large scale, the Tibetan Plateau constitutes a tectonic collage of continental blocks

(terranes), separated by sutures (Wang et al., 2008c). From north to south, the interior of

the Tibetan Plateau comprises the roughly east–west-trending Kunlun, Songpan-Ganzi,
Qiangtang and Lhasa blocks, (Figure 1.6 (Chung et al., 2005; Wang et al., 2008c; Yin and

Harrison, 2000). The sutures separating these blocks decrease in age from north to south

(Chang et al., 1989).

The Kunlun Block is considered to be a broad Early Paleozoic arc that was later su-

perposed by a Triassic arc. Together, they are referred to as the Kunlun batholith. Origin

of the Triassic arc is still under much debate. Some authors interpret it as northward sub-

duction of the Songpan-Ganze ocean beneath Paleozoic Kunlun basement (Zhang et al.,

2011), while others relate this arc to south dipping subduction on the north (Burchfiel

et al., 1995). In the region, the Kunlun thrust system that resulted in at least 250 km of

shortening, is still active.

The Songpan-Ganze Block is a long, narrow belt between Kunlun and Qiangtang ter-

rane, formed by collision during Jurassic time and completed by latest Jurassic (Dewey,

1988). This terrane is characterized by intensely deformed sequence of Triassic-Jurassic

strata of deep marine deposits. This deformation was contemporaneous with collision

and subsequent continued convergence between North and South China and resulted in

∼250 km shortening (Burchfiel et al., 1995).

The Qiangtang Block is bounded by the Jinshajiang Suture (JS) to the north, and the

Bangong-Nujiang Suture (BNS) to the south Yin and Harrison (2000). It is generally ac-

cepted that the suturing of the Songpan-Ganzi–Qiangtang and Qiangtang–Lhasa blocks

occurred in the Middle Cretaceous (Yin and Harrison, 2000), and consequently the Qiang-
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tang Block has been in an intra-continental setting since that time.

The Lhasa Block is bounded by the Yarlung-Zangbo and Bangong-Nujiang Sutures,

collided with Qiangtang to the north in the interval from late Jurassic to middle Creta-

ceous depending on the longitude (Dewey, 1988; Yin and Harrison, 2000). Active collision

lasted until the early Late Cretaceous within the Lhasa terrane, resulting in at least 180 km

shortening (Murphy et al., 1997).

1.2.2 Timing of main events during the Cenozoic collision

The geodynamical history of the region has been derived by dating the tectono-magmatic

events. Timing, volume, spatial distribution, compositions of magmatism as well as brit-

tle and plastic deformations give an idea about the magnitude of crustal shortening over

the HTP and abrupt events (such as a slab break-off) with has implications for recon-

structing the elevation history of the region (see Section 1.3.6).

Collision

Since the Late Cretaceous, the migration speed of India northward was extremely fast

(to a maximum of ∼20cm/year, (Chatterjee et al., 2013; Patriat and Achache, 1984)). This

extremely fast event was followed by a collision between moving India plate and quasi

fixed Asia plate. The timing of onset of Indo-Asia collision provokes raging debates, but

still remains controversial. Until now, it was generally agreed that India began to collide

with the accretionary Asian margin in the early Eocene at ∼55–50 Ma Clift et al. (2002,

2008); Dupont-Nivet et al. (2010); Leech et al. (2005); Meng et al. (2012); Najman et al.

(2010); Yin and Harrison (2000). However, an increasing number of modern studies are

calling for an earlier collision onset ∼85 Ma (Chatterjee et al., 2013), ∼70–65 Ma, (Cai et al.,

2011; Ding et al., 2005; Yin and Harrison, 2000), ∼60 Ma Hu et al. (2015); Khan et al. (2009);

Wu et al. (2014), ∼60–55 Ma Khan et al. (2009) and even for a later collision time of ∼30

Ma (Aitchison et al., 2008) or ∼40 Ma (Bouilhol et al., 2013)

Recent studies confidently show that the collision has been asymmetric and more

complex than previously assumed, involving two subduction zones: 1) the first, a colli-

sion of Tibetan-Himalayan microcontinent with Asia, followed by 2) a "hard" India-Asia

collision with Indian continental lithosphere at 40 Ma (Bouilhol et al., 2013; Khan et al.,

2009) or ∼25-20 Ma (van Hinsbergen et al., 2012)

Post-collisional history

Paleocene-Eocene Northward subduction of the Neo-Tethyan slab along the southern

margin of Asia prior to the Indian indentation gave rise to an Andean-type magmatic arc,

now exposed as the voluminous Gangdese batholith and Linzizong volcanic successions

in the Lhasa terrane of southern Tibet (Chung et al., 2005).

After collision, intracontinental convergence and deformation continued across Tibet,

reaching northward to involve a larger area than previously (Royden et al., 2008). In the

central Himalaya, postcollisional deformation involved south-vergent thrusting and fold-
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ing of rocks of the north Indian passive margin as it was subducted beneath Eurasia. The

magnitude of this Early Cenozoic shortening is unknown; within the basins shortening is

small but locally may reach more than 50 %. It has been suggested that this shortening

reflects the beginning of southward underthrusting of Eurasia below Tibet (Royden et al.,

2008).

The magmatism started with Na-rich basalts in the Paleocene and changed to potassic

and ultrapotassic compositions in the Eocene. Similar scenarios involving slab rollback,

back-arc extension, basin formation, and magmatic activity have been widely postulated

for the evolution of the Mediterranean-Carpathian orogenic system (e.g. Chalot-Prat and

Girbacea, 2000).

Late Eocene - Early Oligocene The Neo-Tethyan oceanic slab is suggested to have de-

tached from the Indian continental lithosphere at ∼45 Ma, in accordance with the Hi-

malayan metamorphic record (Chung et al., 2005) and the onset of the India–Asia "hard

collision". This slab breakoff would have led to cessation of the Gangdese magmatism and

a substantial amount of topographic uplift (for the elevation history review see Section

1.3.6). Whereas most, if not all, workers consider the Gangdese arc magmatism to have

ceased at ∼40 Ma, Harrison et al. (2000) argued that the magmatism lasted longer, at least

to ∼30 Ma. The breakoff, which eliminated slab pull, would have prevented the Indian

cratonic mantle lithosphere from moving further downward because it is more refractory

and intrinsically more buoyant than the Asian mantle lithosphere (Fielding, 1996).

In the mean-time, in where is now the northern and northeastern Tibetan plateau, a

different style of tectonism involving the “back-arc” lithospheric extension that began in

early Tertiary time was operating. This extensional event, however, seems to have been

diminished in the Oligocene when the magmatism in the region changed its compositions

from Na-rich basalts to potassic and ultrapotassic, implying a gradual decrease in degrees

of partial melting in the mantle source (Chung et al., 2005).

Late Oligocene - Mid-Miocene The Indian collision eventually caused the Qiangtang

terrane to switch from an extensional to compressional regime in Oligocene time. This is

borne out by the waning and then cessation of the potassic magmatism and the develop-

ment of a major sedimentary hiatus in the Hoh Xil basin (Liu et al., 2001), both around

∼30 Ma. It is hence proposed that regional crustal shortening, perhaps with concomitant

topographic uplift (Liu et al., 2001), began at this time in the area far behind the collision

front.

Partial melting of metasomatized lithospheric mantle to form the ultrapotassic mag-

matism in the Lhasa terrane can be explained by two possible mechanisms, i.e., convec-

tive removal of the lower lithosphere and breakoff of the Neo-Tethyan slab (Chung et al.,

2003). Williams et al. (2001) argued with a larger scale for the lithospheric removal. The

latter involves the dissipation of potential energy that would cause further consequences

such as the uplift and extension of the Tibetan Plateau (Molnar et al., 1993). The work of

Chung et al. (2003) is consistent with the point of Williams et al. (2001) that the widespread

occurrence of post- collisional magmatism in the Lhasa terrane indicates that these small

volume igneous activities are regional phenomenon. This further supports the hypothe-
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sis that calls for removal of the thickened lithospheric root underneath southern Tibet. In

this sense, the ultra-potassic lavas and adakites are interpreted as melts of the metasoma-

tized lithospheric mantle. The occurrence of adakitic rocks from southern Tibet suggests

that there was a thickened crust (>50 km) in the region and that its lower part consisted

of mafic eclogite and/or garnet amphibolite which melted because of a major thermal

perturbation caused by removal of the Lhasa lithospheric keel (Chung et al., 2005, 2003).

Chung et al. (2005) suggest as well that in southern Tibet, the lower part of the Lhasa

lithosphere was removed in the late Oligocene. This interpretation, invoking two separate

detachments of the Neo-Tethyan slab and thickened Lhasa lithosphere occurring at ∼45

and 26 Ma.

In the Lhasa terrane, the loss of its lithospheric root and replacement by hotter as-

thenosphere would have greatly raised the geothermal condition, which led to generation

of the ultrapotassic magmas of this stage from the remnant lithospheric mantle and the

adakites from the mafic lower part of the Lhasa crust that had been thickened and hence

eclogitized in its deeper levels after the slab breakoff (Chung et al., 2003).

Further evolution refers to northward underthrusting of the Indian mantle lithosphere

associated with Himalayan tectonomagmatism (Chung et al., 2005).

Also located at the northern edge of the HTP, the initiation of the uplift of the West

Kunlun range probably started 23 Ma due to upper crustal shortening and consequent

crustal thickening (Jiang et al., 2013).

Mid-Miocene-Quaternary Magmas of this stage were divided by Yin and Harrison (2000)

into a “highly potassic group” and a “calc-alkaline group”, with the former group suppos-

edly being distributed mainly in the western Songpan – Ganze province and the latter

group in the western Qiangtang province. “Diffused” destruction of the lower part of the

lithospheric mantle beneath the Qiangtang and Songpan – Ganze terranes leads to reacti-

vation of the potassic magmatism and uplift of the northern Plateau (Chung et al., 2005).

The tectonic setting of northern Tibet was transformed to an east – west extensional

environment beginning at ∼13 Ma, as shown by the synchronous onset of renewed potas-

sic volcanism and north-south-striking normal faulting (Blisniuk et al., 2001).

In the west Qiangtang Block, most Cenozoic volcanic rocks have been considered to

be shoshonitic and were generated only during the past 15–3 Ma (e.g. Chung et al., 2005),

similar to some late (16–0 Ma) shoshonitic rocks in the east Qiangtang Block (Wang et al.,

2001).

1.2.3 Latitudinal position of proto-Tibetan Plateau

After the separation from Africa in the Late Cretaceous, the Indian plate started its

northward drift, accompanied with the subduction of the Tethys Ocean crust and ultra-

fast spreading in Southeast Indian Ridge. Analysis of Cenozoic magnetic anomalies in

the Indian ocean shows that the relative velocity between the Indian and Eurasian plates

decreased rapidly from ∼15–25 cm/yr to ∼13–18 cm/yr at ∼50 Ma (Achache et al., 1984;

Wu et al., 2013). This sudden decrease in plate convergent rate has been interpreted as
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indicating the time for the onset of the Indo-Asian collision (Achache et al., 1984).

The latitudinal position of the Indian subcontinent is reconstructed within the un-

certainty of the paleomagnetic method. Figure 1.8 shows present-day and reconstructed

paleo-positions of two points on the India plate with respect to the Eurasia plate at differ-

ent times according to Molnar et al. (2010). These data indicates that during the Eocene

and the Oligocene, the Indian subcontinent was likely situated in the equatorial zone. Yin

and Harrison (2000) synthesis shows that at least 1400 km of north-south shortening has

been absorbed by the Himalayan-Tibetan orogen since the onset of the Indo-Asian col-

lision. Thus, during the Paleogene, highly elevated terrains may have situated far south

then nowadays, that is important for understanding local and global climate changes dur-

ing the Cenozoic.
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Figure 1.7 – One of numerous suggested scenarios of geodynamical evolution of Indo-Asia colli-
sion zone, according to Chung et al. (2005). Stages of Tibetan Plateau evolution illustrated by the
0◦ E south-north section. The Gangdese arc magmatism is related to the slab rolling back. (b)
45 – 30 Ma: Detachment of the Neo-Tethyan slab and onset of the “hard collision” particularly in
the lower part of the India and Lhasa lithospheres. (c) 30–26 Ma: Removal of the gigantic Lhasa
lithospheric mantle leading to the uplift and formation of the southern Tibetan plateau. (d) 26
– 13 Ma: Northward underthrusting of the Indian mantle lithosphere associated with Himalayan
tectonomagmatism. The ultrapotassic and adakitic magmatisms, resulting from thermal pertur-
bation owing to the loss of thickened Lhasa lithospheric root, ceased by the underthrusting. (e)
13 Ma to the present: “Diffused” destruction of the lower part of the lithospheric mantle beneath
the Qiangtang and Songpan – Ganze terranes to reactivate the potassic magmatism and raise the
northern plateau. MBT = Main Boundary Thrust; MCT = Main Central Thrust; STDS = South Ti-
bet Detachment System; ITS = Indus-Tsangpo Suture; BNS = Bangong-Nujiang Suture; JS = Jinsha
Suture; LS = Lhase Block; QT = Qiangtang Block; S-G = Songpan-Ganze Block; K-Q = Kunlun-
Quadam; AKMS = Ayimaqin-Kunlun-Muztagh Suture; ATF = Tltyn Tagh Fault; KF = Kunlun Fault;
KJFZ = Karakorum-Jiali Fault Zone; RRF = Red River Fault; WCF = Wang Chao Fault.
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Figure 1.8 – A) Map showing present and reconstructed positions of two points on the India plate
with respect to the Eurasia plate at different times in the past. Numbers identify chrons and corre-
sponding ages. An outline of the Indian coastline and the northern edge of present-day, intact In-
dian crust is also reconstructed to its positions ∼48 Mya, close to the time of collision, and 69 Mya,
before the collision. White rectangular show present-day position of 2 selected points. Ellipses
show the reconstructed position within 95 % confidence interval of these two points accordingly.
Figure modified from (Molnar et al., 2010). B) The convergent rate between the Indian and Asian
plates. Figure modified from (Wu et al., 2013)
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1.3 Paleoelevation reconstructions methods

Paleoaltimetry is a quantitative estimate of the surface elevation above mean sea level

of ancient landscape. Quantitative estimations of paleoaltitude have become a focus of

Earth sciences because amplitude, lateral extent, timing and rate of growth/decay of the

topographic signal provides 1) constraints on the geodynamic mechanisms shaping the

Earth surface, including isostatic flexural effects linked to continental thinning or short-

ening (Faccenna et al., 2014), the dynamical effect of a large mantle upwelling (Burov and

Gerya, 2014; Faccenna et al., 2014; Flament et al., 2014; Lithgow-Bertelloni and Silver,

1998), the delamination of the mantle part of the continental lithosphere (Chung et al.,

2005; Meissner and Mooney, 1998; Schott and Schmeling, 1998), magmatic underplating

or thermal expansion associated with an array of smaller mantle plumes rising beneath

the continent (Murphy et al., 1998), dynamic rebound associated with the detachment

of a subducting slab (Chung et al., 2005; Duretz et al., 2011), etc. and 2) reconstructions

of paleoclimates, including changes on the atmospheric dynamics, oceanic circulation,

temperature, hydrological cycle, etc.

Other way round, surface uplift is undoubtedly linked to the tectonic events, which

reconstructions (based on spatial distribution, timing and composition of magmatism,

structural analysis, sedimentary record interpretation, etc.), may give a first-order idea

of paleo landscapes. However, quantitative estimates of paleoelevations are more com-

plex to achieve and the elevation history of major orogens has been challengeable for

decades. Here we overview the methods that are commonly used for the paleoelevation

reconstructions of orogens.

1.3.1 Paleoelevation reconstructions based on geological evidences

Uplift in continental regions is inferred from varied geological evidences as the pres-

ence of marine sediments and terraces at altitude above present sea level, river terraces

and nick points, erosional platforms, character and volume of clastic detritus in basin of

sedimentation and thermal history of terrains linked with exhumation.

River and marine terraces

A terrace is a step-like landform. By studying the size, shape, and age of terraces, one

can determine the geologic processes that formed them. When terraces have the same

age and/or shape over a region, it is often indicative that a large-scale geologic or envi-

ronmental mechanism is responsible.

Marine terraces (relatively flat, horizontal or gently inclined surface of marine ori-

gin) are common land forms in many geologic and environmental settings throughout

the world that, when numerically dated, offer a means to calculate rates of uplift relative

to global sea level (Gurrola et al., 2014). For example, based on marine terraces in Nor-

way and Svalbard the isostatic domal uplift of Fennocandia (of about 1-2 km) subsequent

to a melt of last Pleistocene ice cap has been inferred (Lambeck et al., 1998). However,

additional caution should be applied to the elevation reconstruction based on terraces,
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because of an uncertainty linked to the absence of knowledge about eustatic sea level

changes.

River terraces are remnants of the former floodplain of a stream or river. River ter-

races evolution over region can be influenced by tectonics, climate, or erosion changes.

Based on geomorphological analysis, Kuhle (1995) has suggested that during the course

of the Pleistocene the Tibetan Plateau was glaciated several times so that at each time

there alternated a maximum glacial isostatic depression and an interglacial uplift (with a

magnitude of ∼1 km).

Studies of the Earth surface uplift are abundant for Quaternary, however, for earlier

time periods they are less abundant.

Sedimentary record

Increase in sedimentation rates in forland basin is commonly interpreted as an uplift

of a nearby mountain region (Potter and Szatmari, 2009). However, such an increase may

result from erosion rate acceleration in response to climate change. Nevertheless, ones

paleoclimate change are taken into account, a material balance method can be applied.

This technique is based on an assumption about the material conservation in terms of

total amount of denudation and sedimentation and allows the paleotopographic restora-

tion by transferring he materials in the sedimentation basin back to their provenance (Hay

et al., 1989). For example, using this approach, Yan et al. (2015) proposed that Longmen

Mountain region (eastern Tibetan Plateau) have been uplifted from 0 to 2751 m since the

Late Triassic.

Thermochronology data

Using apatite fussion track and 4He/3He thermochronometry may allow to recon-

struct exhumation of the mountain building which is in a direct relation with the uplift

and erosion rate (Ehlers and Farley, 2003). Combined with modeling approach, ther-

mochronometry can be applied for reconstruction of regional landscape evolution (Braun,

2003).

1.3.2 Paleontological methods of paleoelevation reconstructions

Paleobotanical methods

Fossil plants have long been used to infer paleoclimate. The most basic premise of

paleobotanical theory is that plants that grow in warm climates look different from plants

that grow in cold climates, and therefore if one or the other can be recognized in the fossil

record we have a constraint on the climate in which the plants lived. Another basic hy-

pothesis is that in mountains, vegetation is distributed according to altitudinal zones and

thus paleobotanical method to infer paleoelevations.

At present there are two general approaches that utilize fossil plant assemblages for as-

sessing quantitative terrestrial palaeoclimates during the paleo periods: taxonomic based
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methodologies and morphological based methodologies (Chaloner and Creber, 1990; Liang

et al., 2003).

Taxonomic method is based on identification of the flora in terms of modern plants

and an assumption that the climatic preferences of any particular plant fossil are similar

to modern "nearest living relatives". In contrast, morphological based methods assume

that morphological characteristics of plants had the same relation to climate in the past

as they do now, without reference to the systematic status of the plant.

The second half of the analysis involves relating the fossil flora to some climate param-

eter or group of parameters, and further using these parameters to infer elevation. The

climatic half of the analysis may involve estimates of mean annual temperature (MAT),

and growing season length, temperature lapse rate and mean annual enthalpy.

In paleobotany a lot of assumptions and inferences are used that results in huge un-

certainties associated with traditional paleobotanical analyses. Forest et al. (1999) devel-

oped a technique for paleoelevations estimations from fossil leaves based on moist static

energy. Recently it has been also suggested that plants could provide a direct indicator of

altitude through the correlation between stomatal density in leaves and CO2 partial pres-

sure (McElwain, 2004). Although this approach has the advantage of being independent

of global climate models, it is unclear how useful the technique will be in interpreting the

fossil record given that the correlation is strongly species specific and so its application

would be restricted to fossil floras comprising extant species.

Paleozoological methods

Invertebrates, fishes and mammalians fossils are used for paleoelevations reconstruc-

tions. For example, finding of rhinoceroses fossils in the Dingqing Formation of the Mioce-

ne age in the Lunpola Basin indicates modest elevations (∼3000 m) of the Northern Tibet

at that time, because Plesiaceratherium has been inferred to live in subtropical and warm

temperate forests and the environmental reconstructions based on modern alpine vege-

tation vertical zones in the Himalayas and the Early Miocene global climatic conditions

indicate that the highest elevation in the Lunpola Basin at the time of the deposition of

the Dingqing Formation could not have exceeded 3170 m (Deng et al., 2012). In addition,

mountains may also be considered as a physical barrier for species migration. Separated

habitats of mammalians may, for example, attest existence of high enough mountains.

1.3.3 Stable isotopes as a proxy for paleoelevation reconstructions

Stable isotopes are widely used for paleoelevations reconstructions. This method is

applied for reconstructing topographic histories of many of the world’s largest mountain

ranges including the Andes and the Altiplano region (e.g. Garzione et al., 2014, 2008, 2006;

Kar et al., 2016; Mulch et al., 2010; Rohrmann et al., 2014), the North American Cordillera

(e.g. Chamberlain et al., 2012; Gébelin et al., 2012; Lechler and Galewsky, 2013; Mix et al.,

2011; Mulch and Chamberlain, 2007), the Alps Campani et al. (2012), the Southern Alps

of New Zealand (e.g. Chamberlain et al., 1999), central Asia mountains (Caves et al., 2014)

and, of course, the Himalaya and Tibetan Plateau (e.g. Ding et al., 2014; Garzione et al.,
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2000b; Hoke et al., 2014; Rowley and Currie, 2006; Xu et al., 2013, see more in Section

1.3.6).

In this section for better understanding the technique of paleoelevation reconstruc-

tions of mountains belts that relies on stable oxygen isotopes measurements, first, we

introduce the physical bases that govern distribution of stable water isotopes, then show

basic principles of application of stable water isotopes for reconstruction the elevations

of mountains belts during the past using classical “inverse proxy modeling”. Finally we

show how “forward proxy modeling” takes advantage of recent development of isotopes-

enabled general circulation model (GCM)s.

Stable oxygen isotopes: definition, fractionation and distribution

Definition and notations. Isotopes are variants of a particular chemical element, which

differ in neutron number, while the number of protons in each atom is the same. Each

isotope of a given element has a different mass number, but has no difference in gross

chemical properties, which are determined by the number of electrons.

The mass number of oxygen isotopes ranges from 12O to 24O, among which only three

are naturally occurring and stable: 16O, 17O, and 18O. Other oxygen isotopes are radioac-

tive and unstable. Water consists mainly from the molecules of H2
16O, but at the same

time there are some molecules with heavy oxygen isotopes: H2
17 and H2

18O. These differ-

ent molecules are called isotopologues or commonly just “stable water isotopes”.

A deviation from the ocean reservoir of different oxygen molecules called the isotopic

composition and is expressed in %% using the δ-notation:

δ =
(Rsample −Rst and

Rst and

)
·1000 (1.2)

where R is the ratio of the heavy to light isotope, and Rsample and Rst and are the ratios

in the sample and standard, respectively. For oxygen isotopes in water Rst and references

to Standard Mean Ocean Water (SMOW), that is equal to 2.0052 · 10−3 and for oxygen

in carbonates to Pee Dee Belemnite (PDB), that is equal to 11.2372 · 10−3 (Gonfiantini,

1978)2. In this thesis we are focused on one stable isotopologue of water - H2
18O, because

it is used in the classical paleoaltimetry approach (see Section 1.3.3). We define δ18O for

quantifying the relative enrichment of water in H2
18O.

Isotopic fractionation. The isotopic fractionation is an enrichment of one isotope rel-

ative to another in a chemical or physical process. The isotopic fractionation is a conse-

quence of differences in mass of isotopic species. The extent of which can be expressed

by a fractionation factor, alpha (α). Isotopic fractionation, mainly occurs during a phase

transition, when the ratio of light to heavy isotopes in the involved molecules changes.

There are two types of isotopic fractionation: equilibrium and kinetic.

Equilibrium fractionation is a result of differences of isotopologues mass. The satu-

ration vapor pressures H18O slightly differ from most abundant isotopologue H16O. An

2To transfer δ18O(PDB) to δ18O(SMOW) use following equation: δ18O(SMOW) = 30.92 + 1.03092 ·
δ18O(PDB)
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example of equilibrium fractionation: when water vapor condenses (an equilibrium frac-

tionation), the heavier water isotopes (18O) become enriched in the liquid phase while the

lighter isotopes (16O) tend toward the vapor phase. This fractionations depends mainly

from the temperature.

Differences of molecules diffusivity (linked to mass and symmetry differences between

the isotopologues) induce another type of fractionation – kinetic. Heavy molecules have

less diffusivity comparable to lighter ones. Kinetic fractionation depends on relative hu-

midity of the ambient environment Merlivat and Jouzel (1979). Thus, fractionation takes

place in such process as evaporation, condensation to both liquid and ice, re-evaporation

of precipitation in atmosphere, and plant transpiration from land surface.

Ocean

Continent

Evaporation

Initial precipiation Later precipiation

Vapor Vapor Vapor

Condensation Condensation

Precipitation Precipitation

δ18Op = -3‰ 

δ18Ov = -12‰ 

δ18Oow = 0‰ 

δ18Ov = -15‰ 

δ18Op = -11‰ 

δ18Ov = -17‰ 

Figure 1.9 – Illustration of 18Op and 18Ov depletion through the rainout process. Based on Hoefs
and Hoefs (1997) and Coplen et al. (2000).

Rayleigh distillation. Isotopic fractionation that occurs during condensation in a moist

air mass can be described by Rayleigh distillation. The Rayleigh distillation considers an

isolated ascending air parcel with prescribed initial temperature, relative humidity, and a

reference value for composition of the vapor before the rainout process:

Rv = Rv0 · f α−1 (1.3)

where Rv is the isotope ratio of remaining vapor, Rv0 - isotope ratio in initial vapor, f -

the fraction of vapor remaining and α - the isotopic fractionation coefficient.

A fractionation coefficient α depends from the water phase (Majoube, 1971; Merlivat

and Nief, 1967). The fraction f reflects temperature T*, that occurred during the last con-

densation event (Galewsky and Hurley, 2010; Galewsky et al., 2005; Sherwood, 1996):

f = qs(T∗)/q0 (1.4)

where q0 is the initial humidity of air parcel in the air source and qs is the saturation
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specific humidity, function of temperature following the Clausius-Clapeyron relationship.

The temperature during the last condensation event is not easy to estimate directly, be-

cause it depends on the altitude of the last cloud that the air mass has encountered. It

can be deduced from the specific humidity at the surface, q , assuming that the air sub-

sides adiabatically from the altitude of last condensation down to the surface. In this case,

qs(T∗) = q . The specific humidity at the surface is a function of relative humidity, rh, and

of saturation specific humidity at the surface temperature:

q = r h ·qs(Ts) (1.5)

where Ts is the surface air temperature.

The saturation specific humidity qs(Ts) can be calculated using saturation vapor pres-

sure of water es and pressure p (in hPa):

qs(Ts) = 0,622 ·es(Ts)/p (1.6)

The saturation vapor pressure (es) is calculated using August-Roche-Magnus formula,

using temperature Ts in Celsius:

es(Ts) = 6.1094 ·exp((17.625∗Ts)/(Ts +243.04)) (1.7)

These equations show that the final isotopic composition of vapor largely depends on

the initial composition of vapor, but also on the initial specific humidity (q0). According to

the Rayleigh distillation, the main factor controlling the isotopic composition is f, which

is controlled by temperature according to the Clausius-Clapeyron relation. This explains,

in first order, the zonal distribution of the isotopic composition, but also precipitations

depletion that is observed at high altitude (altitude effect) (see Section 3.1).

Figure 1.10 shows the isotopic composition of vapor and precipitation during simple

Rayleigh distillation process.

In Section 3.1 we give more details on the present-day controlling factors on δ18Op . In

our article published in Climate of the Past (Section 3.4) we investigate the factors control-

ling δ18Op over Asia through the Cenozoic, in particular, we aim to answer the question

to what instant the Rayleigh distillation (and the temperature) may explain paleo isotopic

variations.

Observations of present-day spatial distribution of δ18O

Stable water isotopes have been measured in water samples (rain, ocean surface, polar

snow, lakes or rivers) since the early 1950s (Dansgaard, 1953, 1964). The Global Network

of Isotopes in Precipitation (GNIP) was initiated in 1958 by International Atomic Energy

Agency (IAEA) and World Meteorological Organization (WMO), and became operational

in 1961. Global annual mean δ18Op in precipitation interpolation from about 700 GNIP

stations is shown on Fig. 1.11.

In order to augment the number of GNIP stations, regional networks for δ18Op mea-

surements have been created. For example, The Institute of Tibetan Plateau Research in
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residual fraction of vapor

vapor

precipitation

Figure 1.10 – Evolution of δ18O in vapor and precipitation in a single air mass following the
Rayleigh distillation. Figure modified from (Risi, 2009).

China has established a continuous observation network of δ18Op on the Tibetan Plateau

(eg. Liu et al., 2010; Tian et al., 2007).

Isotopic composition of tropospheric water vapor is also available from satellite obser-

vations, such as Tropospheric Emission Spectrometer (TES) aboard the Aura spacecraft.

Application of stable oxygen isotopes

"Classical" paleoaltimetry based on stable oxygen isotopes in precipitation. Among

the methods developed to constrain the altitudinal history of orogenic areas, stable isotope-

based paleoaltimetry is probably the most widely used. This approach is based on the

sensitivity of δ18Op on the temperature (elevation) according the Rayleigh distillation.

Studies using oxygen isotopes take advantage of strong sensitivity of δ18Op values to ele-

vation change to reconstruct paleoelevation.

For reconstructing paleoelevation usually two steps are required:

First, oxygen isotopic ratios are measured in so-called paleoaltimetry archives, lac-

trusine or soil carbonates (δ18Oc ) and are related to δ18O in paleoprecipitation (δ18Opp )

using Kim and O’Neil relationship (Kim and O’Neil, 1997)3:

δ18Opp (SMOW) = δ18Oc (PDF)−18.03(103 ∗T−1)+32.42 (1.8)

where T is the temperature of carbonate formation. This equation admit an assump-

tion of equilibrium between water and calcite:

3this equation is commonly used for lacustrine and paleosols carbonate, for biogenic carbonate (for
example, from shells of gastropods or bivalves) fractionation factors from Grossman and Ku (1986) should
be applied
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Figure 1.11 – Global distribution of δ18O (per mil, %%) in precipitation produced by interpolation
of long-term annual means from about 700 GNIP stations. Figure retrieved from (Elbaradei, 2013)

1000lnα(Cal ci te −H2O) ' δ18Oc (SMOW)−δ18Ow (SMOW) (1.9)

where α is the fractionation factor.

Second, this δ18O-elevation relationship is related to reference isotopic values from

low-elevated point. δ18O-elevation relationships have been calibrated both empirically

(e.g. Garzione et al., 2000a; Poage and Chamberlain, 2001) and theoretically using basic

thermodynamic principles that govern isotopic fractionation of an ascending vapor mass

(Rowley and Garzione, 2007; Rowley et al., 2001). Present-day meteoric water δ18O mea-

sured in major mountain regions has a good correlation with the mean global lapse rate

of 2.8%% km−1 (Poage and Chamberlain, 2001) (for more details see Section 3.2).

However, this "classic" paleoaltimetry technique has some limitations, because δ18Oc

is not a simple temperature proxy and reflects the isotopic interaction between dissolved

carbonate species and water, CaCO3 actually records the isotopic signature of the water

with a temperature-dependent offset, reflecting the isotopic fractionation in this reaction.

Thus, for relevant paleoaltimetry reconstruction the temperature of carbonate formation

should be known. See Section 1.3.5 for more on limits of stable oxygen-based paleoal-

timetry approach, including limits associated with with paleotemperature uncertainty

and uncertainty of processes that govern the δ18Op in the past.
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Use of silicates for stable isotopes paleoaltimetry. In addition to carbonate archives,

modern studies widely use silicate rocks (such as smectite, kaolinite, chert, as well as

metamorphic minerals that grow in the presence of meteoric waters) for stable isotopes

paleoaltimetry (Mulch and Chamberlain, 2007). This technique has several advantages: 1)

silicate rocks provide both a hydrogen and oxygen isotope records that allows to estimate

the evaporative effects on meteoric waters prior to mineral formation and 2) hydrogen ra-

tios, derived from micas of shear zones which reflect the isotopic composition of waters

infiltrated into this weak zone during the last stage of orogenesis. This technique allows

to use the isotopic ratios and age constrains from the same mineral grain.

Clumped isotope thermometry. Traditionally, paleoclimate reconstructions have been

based on oxygen isotopes (δ18O) in the calcium carbonate (CaCO3) form paleosoils, laces

or shells, as we have shown in previous sections. Carbonate clumped isotope thermome-

try is a relatively new technique based on measurements of the degree of order of 13C and
18O into bonds with each other (making the 13C 18O 16O2

−2 ion group) in carbonate min-

erals (Eiler, 2011). Clumped isotope thermometry allows to reconstruct isotopic ratios

and the temperature of carbonate formation at the same time (Huntington and Lechler,

2015).

1.3.4 Other techniques of paleoelevation reconstructions

Besides paleoaltimetry technique listed previously, there are some other methods, less

abundant, but perspective. There are new techniques based on vesicular basalt (e.g. Sa-

hagian and Proussevitch, 2007), hydrous silicates and glass (e.g. Mulch and Chamberlain,

2007), biogenic apatite (e.g Kohn and Dettman, 2007) or molecular biomarkers (Polissar

et al., 2009).

1.3.5 Limits in paleoelevations reconstructions

Whereas paleoaltimetry techniques using different terrestrial archives are widely ap-

plied, these methods have their own limits. For example, uncertainty of paleobotanic

methods is mainly linked with the large geographic variation in mean annual tempera-

ture (MAT) and lapse rates (Forest et al., 1999).

However, in this thesis we are interested mainly in stable oxygen isotopes-based tech-

niques. In addition to analytical uncertainties linked with measuring of δ18O (which are

relatively small (Blisniuk and Stern, 2005)), the physical interpretation of stable oxygen

isotopic signal is complicated by several factors:

• Isotopic lapse rates spatial and temporal variations. Present-day meteoric water

δ18O measured in major mountain regions has a good correlation with the mean

global lapse rate of 2.8 %% km−1 (Poage and Chamberlain, 2001). However, in more

detail consideration, precipitation δ18O lapse rate shows significant spatial vari-

ations. For example, the isotopic lapse rates on the windward side of the Sierra

Nevada are 3.1 %% km−1 in the Southern Sierra, but deviate to 0.9 %% km−1 in the
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lee side and to 0.2 %% km−1 in the interior of the Great Basin (Mulch, 2016). On the

other hand, carbonate δ18O is usually related to topography change using modern

isotopic lapse rates (either from modern measurements or theory) because of the

absence of knowledge about past isotopic lapse rates (e.g. Currie et al., 2005; Cyr

et al., 2005; Garzione et al., 2000b; Hoke et al., 2014; Rowley and Currie, 2006). In

the absence of direct measurements of “paleo” lapse rate in situ, using stable iso-

topes paleoaltimetry methods have potential issues on two fronts: (i) the presumed

constancy of isotopic lapse rates through time, and (ii) the consequences of global

climate change on regional climate variables (Kohn and Dettman, 2007).

• Uncertainties in paleoclimate. Since the isotopic ratios in precipitation and their

lapse rates are controlled by such factors as temperature, precipitation amount, rel-

ative humidity, provenance and mixing of moisture, etc. (see Chapter 3), our lim-

ited knowledge on paleoclimate may have a significant impact on paleoelevations

reconstructions relevance. For example, knowledge about paleotemperatures and

temperature lapse rates is important not only for paleoprecipitation isotopic com-

position reconstruction (applying temperature-dependent Kim and O’Nail equa-

tion (Kim and O’Neil, 1997)), but also for reconstructing paleo lapse rates. For the

Andes, not considering the impact of uplift on climate dynamics and related δ18O

values has been shown to produce errors in paleoelevation reconstruction reaching

up to ± 50 % (Ehlers and Poulsen, 2009; Poulsen et al., 2010). In regions character-

ized by monsoonal climates, the predominance of the amount effect on the isotopic

composition of precipitation may lead to increasing isotopic lapse rates as the result

of higher precipitation rates (Gonfiantini et al., 2001), thus paleo-monsoons studies

are indispensable.

• Robustness of processes that govern δ18O today in application for paleo epochs.
One of the major limitations linked with empirical paleoelevations reconstructions

is the assumption that the isotopic signal is controlled by climate variables (e.g.

temperature) in a uniform way throughout the entire proxy record (Sturm et al.,

2010). For example, the isotopic fractionation efficiency and since isotopic distri-

butions in warm environment may be notably different from present-day one (See

the Chapter 4).

• Potential diagenetic alteration of carbonates. Diagenesis of carbonate minerals

can significantly alter both carbon and oxygen isotope values during recrystalliza-

tion, shifting δ18Oc to less negative values (Kent-Corson et al., 2009). However, de-

gree of alteration is difficult to evaluate, that increase the uncertainty in paleoeleva-

tion studies.

In order to reduce uncertainties associated, multiproxy approaches should be applied.

For example, paleotemperature uncertainty in paleo δ18O may be reduced if indepen-

dent constraints on paleotemperatures are available, such as paleotemperature estimates

based on studies of leaf physiognomy (Spicer et al., 2003) or clumped isotope thermom-

etry (Eiler, 2011), which allows retrieving δ18Oc and temperature of carbonate formation

at the same time. In addition, numerical modeling may help to increase reconstructions
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reliability. In this thesis we address several issues linked with stable oxygen based pale-

oaltimetry and use model-data approach in order to increase relevance of paleoaltimetry

estimates (see the main purposes of this thesis in Section 1.4 and Chapter 5 in particular).

1.3.6 Paleoaltimetry of Himalayas and Tibetan Plateau

Here we review Cenozoic paleoelevations of the HTP inferred from quantitative and

semi-quantitative approaches. Those studies that do not present quantitative paleoele-

vation estimates that are cited in this section do provide constraints on the evolution of

the monsoon climate as indirect evidence for the presence of a large and highly elevated

Tibetan Plateau. Summary of these studies could be found in the Table 1.1. Locations of

paleoelevation studies based on different natural archives for various periods through the

Cenozoic are presented on Figure 1.12. Spatial and temporal variations of reconstructed

paleoelevations from published data are summarized on Figure 1.13.
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Figure 1.12 – Topographic map of the Himalayas and Tibetan Plateau with locations for which
quantitative paleoelevations studies have been published for different periods through the Ceno-
zoic (see the Table 1.1). The color of circles shows the method of paleoelevations reconstructions.
The size of circles represent the number of studies for a particular location. Numbers correspond
to cited in the Table 1.1 papers. Additional numbers (57-60) correspond to stable oxygen isotopes
studies without attempts to reconstruct paleoelevations: 57) (Fan et al., 2007); 58) (Kent-Corson
et al., 2009); 59) (Quade and Cerling, 1995; Quade et al., 1992; Stern et al., 1997); 60) (Dettman et al.,
2001; Sanyal et al., 2004a), 61) (Dettman et al., 2003)
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Late Cretaceous - Paleocene

Elevations of the TP prior to the collision are uncertain and quantitative studies are

lacking. Timing of the collision onset in the region is uncertain (see Section 1.2.2) and

the magnitude of syn-collisional uplift has never been estimated quantitatively. However,

for this time period, presence of Andes-type orogen in the south of Asia over Tethyan

subduction zone was hypothesized. Yin and Harrison (2000) also indicate that it is unlike

that such spectacular event as Indo-Asian collision would not result in significant surface

uplift. Ding et al. (2014) infer high elevation (4500 ± 500 m) of the TP at 60-54 Ma, based

on lacustrine carbonates of Linzhou Basin (Figure 1.13, Table 1.1).

Eocene

Most geological studies suggest a massive uplift of the HTP started shortly after the

collision (Mulch and Chamberlain, 2006). However, quantitative studies show a wide

range of paleoelevations estimates (Figure 1.13, subplot A).

Paleoelevations reconstruction of the Lunpola basin, in the center HTP, indicate that

this part of Tibet reached 4000 m at latest ∼35 Ma (Rowley and Currie, 2006). A similar

result (elevations of 4000 ± 500) was found in the Linzhou basin in central Tibet based on

δ18O from paleosoils and fossil ostracodes (Ding et al., 2014). Extremely high Eocene ele-

vations (∼5000 m) are also reported for the Northern Tibet (Xu et al., 2013). However, (Cyr

et al., 2005) infer elevations of 2000 +850/-1050 for Fenghuoshan group in the Northern

Tibet at ∼37 Ma. Interestingly, in a recent study, Wei et al. (2016) report close to sea-level

elevations for Gerze Basin (Central Tibet) at ∼39 Ma based on stable oxygen isotopic evi-

dences.

Eocene elevations of about 3000 m are reported by (Song et al., 2010) based on fossil

pollen records. Nevertheless, these elevations are significantly lower than those predicted

by δ18O-paleoaltimetry (e.g. Ding et al., 2014; Rowley and Currie, 2006). Note, however,

that the pollen used here represents only one location in the Lunpola Basin and the age

constraint cannot be resolved more precisely than to assign an Eocene age. Palynologi-

cal assemblages in lacustrine sediments from the Xining basin (north-eastern HTP) show

the presence of high-altitude (2000-3000 m) vegetation, confirming the occurrence of re-

gional uplift as early as 38 Ma (Dupont-Nivet et al., 2008). Pollen evidences from Xining

basin from 33-46 Ma sediments also show near present-day ( ∼2000 m) elevations at that

time (Hoorn et al., 2012).

In general, an early uplift of the HTP (∼40 to 35 Ma) is in agreement with the shift

in ocean global geochemistry (87Sr/86Sr isotope ratio) in marine carbonate records, that

is interpreted as an enhanced silicate weathering in a response of massive orogenic up-

lift (Raymo and Ruddiman, 1992). Also, a significant increase in clastic sedimentation

offshore around south-eastern Asia corresponds to this time frame (Potter and Szatmari,

2009).

Modest Eocene elevations (not higher than 3000 m) are consistent with the hypoth-

esis that uplift of at least some parts of the HTP followed two pulses of tectonic activity

in the Oligocene (around 30-25 Ma) (Wang et al., 2012a) and Miocene (10-15 Ma) (Blis-
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niuk et al., 2001; Harris, 2006), reflecting distinct mechanisms of crustal thickening (Wang

et al., 2012a) and the convective removal of the lower portion of the thickened Asian litho-

sphere (Chung et al., 2005; Molnar et al., 1993).

Thus, the early uplift history of the HTP remains controversial: from a near sea surface

Plateau to high Eocene elevations, consequently the early uplift history of the HTP need

to be reviewed.

Oligocene

There are few quantitative estimates of Oligocene elevation over the HTP. However,

most of them indicate high elevations at this time period. DeCelles et al. (2007) rapport

Oligocene (26 Ma) elevations of 4500-5000 for the Nima basin in the central Tibet. Similar

high topography (4100 +1200/-1600 m) has been induced based on isotopic proxies for the

Oiyug basin (Currie et al., 2016). However, paleoelevations retrieved based on biomarkers

(Jia et al., 2015) and paleontological evidences (Sun et al., 2014) for the Lumpola basin are

lower (∼3000 m) (Figure 1.13, Table 1.1).

DeCelles et al. (2007) found that central Tibet had reached a high paleoelevation of

4.5–5 km by 26 Ma through stable isotope analyses of paleosol carbonate. By present-

ing geologic and geophysical data from north-central TP, including magnetostratigraphy,

sedimentology, paleocurrent measurements, 40Ar/39Ar and fission-track studies, (Wang

et al., 2008b) show that the central Plateau was elevated 40 Ma ago, and the regions south

and north of the central Plateau gained a high elevation significantly later.

It is widely accepted, that during the Oligocene the uplift progressed particularly north-

ward and southward causing the extension of the TP (e.g. Mulch and Chamberlain, 2006).

Among other evidence, a magnetostratigraphic study of Tertiary sediments indicates that

the start of the uplift of the north Qaidam Block at ∼30 Ma (Sun et al., 2005).

Miocene

Number of paleoelevations estimates increases for recent time periods and for the

Miocene a lot of paleoelevations estimates from various natural archives are available

(Figure 1.13, Table 1.1). Quantitative studies for the southern HTP evidence, with few

exceptions, that southern parts of this orogen likely reached an elevation comparable to

present-day one by Mid to Late Miocene (between 15 and 5 Ma) (Figure 1.13).

Direct evidence of the Miocene high surface elevation (5300 +430/-520) comes from

the oxygen isotope composition of carbonates deposited in the Thakkhola graben as early

as 11 Ma in the southern part of the Tibetan plateau (Garzione et al., 2000b). This is

also consistent with the results of work by Rowley et al. (2001), where the changes in the

isotopic composition of Himalayan precipitation with elevation using one-dimensional

model based on Rayleigh distillation process are modeled and elevations of ∼4500 m for

Thakkhola graben at 10 Ma have been inferred.

There is an evidence (inferred from a multiproxy study based on δ18O from fossil mo-

lusks and paleobotanical estimates) that the elevation of the Zhada basin, located near

the southern margin of the HTP, reached a mean elevation of ∼4000 - 4500 m. during the
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Miocene (Saylor et al., 2009). Based on this results Saylor et al. (2009) indicates a potential

‘collapse’ of certain areas of the HTP due to crustal extensions or other (relaxing) tectonic

processes. However, Murphy et al. (2009) based on measurement of δ18O from gastropod

shells reconstruct late Miocene elevations of Zhada basin of about 1500 m.

Further east in the Himalayan foreland of Nepal, Dettman et al. (2001) estimated the

δ18O of paleoprecipitation from authigenic minerals contained in 13 Ma to recent fluvial

and flood-plain deposits of Siwalik Group sediments. Assuming a broad range of reason-

able paleotemperature estimates from floral assemblages, Dettman et al. (2001) estimated

that the shells formed in water with δ18O values from 12 to 7 %%. This high variability has

been interpreted as evidence for strong seasonal δ18O variations in surface waters due

to a pronounced monsoon climate, implying the presence of a high and broad Tibetan

plateau by 10.7 Ma.

This increase in the δ18O values of authigenic minerals at ∼8 Ma has been interpreted

as the result of rapid uplift of the Himalayas and Tibetan Plateau, leading to increased

aridity and greater soil water evaporation due to monsoon strengthening (Quade et al.,

1989; Quade and Cerling, 1995), or to a change in the main moisture source area for the

studied region by the rising orogen cutting off low-δ18Op from the North (Quade and Cer-

ling, 1995; Stern et al., 1997). The earliest stable isotope studies used to infer climate

changes related to the evolution of the TP are from Neogene Siwalik Group molasse de-

posits in the Himalayan foreland of NW-Pakistan. The δ18O values of pedogenic carbon-

ate nodules and smectite show to 4 permil increase at ∼8 Ma (Quade et al., 1989; Quade

and Cerling, 1995; Stern et al., 1997).

Estimates for the Gyirong Basin of the Himalayas are also controversial. Rowley and

Garzione (2007) report high elevations of 5000 +480/-600 for at leas 7 Ma, while Wang and

Ding (2006) infer much more modest elevations (2900-3400 m) for the same time period.

Nearby Manaslu Basin shows high elevations of ∼6000 m already at 20 Ma (France-Lanord

et al., 1988; Rowley and Garzione, 2007) which are similar to the elevations reported for

the Mount Everest region (Gébelin et al., 2013).

The research on the Oiyug basin indicates that the southern TP achieved paleoeleva-

tions of 5200 +1330/–630 m at least 15 Ma (Currie et al., 2005). This result is consistent

with elevations reported in recent multiproxy research of Currie et al. (2016), where el-

evations of 5100-5400 m are reported. Miocene elevations of nearby Namling basin are

also reconstructed to be high ( 4689 ± 895 m or 4838 ± 847 m) based on paleobotanic

and climate modeling study (Spicer et al., 2003). However, Zhou et al. (2007) reveal lower

(2500-3000 m) Miocene elevations for the same locations based on fossil floras.

Isotopic analysis of the Miocene Lunpola Basin (central Tibet) lacustrine marles and

limestones yielded altitude estimates of 4260 +475/-575 m (Rowley and Currie, 2006).

However, Deng et al. (2012) report elevations of 3000 m for the Lumpola Basin for 18-16

Ma based on mammalians fossils analysis.

Song et al. (2010) derive the mid Miocene (10 Ma) altitudes of Gangdise-Nyainquntanglha

Area in the central Tibet between 3000 m and 3150 m based on pollen evidence. These

Miocene altitude estimates were lower than those obtained from both leaf physiognomy

(Spicer et al., 2003) and oxygen isotopes (Currie et al., 2005) by around 1500 m.
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For the northern Tibet,the Miocene elevations have been reconstructed from the Hoh

Xil Basin. Based on isotopic evidence from lacustrine carbonates, Wu et al. (2007a) re-

construct Early-Middle Miocene elevations of ∼3500 m. This value is consistent with that

reported for the same location by Polissar et al. (2009). However, based on paleobotanical

evidence Sun et al. (2015) report much lower (1395-2931 m) elevation for this locations at

∼17 Ma.

Qaidam Eocene Basin have been shown to have modest elevations since at least Miocene

(Wu et al., 2007a). These authors report elevations of ∼2500 m based on isotopic evi-

dence. Zhuang et al. (2014) based on leaf wax stable isotopes reveal elevations of 1900 m

from 15 Ma sediments and ∼4000 m elevations fro ∼10.4 Ma, that indicated a rapid uplift

of Qaidam Block in the Miocene. However, analysis of pollen from nearby Xining basin

show that this terrain was highly elevated since the Early Miocene (Deng et al., 2012).

Dettman et al. (2003) studied the stable isotope composition of authigenic minerals

in a nearly continuous sequence of fluvial and lacustrine deposits covering an age range

from 29 Ma into the Holocene from the Linxia Basin. These authors do not directly re-

construct paleoelevations, but indicate a shift in a contineous carbonate record to higher

δ18O values at approximately 13 to 12 Ma. This shift is interpreted as an increase in aridity

at that time resulting from the uplift of the Tibetan Plateau, or some portion of it, to ele-

vations high enough to limit the supply of moisture from the Indian or the Pacific Ocean

(Dettman et al., 2003).

The elevations reconstructions from the Kunlun mountains are particulary important

for understanding the evolution of the Northern Tibet. Deng et al. (2012) indicate that in

the Early Eocene, Kunlun has been already high, with mean elevations of 3500-4000 m.

Pliocene-Quaternary

Latest geologic records show that, the central and southern TP probably had approached

to the modern height before the Pliocene. Since the Pliocene, the uplift has mainly oc-

curred in the northern Plateau (Mulch and Chamberlain, 2006).

Most studies report near present-day elevations in the Zhada Basin of the western Hi-

malayas (Huntington and Lechler, 2015; Wang et al., 2013), with an exception of Deng

(2013), in most investigations lower elevations (∼4000) are reported. Hsu et al. (1973)

reveal abrupt uplift (of about 3000 m) in the Shisha Mount regions since middle-late

Pliocene.

In the Pliocene, the Oiyug Basin was highly elevated (∼5500 m) (Currie et al., 2016),

however, estimated uncertainty of this measurement is high (of about 1500-2000 m). For

the Namling Basin, Zhou et al. (2007) report modest elevations of 2500-3500 m, which

corresponds to 2200-3400 m regional uplift since the Pliocene.

Significant uplift of the northern Tibet during the last ∼2-3 Ma has been reconstructed

with stable oxygen isotopes measurements from fossil fauna (Wang et al., 2008d). Over the

Naga Hills Pliocene elevations are similar to those of present-day (Hoke et al., 2014).

Table 1.1 – Cenozoic elevations reconstructions for the Himalayas and Tibetan Plateau region from
published data
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No
4

Locality Age Method used Paleoelevation

reconstructed 5
Reference

Paleocene

(1) Linzhou

Basin,

Nianbo

Formation

60-54 Ma δ18O from lacustrine

and paleosoil carbon-

ates

4500+400/-400

m

Ding et al. (2014)

Eocene

(2) Chake Eocene δ18O from pedogenic

carbonates

121 ± 700 m Hoke et al. (2014)

(3) Gangdise-

Nyainqentanglha

Area

Eocene pollen and climate

modeling

3295–3495 m Song et al. (2010)

(4) Liming Eocene δ18O from pedogenic

carbonates

2650 ± 300 m Hoke et al. (2014)

(5) Linzhou

Basin,

Pana For-

mation

51-48 Ma δ18O from paleosoils

and ostracodes

4000 ± 500 m Ding et al. (2014)

(6) Lumpola

basin, mid-

dle Niubao

Formation

∼39 Ma δ18O from lacustrine

and paleosoil carbon-

ates

4050+510/-620

m

Rowley and Cur-

rie (2006)

(7) Gerze

Basin

∼39 Ma δ18O from limestone

and foraminifera fossil

close to sea level Wei et al. (2016)

(8) Fenghuoshan

Group

∼37 Ma δ18O from lacustrine

carbonates

2000+850/-1050

m

Cyr et al. (2005)

(9) Lumpola

basin, up-

per Niubao

Formation

∼35 Ma δ18O from lacustrine

and paleosoil carbon-

ates

4850+380/-460

m

Rowley and Cur-

rie (2006)

(10) Xining

Basin

33-36 Ma pollen ∼2000 m (near

present-day ele-

vations)

Hoorn et al.

(2012)

(11) Kangtuo 28-51 Ma δ18O from lacustrine

and paleosoil carbon-

ates

5165 ± 593 m Xu et al. (2013)

(12) Saonahu 28-51 Ma δ18O from lacustrine

and paleosoil carbon-

ates

4923 ± 361 m Xu et al. (2013)

4Numbers correspond to those on Figure 1.12
5here we refer to the peleoelevation and error estimates from the original paper and does not ague where

these reconstructions are correct
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(13) Xining

Basin

prior to

Oligocene

pollen 2000-3000 m Dupont-Nivet

et al. (2008)

Oligocene

(14) Nima basin

of central

Tibet

26 Ma δ18O from paleosol

carbonate

4500-5000 m DeCelles et al.

(2007)

(15) Lunpola

basin

25.5 to 21.6

Ma

δ13C and δD from leaf

wax n-alkanes

∼3000 m Jia et al. (2015)

(16) Oiyug

Basin

Late

Oligocene-

middle

Miocene

δ18O and δD multi-

proxy

4100 +1200/-

1600 m

Currie et al.

(2016)

(17) Lunpola

basin

Late

Oligocene-

early

Miocene

fossil pollen records ∼3190 ± 100 m Sun et al. (2014)

Miocene

(18) Lumpola

basin,

Dingquig

Formation

Miocene δ18O from lacustrine

marles and limestones

4260+475/-575

m

Rowley and Cur-

rie (2006)

(19) Gangdise-

Nyainqentanglha

Area

Miocene pollen and climate

modeling

3000–3150 m Song et al. (2010)

(20) Namling

Basin

Miocene fossil floras 2500-3000 m,

(1300 m uplift)

Zhou et al. (2007)

(21) Jianggelesayi Early

Miocene

δ18O and δ13O in flu-

vial and lacustrine car-

bonates

< 1500 m Chen et al. (2002)

(22) Mount

Everest

region

Early

Miocene

δD of hydrous miner-

als

elevations simi-

lar to modern

Gébelin et al.

(2013)

(23) Xining-

Minhe

basin

Early

Miocene

pollen 4000-4500 m Deng et al. (2012)

(24) Kunlun

Mountains

Early

Miocene

pollen 3500-4000 m Deng et al. (2012)

(25) Wudaoliang

Basin and

Kunlun

Mts.

Early-

Middle

Miocene

δ18O and δ13C from la-

custrine carbonates

∼3500 m Wu et al. (2007b)
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(26) Qaidam

Basin

Early-

Middle

Miocene

δ18O and δ13C from la-

custrine carbonates

∼2500 m Wu et al. (2007b)

(27) Wudaoliang 20 Ma D/H from biomarkers ∼4000 m Polissar et al.

(2009)

(29) Manaslu

and

Chokang

Arm (Hi-

malayas)

20 Ma δ18O and δD from ig-

neous and metamor-

phic rock

2500-6000 m France-Lanord

et al. (1988)

(30) Lunpola

Basin

18–16 Ma based on mammalian

fossils

3000 m Deng et al. (2012)

(31) Wudaoliang

Basin

∼17 Ma palaeobotanical evi-

dences

1395-2931 m

(2000-3000 m

uplift)

Sun et al. (2015)

(32) Oiyug

Basin

15,1 δ18O from carbonates 5200+340/-390

m

Currie et al.

(2005)

(33) Namling

basin

15 Ma Paleobotanic and cli-

mate modeling study

4689 ± 895 m Spicer et al.

(2003)

(34) Namling

basin

15 Ma Paleobotanic and cli-

mate modeling study

4838 ± 847 m Spicer et al.

(2003)

(35) Oiyug

Basin

∼15 Ma plant-wax n-alkenes

δD and δ18O from

lacustrine siderite

5100 +1300/-

1900 m

Currie et al.

(2016)

(36) Oiyug

Basin

∼15 Ma fossil-floral physiog-

nomy

5400 m Currie et al.

(2016)

(37) Qaidam

basin

∼15 Ma leaf wax stable iso-

topes

1900 m Zhuang et al.

(2014)

(38) Juanchuan Middle

Miocene

δ18O from pedogenic

carbonates

3300 ± 500 m Hoke et al. (2014)

(39) Qaidam

basin

∼ 10.4 Ma leaf wax stable iso-

topes

∼4000 m Zhuang et al.

(2014)

(40) Takkhola

Graben

0-10 Ma δ18O from paleosoils 5300 +430/-520

m

Garzione et al.

(2000b)

(41) Thakkhola

Graben

10 Ma δ18O from carbonates ∼4500 m Rowley et al.

(2001)

(42) Zhada

Basin

9 Ma δ18O from fossil mol-

lusks and paleobotani-

cal

4000-4500 m Saylor et al.

(2009)

(43) Gyirong

Basin

(High

Himalayas)

∼7 Ma δ13C from fossil fauna 2900–3400 m Wang et al.

(2006)
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(44) Gyirong

(Hi-

malayas)

≤ 7 Ma δ18O from carbonates 5000 +480/-600 Rowley et al.

(2001)

(45) Luhe Late

Miocene

δ18O from pedogenic

carbonates

1000 ± 800 m Hoke et al. (2014)

(46) Lanping Late

Miocene

δ18O from pedogenic

carbonates

3300 ± 450 m Hoke et al. (2014)

(47) Zada basin Late

Miocene

δ18O from gastropod

shells

1500 m Murphy et al.

(2009)

Pliocene-Quaternary

(48) Zhada

Basin

late

Miocene-

Pliocene

carbonate clumped

isotope thermometry

5400 ± 500 m (Huntington

et al., 2015)

(49) Xixabangma

and Nam-

ling Basin

Pliocene fossil floras 2500-3500 m,

(2200-3400 up-

lift)

Zhou et al. (2007)

(50) Oiyug

Basin

∼5 Ma plant-wax n-alkenes 5500 +1400/-

2000 m

Currie et al.

(2016)

(51) Zanda

Basin

4.6 Ma based on mammalian

fossils

∼4000 Deng (2013)

(52) Zanda

(Zhada)

Basin

4.2–3.1 Ma δ13C from fossil fauna similar to

present-day

elevations

Wang et al.

(2013)

(53) Mount

Shisha

Pangma

middle-

late

Pliocene

paleobotany 2500 m (3000 up-

lift)

Hsu et al. (1973)

(54) Kunlun

Mountain

Pass area

∼2–3 Ma δ18O from fossil fauna 2000 ± 1600 m

(2600 ± 1600 m

uplift)

Wang et al.

(2008d)

(55) Yanyuan Pliocene-

Quaternary

δ18O from pedogenic

carbonates

2400 ± 1100 m (Hoke et al.,

2014)

(56) Eryuan Pliocene-

Quaternary

δ18O from pedogenic

carbonates

2750 ± 700 m (Hoke et al.,

2014)
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Figure 1.13 – A) Summary of paleoelevaition evolution of the Himalayas and Tibetan Plateau re-
gion based on published quantitative estimates (see the compilation in the Table 1.1). Color shows
the type of archive: red - stable oxygen isotopes evidences, green - palentological evidences, blue
- biomarkers evidences, orange - other evidences. Geometry shows the location of sampling: stars
- the Naga Hills (Liming and Chake basins), circles - the Himalayas and the Southern Tibet (Nan-
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figures corresponds to those in the Table 1.1 and on Figure 1.12.
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1.4 Summary and main purpose of the thesis

In this introductory section, we show, first, to what extant geological evolution of the

Earth surface may impact climates. It has been shown that the uplift of mountain belts has

strong effects on global and regional climate patterns and processes including glaciation,

rain shadow effect, stationary waves, monsoon circulation, oceanic currents and even the

chemical composition of the atmosphere. Shifting of continents and land-sea distribu-

tion has also been hypothesized to have major influence on the climate patterns, despite

the lack of studies on this subject.

The Himalayas and Tibetan Plateau are the most spectacular mountain building in the

world with mean elevation of about 5000 meters and area of more then 1,3 million km2.

Based on geological evidence, high Asian topography has been formed as a response to

multiple tectonic events during the Cenozoic, which timing and rate are widely discussed

are the literature.

The Himalayas and Tibetan Plateau region has long been a focus of numerous studies,

especially linked with extreme topography-climate interaction. Quantitative constraints

on topographic development could, on the one hand, serve as direct means of testing

tectonic models for Tibetan Plateau, and on the other, could be used as a boundary con-

dition for climate models as and the uplift of the HTP is supposed to be responsible on

major climate changes, including the appearance of the monsoonal system in East Asia,

the onset of central Asian desertification as well as the global cooling through reducing

the atmospheric CO2 concentration by chemical weathering through the Cenozoic.

Quantitative estimation of the role of the HTP in Cenozoic climate change is still chal-

lengeable. In order to shed light on this subject, the timing and scale of the HTP uplift

should be estimated first. For this purpose a wide range of methods are available, in-

cluding stable oxygen based paleoaltimetry, which is considered to be one on the most

efficient techniques and have been applied to the HTP region for time periods from early

Eocene to the Pliocene.

However, paleoelevation reconstruction techniques have some serious limitation, par-

ticularly associated with our limited knowledge about paleoclimates. For correct paleoal-

timetry estimates using stable oxygen-based technique, the relationships between paleo-

climates and paleo δ18Op should be established first.

In this thesis two types of approaches have been used with following aims:

• Numerical modeling:

- Provide modeling experiments testing the impact of the HTP uplift on atmo-

spheric circulation and δ18Op ;

- Provide modeling experiments with realist Cenozoic boundary conditions in

order to reconstruct paleo δ18Op variations and its main controlling factors during

different periods during the past;

- Provide modeling experiments, testing the impact of Cenozoic paleogeogra-

phies, topography and atmospheric CO2 concentration evolution on the Asian mon-

soons and aridification.
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• Model-data comparison:

- Estimate the possibility of using δ18O based approach for relevant paleoeleva-

tion studies;

- Review the elevation history of the Himalayas and Tibetan Plateau.
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Chapter 2

Climate and stable oxygen isotopes
modeling

Modeling is widely accepted to be a very powerful technique for reconstructing paleo,

modern and future climates. For taking challenge of current study (see Section 1.4) we

have chosen numerical climate modeling as our main instrument. In this chapter we

provide a short introduction to climate modeling (Section 2.1): give an overview of the

modeling principles of the Earth climate system components, main climate models types

and the history of their development. We also suggest an introduction to the basics of

implementation of stable water isotopes to numerical models (Section 2.2), focusing on

general circulation models. We finish with an overview of models and modeling strategy

(Section 2.3), as well as boundary condition (Section 2.4) used in this study.
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2.1 Fundamentals of climate modeling

2.1.1 Modeling of the Earth climate system components

A model in geosciences is an attempt to reproduce processes that happen in nature.

A climate model is a simplified representation of processes of the Earth climate system.

In order to understand, reproduce these processes and predict the effects of changes and

interactions, first of all, the climate system should be divided into several components.

According to the definition from World Meteorological Organization (WMO), the follow-

ing interacting components of the climate system should be defined (see also Figure 2.1):

• the atmosphere, i.e., the layer of gases surrounding the Earth of a complex com-

position (oxygen, nitrogen, carbon dioxide, water vapor, ozone, etc.), which affects

the transfer of solar radiation, coming to the atmosphere’s upper boundary, to the

earth’s surface. The atmosphere is the most unstable and variable component of

the climate system (Baede et al., 2001);

• the ocean, i.e., the main water reservoir in the climate system, consisting of the

saline water of the world ocean and the seas adjacent to it, absorbing the main part

of solar radiation that comes to its surface, and representing, owing to the high heat

capacity of the water, a powerful energy accumulator (Dymnikov et al., 2012);

• the land, i.e., the surface of the continents above the sea level with its hydrological

system (rivers, lakes and swamps) and the soil (including ground waters);

• the biosphere (biota), i.e., the vegetation on land and in the ocean, as well as organ-

isms in the air, sea, and land, including man;

• and the cryosphere, i.e., continental and marine ice, mountain glaciers, the snow

cover, and the cryolithozone (permafrost).

Due to its huge size and long time scales, the climate system cannot be studied by

direct experimental methods. Owing to specific characteristics of the climate system (for

example, very small thickness of the atmosphere and ocean in comparison to the Earth

radius), laboratory experiments are also very problematic. For a detailed investigation of

the real climate system and its behavior in the past and future climate models - theory-

based representations that characterize or simulate essential features and mechanisms -

are available today.

Climate models represent either one or many components of the climate system, try-

ing to get closer to "realist" representation of the real world and to understanding the

processes controlling climate. Climate models are quantitative methods and describes

the climate system in terms of basis physical, chemical and biological principles.

From the mathematical point of view, climate can be defined as a statistical ensemble

of states taken on by the climate system during a sufficiently large time interval (Dym-

nikov et al., 2012). "The classical averaging period is 30 years", according to the WMO. In

parallel, decadal averages have been successfully used in the IPCC report (Stocker et al.,

2014). In the general case, an "ensemble" is understood not only as a set of states but also
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as a certain probabilistic measure assigned over this set that determines the probability

of the system to stay within a certain subset of the given set (Stocker et al., 2014).

Nowadays climate modeling is developing extensively. However, despite improve-

ments in human knowledge and in computation resources, a numerical model is still a

considerable simplification of real world, thus the results of such modeling can only be

approximations.

Figure 2.1 – Schematic representation of the Earth climate system’s components, their interac-
tions, and main processes. Figure from IPCC report (2007),FAQ 1.2 Solomon et al. (2007)

2.1.2 History of climate modeling

The history of climate modeling have been reviewed in details in Lorenz (1983); McGuffie

and Henderson-Sellers (1997) and more recently in Edwards (2011). Here we provide a

short overview of the development of scientific ideas in Meteorology and Climatology

starting from ancient times and conceptual models to modern isotopes enabled general

circulation models.

Conceptual models

The earliest attempts to understand climate phenomena and to explain the weather

conditions were expressed in conceptual models (Figure 2.2). In its infancy, people faced

with adverse weather conditions, attempted to explain climate phenomenon and atmo-
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spheric processes with a divine providence (for example, Stribog 1, Boreas, Zephyrus 2).

With the development of civilization in China, India, the Mediterranean countries, at-

tempts to regular meteorological observations and some guesses about the causes of at-

mospheric processes have been made. During this time, the foundations of scientific un-

derstanding of climate have been laid.

The first treatise on climate phenomena was made by Aristotle in his Meteorology at

about 350 BC. By meteorology, Aristotle didn’t simply mean the study of weather. His

more expansive definition of meteorology included “all the affectations we may call com-

mon to air and water, and the kinds and parts of the earth and the affectations of its parts.”

In Meteorology, Aristotle identified the water cycle and discussed topics ranging from nat-

ural disasters to astrological events. The Aristotle’s Meteorology determined the under-

standing of the climate for a long time. Starting with Aristotle, the Earth was divided into

five zones. These portions of the spherical Earth determined by the geographic latitude

in Greco-Roman geography and astronomy are called "climes".

Eratosthenes was a Greek expert in many disciplines, including astronomy, geogra-

phy, and mathematics. At 3rd century BC Eratosthenes deduced the Earth’s spherical

shape and he was the first to calculate the tilt of the Earth’s axis. In a now-lost work enti-

tled Geographika, Eratosthenes following Aristotle divided the planet into climate zones

(climes).

Five centuries latter, Ptolemy (2nd century AD) connected climate to the inclination of

the sun and divided the planet (according to the lengths of the longest day) into climatic

zones more precisely than it was done by Aristotle and Eratosthenes. Ptolemy gave a list

of parallels, starting with the equator, and proceeding north at intervals, chosen so that

the longest day (summer solstice) increases in steps of a quarter of an hour from 12 hours

at the equator to 18 hours at 58◦ N, and then, in larger steps, to 24 hours at the arctic

circle. Ptolemy’s system of seven climes was later adopted in Arabo-Persian astronomy

and meteorology.

Modern scientific meteorology dates back to the XVII century, flowing the formation

of modern physics basics. Invention of thermometer and barometer made possible in-

strumental observations and contributed to new conceptual models. In 1686, seeking to

understand the physics of the trade winds, Edmond Halley published one of the first theo-

ries to go beyond the Ptolemaic view of climate as a function of latitude. Halley suggested

that solar heating caused air to rise near the equator. This ’rareified’ air caused denser air

from higher latitudes to ‘penetrate in’, creating the trade winds. Halley’s term ‘circulation’,

as well as his notion that the atmosphere must ‘preserve the Equilibrium’, remains in use

today. Fifty years later, George Hadley modified Halley’s explanation, taking into account

the Coriolis effect. Thomson (1857) and Ferrel (1859) revised the Hadley’s theory, invoking

north-south Coriolis force. These conceptual models explained the prevailing winds over

the globe and captured the fundamental energy-transport function of the climate system.

At the end of the IXXth century the first works on climate sensitivity started. Based on

observed correlation of CO2 concentration in the atmosphere and global temperature,

Svante Arrhenius (Arrhenius, 1896) theorized the impact of CO2 on global temperature.

1a deity associated the wind in Slavic mythology
2Gods of winds in Greek mythology
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2.1. Fundamentals of climate modeling

His calculations allowed to conclude that the level of CO2 acted as a regulator of water

vapor, and ultimately determined the planet’s long-term equilibrium temperature.
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Figure 2.2 – From ancient times to modern isotopes enabled general circulation models. Key persons and a progress made.
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Analog models

Analogical models are a method of representing a phenomenon of the world by an-

other, more understandable or analysable system. In geoscienses analog models are diffi-

cult to perform because of long timescales and enormous size. However, simple physical

models, such as bowls or globes filled with viscous fluids were constructed at least from

the early XXth century, as was reviewed by Richardson (2007), in order to reproduce turbu-

lent flows. With some approximation such a system presents atmospheric motions. Later

analog models used a rotating tank heated at the rim and cooled in the center, thus sim-

ulating equatorial solar heating and polar cooling (Hide, 1953). Despite their very limited

capabilities, such analog models demonstrated fundamental principles of fluid motion

and probably inspired the numerical modelers (Lewis, 1998).

Numerical models

In the second half of the XIXth century the foundation of dynamic meteorology have

been laid, in other worlds the application of fluid mechanics and thermodynamics prin-

ciples to the study of atmospheric processes have been started. Mathematical modeling

in atmospheric physics started with stating and solving the problem of hydrodynamic

numerical weather prediction. For the first time, a weather forecast problem like that of

mathematics and mechanics was formulated in Vilhelm Bjerknes’ article, published in

1904 (Bjerknes, 1904), where it was treated as a problem with initial conditions for the

equations of the dynamics of a baroclinic fluid.

In the early 1920s, Richardson proposed a method of numerical weather report (Richard-

son, 1922). Since the information about real state of the whole atmospheric column is

necessary as the initial condition, he designed instruments for atmospheric measure-

ments at altitudes of several kilometers above the surface. When constructing the theory

of numerical weather prediction, Richardson studied the turbulence of the atmospheric

boundary layer, radiation processes, and atmospheric thermodynamics.

Soon after the Ward War II an extensive development of numerical climate models

started. At 1956 Norman Phillips developed a numerical code which could realistically

represent monthly and seasonal patterns in the troposphere. This model is now con-

sidered as the first successful general circulation model of climate. The basis for EBMs

was introduced by both Budyko (1969) and Sellers (1969). Radiative-convective models

(RCMs) were introduced by Manabe and Wetherald (1967) and reviewed in Ramanathan

and Coakley (1978).

2.1.3 Types of numerical climate models

"Simple" climate models

Energy balance models (EBMs) It is the oldest and the simplest type of climate mod-

els. These models attempt to account for all energy coming in and all energy going out

of some system (e.g. the Earth). The term "balance" suggests that the system is at equi-

librium, thus no energy is accumulated. EBMs are usually one-dimensional (the latitude
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as one dimension) or even zero-dimensional (globally-averaged values only) and the at-

mospheric dynamics are not modeled in EBMs. Although EBMs are simple-constructed,

it is a valuable tool for studying paleo and future climates both (McGuffie and Henderson-

Sellers, 1997). This kind of models allows to access long-term variability linked with change

of the Earth glaciation and insolation (e.g. Peltier et al., 2004).

Radiative-convective models (RSMs) These models have one or two-dimensions, with

height as the dimension that is invariably present. RCMs simulate in detail the transfer of

energy through the depth of the atmosphere, including a) the radiative transformations

that occur as energy is absorbed, emitted and scattered, and b) the role of convection, en-

ergy transfer via vertical atmospheric motion, in maintaining stability. Two-dimensional

RCMs also simulate horizontally-averaged energy transfers (McGuffie and Henderson-

Sellers, 1997).

Earth system models of intermediate complexity (EMICs)

Up to now, there is no concise definition of an Earth system Models of Intermediate

Complexity (EMIC). Perhaps, this will presumably never be achieved, because the border

between EMICs and comprehensive models will change with time and computer capacity.

A table of EMICs which are currently in operation have been published and discussed

in Claussen et al. (2002). A revised description of all EMICs in operation can be found

in Claussen (2005) and EMICs intercomparison is discussed in Brovkin et al. (2006) and

more recently in Eby et al. (2013). EMICs and simple climate models differ much more.

For example, EMICs realistically represent the large-scale geographical structures of the

Earth, like the shape of continents and ocean basins, which is not the case for simple

climate models.

General circulation models (GCMs)

A general circulation model (GCM) is a computer code that reproduce the dynamics

of planetary outer layers such as ocean and atmosphere. Different climatic systems such

as oceans, atmosphere, vegetation and land ice could be coupled in a single model model

(couple GCM - CGCM) or be separated (e.g. ocean GCM – OGCM, atmosphere GCM -

AGCM).

The GCM dynamical core resolves the primitive equations governing the atmosphere

thermodynamics, expressing the conservation of momentum by the Navier-Stokes equa-

tion under the assumption of hydrostatic equilibrium (i.e. vertical acceleration is ne-

glected). Conservation of energy expressed in an energy budget, accounting for radiative

processes through the atmosphere and on the Earth surface. The conservation of mass is

expressed by the continuity equation, for all considered components of the atmosphere

(air, water in vapor, liquid and ice phase) (Bjerknes, 1921; McGuffie and Henderson-Sellers,

1997; Sturm et al., 2010). GCMs use different discretizations (e.g. longitude-latitude grids

or spherical harmonics, pressure or sigma vertical levels) and optimized algorithms to

resolve the primitive equations.
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2.2. Modeling of stable oxygen isotopes in precipitation

Many processes occurring in the nature cannot be resolved explicitly in the dynami-

cal core, because they happen at much smaller scales. For these processes the physical
parametrization part of GCMs code is responsible. For example, for AGCMs, convective

cloud systems develop over an area of a few kilometers, which is two orders of magnitude

less than the grid resolution (even using a zoomed grid). Convection needs thus to be

parameterized, in order to represent the mean precipitation and energy release over the

entire grid cell. The changes in prognostic hydrological variables (e.g. atmospheric liq-

uid and vapor content, temperature) related to convection are fed back to the dynamical

core, so that the next iteration is computed with updated variables. In Section 2.2.4 we

will focus on parameterization relevant for the inclusion of stable water isotopes tracers

in GCMs.

Physical processes in one GCM colomn

Figure 2.3 – Schematic representation of the grid structure of a GCM components and limit con-
ditions (boxed in yellow)for its one column. Compiled from (Risi, 2009) and Edwards (2011).

2.2 Modeling of stable oxygen isotopes in precipitation

Over the last decades, empowered by more expertise and computational resources,

water isotopes have been implemented not only to “simple” one-dimensional models, but

also to a dozen of atmosphere general circulation models. In a first review on SWI-enabled

models published by Hoffmann et al. (2000) only few studies on isotopes modeling were

cited, while according to more recent reviews made by Sturm et al. (2010) and by Xi (2014)

the isotope modeling community has been significantly expanded. In following sections

we describe main principles and advances in water isotopes modeling and point out the

peculiar properties of LMDZ-iso as a main instrument of isotopes modeling used in this

thesis.
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2.2.1 Purposes of implementation of stable water isotopes in numeri-

cal models

Early works on principles of stable water isotopes distribution on the Earth and their

potential applications in paleoclimatology (e.g. Dansgaard, 1964) have become a catalyst

for implementation of isotopes into numerical models. First of all, numerical models al-

low to reproduce observed isotopic distribution and to understated its controlling factors

(first-order controlling factors at least) and to reveal a sensitivity of stable water isotopes

to the climate change. Another important application of numerical models with stable

water isotopes is a reconstruction of paleoclimates and paleo isotopes distribution with a

purpose of interpretation geological proxy data (Jouzel et al., 1994).

2.2.2 Isotopes in "simple" models

Rayleigh-type distillation models

Since much of spatial and temporal isotopic variations can be explained by the Rayleigh

distillation, most isotopic "simple" models are based on the Rayleigh distillation (for more

details on the Rayleigh distillation see Section 1.3.3 and Chapter 3). Rayleigh distillation

models have been widely used to interpret the isotopic composition of ice in Antarctica

(e.g. Vimeux et al., 2002) and Greenland (Jouzel et al., 2000). These models simulate the

evolution of the composition of the vapor and precipitation along the path of air masses

from low latitudes to high latitudes. Such models requare the initial composition of vapor

(before the orographic ascend), as well as initial temperature and humidity.

An example of Rayleigh-type distillation model is a model developed by Rowley et al.

(2001) and validated in Rowley and Garzione (2007). This is a 1-D model that use ther-

modynamic principles and Rayleigh distillation processes to reproduce the isotopic com-

position of an air mass during its orographic uplift. This model considers an isolated

ascending air parcel with prescribed initial temperature (T0), relative humidity (Rh0), and

a reference value for composition of the vapor before the rainout process (Rv0). Although

this model was validated against data for the Himalayas region and the southern Tibetan

Plateau, Rowley et al. (2001) and other authors (Blisniuk and Stern, 2005) stressed the

caution required for its application for paleoaltimetry (see Section 1.3.3). Specifically, the

choice of unique reference-values for T0, Rh0 and Rv0 implies an exclusive southern origin

of vapor for entire region of destination.

However, the Rayleigh distillation is not a unique processes controlling δ18O. In the

work of Risi (2009) possible complications of the Rayleigh distillation are listed:

• kinetic effects during the formation of ice crystals (Jouzel and Merlivat, 1984);

• partial condensate retention before the precipitation and coexistence of liquid and

solid phase in some clouds (Ciais and Jouzel, 1994);

• realistic evolution of temperature, pressure and humidity of air mass along its tra-

jectory (Helsen et al., 2007);
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• recharging of an air parcel by the evaporation (Helsen et al., 2007; Worden et al.,

2007);

• mixing of multiple air masses (Worden et al., 2007);

In addition, even if a Rayleigh model can successfully reproduce the observed modern

behavior of stable water isotopes for certain regions, it may be inadequate in the context

of a very different climate.

2.2.3 Isotopes in models of intermediate complexity

Doubling of the hydrological cycle (in case of only 2 stable isotopes simulated), results

in increased the simulation cost in terms of computing resources. Earth system Models

of Intermediate Complexity have an evident advantage on more complex models in com-

putation time. Another benefit of EMICs is a possibility of simultaneous representation

of several climate systems, because these models are coupled.

Up to now, SWI are implemented in several EMICs, for example, oxygen isotopes have

been implemented in the three-dimensional model of intermediate complexity called

iLOVECLIM (version 1.0), allowing fully coupled atmosphere–ocean simulations. The de-

tailed implementations of oxygen isotopes in iLOVECLIM can be found in Roche (2013).

2.2.4 Isotopes in atmospheric general circulation models

For implementation of stable water isotopes in a AGCM model, the hydrological cy-

cle needs to be duplicated, i.e. every variable should to be accompanied by its isotopic

counterpart (for H2
18O, HDO, H2

17O). The dynamical core of a GCM can advect and mix

isotopic tracers from different air masses, while in the physical parametrization the equi-

librium and kinetic fractionations are computed on each time stem when a phase change

of water takes place. This technique allows a modification of the isotopic composition of

different reservoirs across the globe. Modern AGCMs include processes of fractionation

due to phase change in process evaporation, condensation both to liquid and ice, and

re-evaporation of precipitation in atmosphere. The isotopic modeling allows to calculate

the isotopic composition of water content (in vapor and precipitation both) according to

climate conditions and to assess the sensitivity of water composition to the variations of

these conditions.

Due to a large amount of physical processes present in GCMs, they become an ideal

tool for understanding the processes that govern the isotopic distribution for the present-

day and paleo case. Pioneers in this approach was the work of Joussaume et al. (1984)

who implemented the SWI in a GCM of Laboratoire de Météorologie Dynamique and

produced a global isotope field for present-day January climate (Figure 2.2). Nowadays,

stable isotopes have been implemented in a large number of GCMs: GCM GISS (Jouzel

et al., 1987; Schmidt et al., 2007), ECHAM (Hoffmann et al., 1998), MUGCM (Noone and

Simmonds, 2002), GENESIS (Mathieu et al., 2002), NCAR CAM (Lee et al., 2007), GSM

(Yoshimura et al., 2008), HadCM3 (Tindall et al., 2009), LMDZ (Risi et al., 2010) and oth-

ers. Table 2.1 lists selected isotopes-enabled AGCMs and some their characteristics.
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Also we need to mention that SWI are implemented in number of regional circulation

models like REMO-iso or RegCM3. Here we are not discussing these models in detail.

Table 2.1 – Selected isotopes-enabled AGCMs and their standard characteristics

Isotope-
enabled
AGCM

Standard resolu-
tion

Timestep References Examples of paleo
studies

GISS 4° × 5°, 23 verti-
cal levels

0.5 hrs
(ad-
justible)

(Jouzel et al., 1987;
Schmidt et al.,
2007)

(Charles et al.,
2001; Jouzel et al.,
1994)

ECHAM ∼ 3.8° × 3.8°, 19
vertical levels

40min
(ad-
justible
to 4min)

(Hoffmann et al.,
1998)

(Roe et al., 2016;
Sturm et al., 2007)

MUGCM 3.25° × 3.625°, 9
vertical levels

20min (Noone and Sim-
monds, 2002)

NA

GENESIS ∼ 3.75° × 3.75°,
18 vertical levels

0.5hrs (Mathieu et al.,
2002)

(DeConto et al.,
2008)

CAM ∼ 2.8° × 2.8°, 26
vertical levels

20min (Lee et al., 2007) (Sewall and Fricke,
2013; Tharammal
et al., 2013)

GSM 1.85° × 1.85°, 17
vertical levels

NA (Yoshimura et al.,
2008)

NA

HadCM3 2.5° × 3.75°, 19
vertical levels

0.5hrs (Tindall et al.,
2009)

(Tindall et al.,
2010; Tindall and
Haywood, 2015)

LMD (Joussaume et al.,
1984)

(Joussaume and
Jouzel, 1993)

LMDZ-iso 2.5° × 3.75° or
1.27° × 2.5° or
zoomes grid, 19
or 39 vertical
levels

3min (Risi et al., 2010)
Joussaume and
Jouzel (1993) using
LMD

MIROC 3.2 20min (Kurita et al., 2011) NA

2.2.5 Use of isotopes-enabled models for paleoclimate simulations

A common purpose of isotopic modeling is a reconstruction of paleoclimatic isotopic

field in order to help the paleodata interpretation. The most frequently modeled period of

the past is the Last Glacial Maximum (LGM) because 1) the glacial climate is very different

from the present-day one and 2) the LGM boundary conditions a sufficiently well known

(Jouzel et al., 1994). The first simulation of paleo δ18O with a GCM was made in 1993

by Joussaume and Jouzel (1993) using LMD model (Figure 2.2). These authors managed

to reproduce isotopic distribution for August and January for LGM climate. The first full

annual cycle simulation has been made for LGM climate with GISS GCM (Jouzel et al.,

1994). In more recent studies, the isotopic distribution for the Last Glacial Maximum was
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also simulated by Charles et al. (2001); Li et al. (2016); Tharammal et al. (2013). Later SWI-

enabled GCMs have been successfully used for paleoclimate studies, concerned whole

Paleozoic and Cenozoic eras (Table 2.1).

To quantify how different aspects of climate changes influenceδ18Op isotopes-equipped

AGCMs have been used. Results highlight the sensitivity of δ18Op to climate change as-

sociated with variations in pCO2 (Poulsen and Jeffery, 2011; Poulsen et al., 2007), sea sur-

face temperatures (Sturm et al., 2007), sea level changes (Poulsen et al., 2007), and uplifts

of major orogens (Botsyun et al., 2016; Ehlers and Poulsen, 2009; Poulsen et al., 2010).

Isotopes-enabled GCMs have been also used to produce "realistic" simulations of paleo

climates, for example, Tindall and Haywood (2015) - for the Pliocene, Roe et al. (2016) -

for Eocene and Tindall et al. (2010) for early Eocene, DeConto et al. (2008) for Eocene-

Oligocene, Sewall and Fricke (2013) for the Cretaceous. At the exception of a few studies

(Roe et al., 2016; Sewall and Fricke, 2013; Tindall et al., 2010), these works were based

on sensitivity experiments using present-day continental positions and could not aim at

simulating δ18Op for a particular period in the past.

2.3 Models used in this study

2.3.1 FOAM fully coupled General Circulation Model

Fast Ocean Atmosphere Model (FOAM) is a fully coupled, mixed-resolution, general

circulation model developed by Jacob (1997). FOAM uses the combination of a low reso-

lution atmosphere model and a highly efficient medium-resolution ocean model. Atmo-

sphere component resolution is 7.5◦ longitude by 4.5◦ latitude (48 x 40 cells) on a regular

latitude-longitude grid. Here we use a version with 18 vertical levels. Ocean component

has a resolution of 2.4◦ by 1.8◦ (128 x 128 cells) on a regular grid longitude-latitude and 24

vertical levels, including 12 in the first thousand meters.

The atmospheric component of FOAM, Parallel Community Climate Model version 3

- University of Wisconsin (PCCM3-UW) is mainly composed of PCCM2 code, which is a

parallelized version of Community Climate Model version 2 (CCM2), developed in col-

laboration of National Center for Atmospheric Research (NCAR) at Oak Ridge National

Laboratory (ORNL) and Argonne National Laboratory (ANL), with atmospheric physics

upgraded following CCM3 (Tobis et al., 1997).

The ocean component called OM3, is very similar to Modular Ocean Model (MOM),

developed at Geophysical Fluid Dynamics Laboratory (GFDL) and to some extent to the

model Parallel Ocean Program (POP), which version 2 is the ocean component of the

model Community Earth System model (CESM) of NCAR. The atmospheric and oceanic

components are linked by a coupler, which calculates and interpolates fluxes between the

two components (Tobis et al., 1997).

FOAM incorporates a simple continental surface model, based on those of CCM2.

There are 5 vegetation classes, distributed in a form of latitude bands. The temperautre

over continents is calculated using a diffusion model with 4 layers, which properties de-

pend on the type of vegetation. Hydrology is calculated by a simple "bucket" model. This
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means that the soil can store up to 15 cm of water, the amount of which will alter evapo-

ration. Above this height, water is routed to the ocean by a parallel routing model specif-

ically developed by Robert Jacob. The presence of snow changes the soil temperature

values as well as its albedo. The resolution of this biospheric component is identical to

that of the ocean. The sea ice model is based on the thermodynamic model code of Com-

munity Sea Ice Model version 2.2.6 (CSIM2.2.6) developed at NCAR. This component also

has the same resolution as the ocean model.

In FOAM reasonable resolution and calculation time are balanced. This allows to use

this model for studying long-term climate variability and paleoclimates. FOAM compares

well with other generalised climate models for present-day climate (Jacob, 1997) and has

also proven to be useful in the study of past climates (e.g. Donnadieu et al., 2006; Hamon

et al., 2013; Lefebvre et al., 2012; Pohl et al., 2016, 2014, 2015; Poulsen et al., 2001).

More detail on FOAM could be found on-line:

http://www.mcs.anl.gov/research/projects/foam/

2.3.2 LPJ vegetation model

The Lund-Potsdam-Jena dynamic global vegetation model (LPJ) (Sitch, 2000; Sitch

et al., 2003) is the model of vegetation and vegetation-soil biogeochemistry. Different

modules describe key ecosystem processes, including vegetation establishment, resource

competition, growth and mortality. Vegetation structure and composition are described

by nine plant functional types (PFTs), which are distinguished according to their plant

physiological (C3, C4 photosynthesis), phenological (deciduous, evergreen) and physiog-

nomic (tree, grass) attributes. Each grid cell is divided into fractions covered by the PFT

and bare ground. The presence and fractional coverage of an individual PFT depends on

its specific environmental limits, and on the outcome of resource competition with the

other PFTs. The two-layer soil–water balance model is based on Haxeltine and Prentice

(1996) model. LPJ is run on a grid cell basis with inputs of soil texture, monthly fields of

temperature, precipitation and percentage sunshine hours.

2.3.3 LMDZ atmospheric general circulation model

Atmospheric General Circulation model developed at Laboratoire de Météorologie

Dynamique (LMD), Paris, France with a zoomed grid LMDZ (Hourdin et al., 2006) is an at-

mospheric component of Institute Pierre Simon Laplace (IPSL) fully coupled GCM (Marti

et al., 2010), participating to Coupled Model Intercomparison Projects (CMIPs) (Meehl

et al., 2007; Taylor et al., 2012). This is a complex model that incorporates many pro-

cesses decomposed into a dynamic part, calculating the numerical solutions of general

equations of atmospheric dynamics, and a physical part, calculating the details of the cli-

mate in each grid point and containing parameterizations processes such as the effects of

clouds, convection, orography.

In LMDZ, water vapor is advected by the Van Leer advection scheme Van Leer (1977).

In the version of LMDZ used in this work, the land surface is represented as a simple

bucket model, and land surface evaporation is calculated as a single flux: no distinction
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is made between transpiration, bare soil evaporation, or evaporation of intercepted water

by the canopy.

However, despite limitations, the ability of this model to simulate atmospheric dy-

namics and reproduce rainfall patterns over Asia was shown in numerous studies (Day

et al., 2015; Krishnan et al., 2015; Ladant et al., 2014; Lee et al., 2012; Licht et al., 2014;

Zhou and Li, 2002).

Resolutions In this study we use three different model resolutions: 1) 96 grid points in

longitude, 95 in latitude and 19 vertical layers without zoom, 2) 96 grid points in longi-

tude, 95 in latitude and 19 vertical layers with a stretched grid (with a zoom center in 89◦

E 31◦ N) and 3) 144 grid points in longitude, 142 in latitude and 39 vertical layers (with

a zoom center in 89◦ E 31◦ N). The first configuration of LMDZ in resolution 96×95×19

without zoom was used for the study of Asian monsoon (Chapter 6). For studying the oxy-

gen stable isotopes over Asia with sensitivity experiments (Chapter 3) the isotopic version

of LMDZ was used in the resolution of 96×95×19. Experiments with realistic boundary

conditions (Chapter 4 and Chapter 5) were run in a resolution 144 ×142×39. For resolu-

tions 96×95×19 and 144×142×39 a zoomed grid were used with a zoom center set over

the Himalayas and Tibetan Plateau (Figure 2.4).
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Figure 2.4 – Spatial resolutions of present-day geography over Asia used in this study: A) Non-
stretched grid, resolution of 96×95×19 , B) Stretched grid, resolution of 96×95×19 with a zoom
over the Tibetan Plateau, and C) Stretched grid, resolution of 144×142×39 with a zoom over the
Tibetan Plateau. Center of zoom for case A) and C) is in 89◦ E 31◦ N.

2.3.4 Isotopes in LMDZ

In this thesis we use LMDZ-iso GCM as a main tool for studying paleo variations of

stable oxygen isotopes over Asia. LMDZ-iso is an isotopic version of the LMDZ model

(Risi et al., 2010). Isotopic processes in LMDZ-iso are documented in (Risi et al., 2010) and

(Risi, 2009). The implementation of water isotopes in the convection scheme is described

in (Bony et al., 2008). Here we present only a short summary of the isotopic processes that

are reproduced in LMDZ-iso model:

• Water species are transported and mixed passively by large-scale advection (Van

Leer advection scheme (Van Leer, 1977)) and various air masses fluxes;
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• Equilibrium fractionation coefficient are calculated after Merlivat and Nief (1967)

and Majoube (Majoube, 1971) and kinetic effects are taken into account following

Merlivat and Jouzel (1979) and Jouzel and Merlivat (1984);

• The relative proportion of evaporative enrichment and diffusive equilibration is cal-

culated depending on relative humidity following Stewart (1975);

• The model takes into account the evolution of the compositions of both the rain

and surrounding vapor as the rain drops re-evaporate (Bony et al., 2008). However,

the model is not accounting for the rain-drop size while rain-drop evaporation, like

it is described in Lee and Fung (2008);

• Evaporation over land is assumed not to fractionate, given the simplicity of the

model surface parameterization (Risi, 2009). Without ORCHIDEE (a specific model,

that contributes to the processes over land), no fractionation is taken into account

during evapo-transpiration from land. As a consequence, the enriching effect of

continental recycling is overestimated (Risi et al., 2013);

• LMDZ-iso is also equipped with water tagging capabilities, allowing to quantify dif-

ferent moisture contributions from continental and oceanic evaporation sources.

The advantage of this technique compared to typical back-trajectories methods is

that it tracks the water rather than air masses, thus taking into account effects of

phase changes (Risi et al., 2010).

Validation of LMDz-iso model

LMDZ-iso has been evaluated for present-day climates on different time scales (from

synoptic to interannual) (Risi et al., 2010). Yao et al. (2013) have provided a precise de-

scription of rainfall patterns over the HTP, and showed LMDZ-iso ability to simulate at-

mospheric dynamics and reproduce rainfall and δ18O patterns consistent with data over

this region. Botsyun et al. (2016) provided a detailed validation of LMDZ-iso ability to

simulate atmospheric dynamics and to reproduce rainfall and δ18O patterns over the HTP

region (for more details see Chapter 3). In addition, it has been shown that LMDZ-iso re-

produces reasonably well spatial and seasonal variations of δ18O and has been validated

for two past climates: Last Glacial Maximum (21 ka) and Mid-Holocene (5 ka) (Risi, 2009).

2.3.5 FOAM-LPJ-LMDz coupling

In our study we focus on climate variations over Asia, using LMDZ and its isotopic ver-

sion. As LMDZ is an AGCM, thus we needed to prescribe sea surface temperature (SST)

as boundary conditions. For increasing the realism of simulations, SSTs were obtained

by using the fully coupled model FOAM. After 2000 model years of FOAM simulation (we

need to give some tome time for the ocean to be equilibrated), the surface temperatures

averaged over the last 100 years are used to force the LMDZ or LMDZ-iso models. This

technique is a good trade-off between reasonable computing time and a spatial resolu-

tion that adequately represents the main features of topography. This technique has been

validated in numerous paleoclimate studies (e.g. Ladant et al., 2014; Pohl et al., 2016)
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As it was shown in Section 2.3.1 the representation of the surface processes, including

the vegetation is quite poor in the FOAM model. However, vegetation distribution directly

impacts (1) the albedo of each grid cell, (2) its thermal properties, (3) its roughness, and

(4) its potential evaporation (Lefebvre et al., 2013). Thus, we have run LPJ model "off-

line" based on FOAM simulation outputs. In other words, we have used the climatology

obtained with FOAM simulation to force LPJ model with fields of temperature, precipi-

tation and humidity. Then, the vegetation distribution simulated by LPJ has been used

to build albedo and roughness spatial distributions which are necessary for LMDZ initial

and boundary conditions.

Thus, LMDZ boundary conditions consist of: 1) continental topography (same for all

steps), 2) sea ice and sea surface temperature retrieved directly from FOAM simulation,

and 3) albedo and roughness of the ground calculated using PFTs from LPJ, forced with

FOAM outputs. LMDZ model is then run for 10 or 20 years, depending on the resolution,

that is enough to be in equilibrium with surface conditions and capture model internal

variability (Ladant, 2015).
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Figure 2.5 – Modeling strategy in this study

2.4 Boundary conditions used in this study

We provide 1) sensitivity experiments using present-day paleogeography with varied

height of the HTP, as well as 2) "realistic" paleogeographies for the early Eocene (Herold

et al., 2014), the middle Eocene (Licht et al., 2014), the Oligocene (Zhang et al., 2014) and

the Miocene (Herold et al., 2008) (Figure 2.6). We summarize the experiments done for

this study on the Table 2.2. For mode details see corresponding Chapters.

Table 2.2 – Summary of numerical experiments made for this study
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Models

used3
Period 4 Geography 5 Topography 6 Atmospheric

CO2 con-

centration

(in ppm)

Experiment

name

Sensitivity experiments (Chapter 3)

LMDz-iso Actual present-day present-day 280 MOD

LMDz-iso Actual present-day 50 % of

present-day

topography

over the HTP

280 INT

LMDz-iso Actual present-day 1 % of

present-day

topography

over the HTP

280 LOW

Realist experiment with isotopes (Chapter 4 and Chapter 5)

FOAM-

LPJ-LMDz-

iso

Actual present-day present-day 280 CTR-1X

FOAM-

LPJ-LMDz-

iso

Actual present-day present-day 1120 CTR-4X

FOAM-

LPJ-LMDz-

iso

Miocene Herold et al.

(2008)

Herold et al.

(2008)

280 MIOC

FOAM-

LPJ-LMDz-

iso

Oligocene Zhang and Liu

(2010)

Zhang and Liu

(2010)

840 OLI-3X

FOAM-

LPJ-LMDz-

iso

Oligocene Zhang and Liu

(2010)

50 % of TP

compared

with OLI-3X

840 OLI-3X

FOAM-

LPJ-LMDz-

iso

Oligocene Zhang and Liu

(2010)

150 % of TP

compared

with OLI-3X

840 OLI-XL

FOAM-

LPJ-LMDz-

iso

Oligocene Zhang and Liu

(2010)

1 % of TP

compared

with OLI-3X

840 OLI-S

FOAM-

LPJ-LMDz-

iso

Eocene Licht et al.

(2014)

Licht et al.

(2014)

280 EOC-1X

3See modeling strategy (Section 2.3.5)
4Here periouds indicated corresponds to: Actual - 0 Ma, Miocene - 15 Ma, Oligocene - 30 Ma, Eocene -

42 Ma, Early Eocene - 55 Ma
5For details on geography and paleogeographical reconstructions used see Section 2.4.1
6See corresponding Chapters for mode details
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FOAM-

LPJ-LMDz-

iso

Eocene Licht et al.

(2014)

Licht et al.

(2014)

1120 EOC-4X

FOAM-

LPJ-LMDz-

iso

Eocene Licht et al.

(2014)

150 % of TP

compared

with EOC-4X

1120 EOC-XL

FOAM-

LPJ-LMDz-

iso

Eocene Licht et al.

(2014)

50 % of TP

compared

with EOC-4X

1120 EOC-M

FOAM-

LPJ-LMDz-

iso

Eocene Licht et al.

(2014)

1 % of TP

compared

with EOC-4X

1120 EOC-S

FOAM-

LPJ-LMDz-

iso

Eocene Licht et al.

(2014) with

reduces

Tethys

Licht et al.

(2014)

1120 EOC-S

FOAM-

LPJ-LMDz-

iso

Eocene Licht et al.

(2014)

Eocene pale-

ogeography

with high

“Himalayas”

1120 EOC-Him

FOAM-

LPJ-LMDz-

iso

Early

Eocene

Herold et al.

(2014)

Herold et al.

(2014)

1120 EOC-Early

Realist experiment without isotopes (monsoon study) (Chapter 6)

FOAM-

LPJ-LMDz

Actual present-day present-day 280 RT0Ma1x

FOAM-

LPJ-LMDz

Miocene Herold et al.

(2008)

Herold et al.

(2008)

280 RT15Ma1x

FOAM-

LPJ-LMDz

Oligocene Zhang and Liu

(2010)

Zhang and Liu

(2010)

280 RT30Ma1x

FOAM-

LPJ-LMDz

Eocene Licht et al.

(2014)

Licht et al.

(2014)

280 RT42Ma1x

FOAM-

LPJ-LMDz

Early

Eocene

Herold et al.

(2014)

Herold et al.

(2014)

280 RT55Ma1x

FOAM-

LPJ-LMDz

Actual present-day present-day 1120 RT0Ma4x

FOAM-

LPJ-LMDz

Miocene Herold et al.

(2008)

Herold et al.

(2008)

1120 RT15Ma4x

FOAM-

LPJ-LMDz

Oligocene Zhang and Liu

(2010)

Zhang and Liu

(2010)

1120 RT30Ma4x

FOAM-

LPJ-LMDz

Eocene Licht et al.

(2014)

Licht et al.

(2014)

1120 RT42Ma4x
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FOAM-

LPJ-LMDz

Early

Eocene

Herold et al.

(2014)

Herold et al.

(2014)

1120 RT55Ma4x

FOAM-

LPJ-LMDz

Actual present-day ≤ 200 m

worldwide

280 FE0Ma1x

FOAM-

LPJ-LMDz

Miocene Herold et al.

(2008)

≤ 200 m

worldwide

280 FE15Ma1x

FOAM-

LPJ-LMDz

Oligocene Zhang and Liu

(2010)

≤ 200 m

worldwide

280 FE30Ma1x

FOAM-

LPJ-LMDz

Eocene Licht et al.

(2014)

≤ 200 m

worldwide

280 FE42Ma1x

FOAM-

LPJ-LMDz

Early

Eocene

Herold et al.

(2014)

≤ 200 m

worldwide

280 FE55Ma1x

2.4.1 Geography, topography and bathymetry forcing

In Section 1.1 we have shown the importance of planet surface configuration on atmo-

spheric dynamics and climate in general. The use of paleogeographies reconstruction has

several pitfalls. While reconstructions provide global coverage of land elevation, the read-

ers should keep in mind that there are several regions which suffer from large topographic

uncertainty, linked to lack of paleoelevation reconstructions, uncertainty of paleoeleva-

tion reconstructions methods and an extrapolation method it self. The concerned regions

are the HTP and proto-HTP region (see Section 1.3.6 for details on paleoelevation of HTP

region), North American Cordillera and the Andes. The topography of Africa and Antarc-

tica may also serve as a subject for discussions. The land-sea distribution highly depends

on the results of paleomagnetic reconstructions which have their own error 1.2.3 and as

well on applied sea level reconstruction. In addition, position and opening of oceanic

passages (e.g. the Drake Passage, the Panama Passage, the Bering Passage) is also highly

debated and for most reconstructions is based on broadly accepted theories. However,

despite evident complexity and large uncertainty in used here maps, their use is justified

as gives a sufficient approximation for current state of human knowledges.

Early Eocene

The early Eocene paleogeography (∼55 Ma) used in this study (Herold et al., 2014) ap-

proximately corresponds to the time of starting of hard India-Asia collision. Volcanic arcs

that are hypothesized to separate Indian continent form Asia on a given reconstruction

have been already collided with southern Asian margin. Northern part of Greater India is

covered by an epicontinental sea, forming a passage between India and Asia. The most

southern part of India is situated on ∼5◦ S.

In this paleogeography the topography is remarkably improved in comparison with

those of Williams (2007) due to application of new broadly accepted regional palaeogeo-

graphic reconstructions (Herold et al., 2014). The height of the HTP region was set to 1500

m following the reconstruction of Markwick in Williams (2007), which represents an inter-
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mediate solution for different competing uplift histories of the region (see section 1.3.6).

Overall, in used paleogeography, the maximum elevation is less than 3000m.

Middle Eocene

The middle Eocene reconstruction corresponds approximately to 42 Ma (Licht et al.,

2014), include a southward shift of the Asian continent, as well as the presence of a large

Paratethys Sea covering the region between 30◦ N and 47◦ N in latitude and extending to

80◦ E. In the middle Eocene case TP is considerably shifted to the south (situated between

15◦ N and 27◦ N) comparable to the present-day geography and its altitude rich up to

3500 m (Figure 2.6). This middle Eocene paleogeography have been successfully used

in previous paleoclimate modeling studies (Licht et al., 2014). However, with a goal of

isolating the effect of topography on climate we have modified the elevation of the HTP

for the Eocene case, as well as the boundaries of the Paratethys Sea (see Chapter 4 and

Chapter 5).

Oligocene

The Oligocene paleogeography (∼30 Ma) is performed by (Zhang et al., 2014). Latitu-

dinal position of India is similar to those for the middle Eocene case. The Paratethys Sea

is more restricted then for the middle Eocene one and larger part of Asia that is not cov-

ered by water (Figure 2.6). Turgai Strait still connected Arctic and Tethys Oceans, which

divided the Eurasian continent into two parts.

Miocene

The Miocene paleogeography (Herold et al., 2008) is quite similar to the present-day

case, with some exceptions, including the latitudinal position and the surface elevation of

the Indian subcontinent. Compared to the present-day, the Miocene paleogeography has

lower topography globally (Figure 2.6).

2.4.2 Other forcings

Except for the tectonic forcings (the geography, topography and bathymetry as a result

of tectonic activity), other forcings are applied to the climate system. In our simulations,

atmospheric CO2 concentration have been changed (Figure 2.2) in order to 1) study di-

rect and indirect effect of CO2 on δ18O and 2) obtain more realistic paleo experiments.

For example, for Eocene simulation with varied topography we have used pCO2 set to

1120 ppm, that lies within pre-industrial values approximations and the higher hand of

Eocene estimates consequently (Beerling and Royer, 2011). For control ("present-day")

experiments pCO2 was kept equal to pre-industrial values of 280 ppm (Table 2.2). The

orbital parameters were kept equal to present-day values for all experiments, except two

addition simulations for the Eocene period, where we have test the impact of orbital forc-

ing on the Eocene climate and stable oxygen isotopes in precipitation.
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C) 30Ma

A) 55Ma B) 42Ma

D) 15Ma

Figure 2.6 – Cenozoic paleogeographies used as boundary conditions for modeling in this study A)
Paleocene-Eocene from (Herold et al., 2014), B) Eocene from (Licht et al., 2014), C) Oligocene from
(Zhang et al., 2014) and D) Miocene from (Herold et al., 2008). See the text for the description.

2.5 Summary and conclusions

A climate model is a theoretical or mathematical representation (now typically in-

volving computer simulation) of physical processes of the Earth climate system, which

consists of several interconnected components, such as atmosphere, ocean, biosphere,

etc. Conceptual models of climate are rooted in antiquity, while invention of electronic

computer in the XXth century contributed to development of numerical models. There

are multiple types of climate models, that allow solving different scientific tasks. Gen-

eral circulation models are the most complex and “realistic” climate models and allow

providing equilibrium climate simulations. Implementation of stable water isotopes in

different kind of climatic models allow coming closer to 1) understanding how different

climatic processes impact the distribution of stable water isotopes and 2) decoding the

information about climatic variability that is recorded by water stable isotopes in geolog-

ical archives. For achieving the main purposes of this study (see Section 1.4) and answer-

ing the scientific questions asked (see Introduction) we have chosen LMDZ atmosphere

general circulation model, off-line coupled with FOAM and LPJ models. This modeling

strategy is a good trade-off between reasonable computation time and a high resolution.

For studying stable water isotopes in precipitation we have used an isotopic version of

LMDZ - LMDZ-iso. We provide sensitivity and "realistic" experiments both for different

time periods during the Cenozoic.
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Chapter 3

Controls of δ18O in precipitation:
elevation vs. climate change

Stable oxygen isotopes paleoaltimetry is considered to be a very efficient technique

for reconstruction of the elevation history of mountains belts, including Tibetan Plateau

and the Himalayas. However, adequate understanding of δ18O signal is indispensable

for this technique. In this chapter, first, we review present-day controls of δ18Op : we

discuss the effect of the surface elevation itself, but also the influence of temperature,

humidity, post-condensational processes, precipitation amount, the initial isotopic com-

position of a moisture source and others climatic parameters on δ18Op (Sections 3.1). In

addition, based on our numerical simulations, we show that δ18O-elevations gradients

("isotopic lapse rates") are spatially heterogeneous (Sections 3.2). However, although re-

construction of the controls of δ18O during the past is critical for reliable paleoelevations

reconstructions, our knowledge about the controls of δ18O in paleo precipitation is lim-

ited (Section 3.3). In Section 3.4 we introduce our article published in the Climate of the

Past, entitled "Impacts of Tibetan Plateau uplift on atmospheric dynamics and associated

precipitation δ18O". This paper shed a new light on the main processes that control δ18O

during the Tibetan Plateau uplift. Finally, we discuss possible consequences for interpre-

tation of stable-oxygen based paleoaltimetry studies outcomes (Section 3.5).
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Chapter 3. Controls of δ18O in precipitation: elevation vs. climate change

3.1 Present-day controls of δ18O in precipitation

Spatial and temporal distribution of stable oxygen isotopes has been studied since

more then half a century. Since the early works of Dansgaard (1964) and Craig (1961),

progress on understanding the processes controlling the isotopic composition of water

has been made (e.g. He et al., 2015; Lee and Fung, 2008; Risi et al., 2008, 2013; Wang et al.,

2016; Worden et al., 2007; Yao et al., 2013). However, at low latitudes, the paleoclimatic

interpretation of isotopic records may be complicated (Risi et al., 2010), because of nu-

merous complex processes that influence δ18Op and δ18Ov .

Present-day controls of stable oxygen isotopes in the atmosphere have been derived

from observation and climate modeling both. In the Introductory Chapter we provide

the basics for the isotopic fractionation, which is an enrichment of one isotope relative to

another in a chemical or physical process and the Rayleigh distillation that describes the

isotopic composition of vapor during the air ascend (Section 1.3.3). Here, we review in

more details the key factors that contribute to present-day spatial and seasonal 18O ratios

changes.

3.1.1 Temperature effect

Based on global observations it was shown that δ18Op has a zonal distribution, with

more depleted composition when latitude increases (Figure 1.11). This dependence has

been called "temperature effect": lower the temperature, more depleted is precipitation.

An explanation of such an effect is given, for example, in Risi (2009) (a translation): "Imag-

ine an air mass that head from low latitudes to the poles. Gradually as the temperature

decreases, the saturation specific humidity decreases and therefore a part of the vapor

condenses and precipitates. Since the heavy isotopes are concentrated in the most con-

dense phase, vapor lose through the condensation a part of its heavy isotopes. Thus, suc-

cessive events of condensation and precipitation result in progressive depletion of an air

mass through its transport towards the poles." As a consequence, present-day latitudi-

nal variations in δ18Op distribution is observed. Such depletion during condensation is

modeled by Rayleigh distillation (see Section 1.3.3), that considers an isolated ascending

air parcel with prescribed initial temperature, relative humidity, and a reference value for

composition of the vapor before the rainout process (e.g Rowley et al., 2001).

The present-day spatial δ18Op -temperature relationship is well documented world-

wide, with slopes ranging from - 1.1 %%/◦C in high-latitude areas to virtually zero in trop-

ical regions (where δ18Op is more strongly correlated to the amount of precipitation)

(Rozanski et al., 1993). The temperature effect on δ18Op values is also manifested on a

seasonal basis, with typically lower values during winter and higher values during sum-

mer (Rozanski et al., 1993).

Over northern TP and Tianshan Mountains, data and modeling results evidence an

obvious relationship betweenδ18Op and temperature with strong seasonal cycle: i.e. max-

imum values in summer and minimum values in winter (Yao et al., 2013). However, over

other regions of HTP this correlation is less pronounced (Yao et al., 2013).
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3.1.2 Elevation effect

"Elevation effect" (or altitude effect) is a particular case of the temperature effect,

as δ18Op decreases with elevation following the decrease of the temperature. When air

masses are orographically uplifted they cool and precipitate preferentially the heavier

isotopes. This vertical isotopic gradient sometimes is called the "isotopic lapse rate" (e.g.

Bershaw et al., 2012; Ehlers and Poulsen, 2009; Poulsen et al., 2010). In mid-latitudes mea-

sured present-day isotopic lapse rates generally ranges between 0.15 %% and 0.30 %% for

each 100 m of altitude gained, with an averaged in the most regions of the world of 0.28

%%/100 m. (Poage and Chamberlain, 2001)

Over the HTP, relationships between δ18Op and elevation have been determined both

empirically (e.g. Garzione et al., 2000b; Poage and Chamberlain, 2001) and theoretically

using thermodynamic principles and Rayleigh distillation processes (Rowley and Garzione,

2007; Rowley et al., 2001) (see more in the Section 3.2).

Now it is widely accepted (e.g. Bershaw et al., 2016; Mulch, 2016; Schemmel et al.,

2013) that the isotopic lapse rates may change spatially and temporally depending on the

precipitation history, the degree of cooling and the precipitable moisture left and other

climatic parameters. However, neither the impact of different climate parameters on iso-

topic lapse rates (even for present-day!) nor its regional values (example for the HTP) have

been evaluated.

3.1.3 Continental effect

A particular case of the Rayleigh distillation, so-called the continental effect, describes

the decrease in δ18Op with distance from the ocean along the trajectory of an air masses

(Dansgaard, 1964; Rozanski et al., 1993). This effect is present in both high-latitude and

low-latitude regions (Gat, 1996).

However, implication of the continental effect for interpretation of observed isotopic

distribution has several limits:

• this principle implies a presence of a single air mass that undergoes successive

events of condensation and precipitation, but not a mixture of different air masses

(often the case in nature);

• it may be counteracted by injection of enriched recycled continental moisture back

to the atmosphere from evaporation of soil water, lakes, and rivers (Risi et al., 2013).

In addition the continental effect may be overprinted by other factors, such as the

amount effect or raindrop evaporation (see below). For example, Araguás-Araguás et al.

(1998) have shown that over Asia, the continental effect is observed for dry season only,

while for the season with heavy monsoon, stronger correlation of δ18Op with precipitation

amount is observed. In our simulation of present-day δ18Op , the continental effect is well

pronounced over India and China, expressed in gradual decrease of δ18Op with increased

distance from the coast (Figure 3.1).
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3.1.4 Evaporation and continental water recycling

Continental water recycling is the return of land surface evaporation water to the land

surface as precipitation. Continental recycling has an enriching effect on the vapor δ18O:

surface waters are enriched in heavy isotopes due to preferable evaporation of lighter iso-

topes and thus consentration of heavy isotopes in liquid phase. Water evaporated from

land surface is more enriched in heavy isotopes than water evaporated from the ocean

(Gat, 1996). Without continental recycling, the precipitation, which is more enriched in

heavy isotopes than the vapor, would be lost in the surface runoff. Integrated along a

trajectory, continental recycling has an enriching effect on both downstream vapor and

precipitation (Lee et al., 2012; Risi et al., 2013). Evaporation from soil and surface waters

as well as plants evapo-transpiration contributes to enriched δ18O. In addition, direct

evaporation of rain impact δ18O.

Quade et al. (2011) with an analysis of surface water samples have shown a gradual in-

crease in δ18O values to the north of Himalayas crest and reduced isotope-elevation gra-

dient in the northernmost TP that reflects the diminishing contribution of summer mon-

soon, together with increased influence of westerlies and local moisture recycling. Similar

increase in δ18O in stream-water and precipitation samples north of the Himalayan crest

was also reported by Tian et al. (2001) and Zhang et al. (2002). Tian et al. (2001) highlight a

particular role of continental recycling to the north of the Tanggula mountains. Bershaw

et al. (2012) using backtracking trajectories analysis (HIPSPLIT) suggest that local mois-

ture recycling has a crucial impact on isotopic signature of precipitation regardless the

origin of air mass.

However, studying the contribution from evaporation from soil and surface waters as

well as plants evapo-transpiration to isotopic composition of vapor and precipitation is

complicated because precipitation is strongly affected by postcondensational processes

(Lee and Fung, 2008; Risi et al., 2010) and the vapor more directly reflects the moisture

origin (Gat, 1996; Risi et al., 2013).

Our experiments show that for present-day case up to 40-80 % of moisture over the TP

have been recycled (Figure 3.3, see more in Section 3.2 and Section 3.4). However, these

values should be considered carefully because of the uncertainty in land-atmosphere

feedbacks linked with the representation of surface processes in the model (see Section

7.1.1).

3.1.5 Moisture sources and mixing of air masses

Changes in moisture sources have been shown to influence δ18Op , since different va-

por transport pathways affect δ18Ov (Ehlers and Poulsen, 2009; Gat, 1996; Quade et al.,

2007). Increasing distance between the water vapor source and the precipitation region

induces stronger distillation of water vapor and more negative values of precipitation

δ18O (Rozanski et al., 1993), explaining the negative δ18O gradient simulated from coast-

lines to continent interiors over most regions (see earlier, the "continental effect"). Thus,

air masses originated from the nearby water reservoirs have higher δ18O values that from

distant precipitation sources (LeGrande and Schmidt, 2009).
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In a series of studies, Tian et al. (Tian, 2003; Tian et al., 2007, 2001) isolate three dis-

tinct regions where stable water isotopes patterns appears to be different: (1) south of Hi-

malayas, (2) southern TP, between Himalayas and Tanggula mountains and (3) TP north

of Tanggula mountains. In these studies, moisture origin, vapor transport, as well as the

“amount effect” (see Section 3.1.6) of monsoon precipitation have been hypothesized to

influence the final δ18O signal of precipitation. Based on the isotopic composition of sur-

face waters and soil carbonates, Quade et al. (2011) suggest a gradual increase in δ18O val-

ues to the north of Himalayas crest and reduced isotope-elevation gradient in the north-

ernmost TP that reflects the diminishing contribution of summer monsoon. In addition

to the restricted influence of the Indian Ocean-derived moisture on the northern Plateau,

Hren et al. (2009) showed an enriching impact of western-sourced air masses on mois-

ture signature of the northern TP. Bershaw et al. (2012) used back-trajectories to estimate

moisture sources contributing to the hydrological budget of Asia and suggests that air

mass mixing varies from east to west across the Plateau, but moisture recycling has an

overprinting effect on isotopic composition over the TP, regardless of origin of air masses.

In a very recent work Li et al. (2016) use an isotope tracking general circulation model

to estimate modern δ18O variations across the TP and conclude that during the summer,

monsoon vapor transport from the north and southwest of the plateau generally corre-

sponds to more enriched δ18Op , whereas vapor transport from the Indian Ocean in aver-

age corresponds to more depleted δ18Op .

The major assumption of most Rayleigh distillation-type models (e.g. model of (Row-

ley et al., 2001) is that an air parcel is isolated and has no exchange with surrounding air.

Worden et al. (2007) described processes of "injections of moisture from the surface evap-

oration into the atmosphere" that results in more enriched δ18Op . This injection is called

"mixing" of two air masses, and the authors show that δ18Op in this process is less de-

pleted in heavy oxygen isotopes that expected from simple Rayleigh distillation. A mixing

may be also a result of mixture between air masses of different source such as monsoonal

source and westerlies for the HTP. Li et al. (2016) show that air mixing over present-day

Himalayas is small (0.2 %). However, these authors indicated that over the HTP the mixing

ratio is not clear and requires additional verification.

3.1.6 Amount effect and aridity

The amount effect is the observed decrease in δ18Op values with increased rainfall

amount (Dansgaard, 1964; Rozanski et al., 1993). The 18O content in precipitation de-

creases not only with higher precipitation intensity in a single storm (Miyake and Mat-

subaya, 1968), but also at seasonal scale. Lee and Fung (2008), following the earlier works

of Dansgaard (1964) and Rozanski et al. (1993), provided complete explanations on the

"amount effect":

• H18
2 O has slightly higher vapor pressure. As a consequence, during intense precip-

itation, fractional removal of heavy isotopes in the condensate, or the initial rain

within the cloud, is high. This results in low δ18O in the remaining vapor and ensu-

ing condensate;
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• High precipitation rate implies large raindrops and numerous raindrops interacting

with the vapor, significantly lowering the isotopic composition of the vapor and the

ensuing raindrops;

• In heavy showers, the isotopic composition of the vapor, and hence of the precipita-

tion, decreases with time because of the continuous isotopic exchange with falling

raindrops.

In contrast to the amount effect, aridity (low RH, less intensive showers, smaller rain

drops) has following competitive effects:

• Water vapor near the surface has higher δ18Op because of the effect of enriched

vapor from the surface evaporation and little condensation. Thus, small raindrops

would adjust to the high δ18Op surface water vapor, and “forget” their isotopic com-

position at the cloud layer (Lee and Fung, 2008);

• High relative loss of light isotopes (which results in more 18O-enriched values for

raindrops) associate with raindrops evaporate below the cloud base in arid regions

(Lee and Fung, 2008).

In other words, because lighter isotopes evaporate more easily, rain reevaporation

leads to an isotopic enrichment of precipitation. Therefore, the more reevaporation, the

greater the difference between δ18Op and δ18Ov . The effects described here which hap-

pens after condensation are commonly called "post-condensational effects". In a model,

it mainly associates with raindrop reevaporation that can occur after initial condensa-

tion. We refer to the study of (Lee and Fung, 2008), where post-condensation effects are

explained in details. The contribution of such processes increases dramatically for very

dry areas, where the relative humidity is less than 40 %.

Over the Himalayas and South TP observations show a negative correlation between

the precipitation amount and δ18Op , during the monsoonal season in particular (Tian

et al., 2001; Yao et al., 2013). In contrast, over Northern Tibet and Tarim Basin arid con-

ditions predominate, that results in bigger difference between δ18Op δ18Ov , and less de-

pleted δ18Op .

3.1.7 Other effects

In addition to the processes listed above, other climatic variable may contribute to re-

sulting δ18Op signal. Large-scale atmospheric circulation impact δ18Op : 1) through the

convective processes that strongly affect the isotopic composition of both vapor and pre-

cipitation and have negative isotopic signature (Bony et al., 2008; He et al., 2015; Risi et al.,

2008), and 2) through a strong isotopic depletion that occurs in the subsiding branch of

the Hadley circulation (Frankenberg et al., 2009).

Relative humidity has an impact on δ18Ov through two steps 1) during condensation

through Rayleigh distillation and 2) after condensation, because of raindrop evaporation,

as degree of isotopic enrichment of precipitation compared to vapor is higher with lower

relative humidity (Lee and Fung, 2008).
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The HTP snow cover and albedo change is known to change atmospheric circulation

and spatial and temporal radiative budget variations that have their consequences for

δ18Op (Poulsen and Jeffery, 2011). High surface albedo associated to the snow cover con-

tributes to an extra cooling of air masses and thus to lower δ18Ov .

Blisniuk and Stern (2005) highlighted that change in sea surface temperatures is a

challenging aspect of paleoelevation estimates as it controls the initial moisture content

of an air mass. With some exceptions, this effect has been ignored in all the studies sum-

marized above, but can be relatively important, because it has a direct impact of the sur-

face air pressures and thus the atmospheric circulation (Blisniuk and Stern, 2005).

GCMs represent most processes that have potential effect on δ18Op , that make it pos-

sible to use numerical modeling tool for the purpose of our study. We discuss the un-

certainties associated with the use of GCMs for studying paleo isotopic composition in

Section 7.1.1.

3.2 Spatial variations of isotopic "lapse rates" over the Ti-

betan Plateau and the Himalayas

In this section we present the study that we have done on the variations of δ18O-

elevation relationships over the HTP. Results presented in this section we obtain using

a model configuration with 96 grid points in longitude, 72 in latitude and 19 vertical lay-

ers, with the first four layers in the first kilometer above the surface and a zoom over the

HTP that allows increased spatial resolution over at ∼100 km over central Asia. In our sim-

ulations 4 potential moisture sources are considered: (1) continental sources, (2) Indian

Ocean, (3) Atlantic Ocean and Mediterranean Sea, and (4) Pacific Ocean. All boundary

conditions are set to pre-industrial values.

Introduction and study motivation

The thermodynamic model (in 1-D) of Rowley et al. (2001) (R1) considers an isolated

ascending air parcel with prescribed initial temperature (T0), relative humidity (Rh0), and

a reference value for composition of the vapor before the rainout process (V0, New Delhi

value for most studies). Accounting for adiabatic ascent and Rayleigh distillation, a re-

lationship between decreasing δ18O values and increasing elevation can be computed

and approximated with a second-order polynomial. Although this model was validated

against data for the Himalayas region and the southern Tibetan Plateau, Rowley et al.

(2001) and other authors (Blisniuk and Stern, 2005) stressed the caution required for its

application for paleoaltimetry. Specifically, the choice of unique reference-values for T0,

Rh0 and V0 implies an exclusive southern origin of vapor for the entire HTP region. If

precipitation results from mixed air-masses originating from different moisture sources,

this model is not valid for remote regions. Still, this δ18O-elevation relationship is widely

used with common T0, V0 and Rh0 for all HTP sub-regions (Currie et al., 2005; Cyr et al.,

2005; Ding et al., 2014; Hoke et al., 2014; Rowley and Currie, 2006; Rowley et al., 2001; Xu

et al., 2013). Furthermore other climatic parameters that control δ18O, such as precipita-
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tion amount (Risi et al., 2008), climate aridity (Frankenberg et al., 2009) and non-adiabatic

temperature changes (Ehlers and Poulsen, 2009) were not taken into account in this one-

dimensional model (Rowley and Garzione, 2007; Rowley et al., 2001).

Results

Simulated δ18O values are consistent with sparse observations from the International

Atomic Energy Agency (IAEA) Global Network of Isotopes in Precipitation that allow us

to use the model for the purpose of this study (see Figure 8 in Section 3.4). The mod-

ern annual averaged isotopic distribution is characterized by very depleted (down to -18

%%) values over the Himalayas and the southern Tibet and a shift to more positive values

(ranging from -10 to -8 %%) over northern TP and Kunlun, from 30◦ N to 35◦ N. Precipita-

tion δ18O over Tarim Basin and northern margins of TP experiences an abrupt decrease,

with values down to -16 %% (Figure 3.1). Based on observations of modern δ18O in precipi-

tation and its relationship with temperature and precipitation amount, TP and Himalayas

were divided into three regions (Yao et al., 2013): the southern one located between 25◦ N

and 30◦ N, the central one located between 30◦ N and 35◦ N and the northern one located

between 35◦ N and 40◦ N (Figure 3.1). Below we provide a comparison of the isotopic lapse

rates for these regions, obtained by considering simulated precipitation δ18O against as-

sociated gridpoint elevation.

‰

New Delhi

Lhasa

Figure 3.1 – LMDZ-iso simulated δ18O in precipitation. Colored points show data from Global Net-
work of Isotopes in Precipitation observations data set. For more detailed model-data comparison
see Section 3.4

For the southern region, a second order polynomial approximation of simulatedδ18Op

as a function of altitude is in reasonable agreement with the relationship proposed by

Rowley (2007); Rowley et al. (2001)(Figure 3.2a). Still, residuals from this polynomial re-

gression do not have a constant variance as one may expect from a classical regression

scheme. This implies that a more complex statistical model is needed to accurately cap-

ture variability changes. A flexible and statistically convenient approach is to postulate

a change point (a discontinuity) that leads to two possibly non-linear behaviours for two

different altitude ranges. This statistical strategy can be implemented by fitting two cubic
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smoothing splines, low and high altitudes, respectively. Statistically the optimal break-

ing point is found by using square residuals method and corresponds to -6 %% for the

southern region and 5 %% for the central. Constrained with a method described in (Hastie

et al., 2009) relationships for high (that exceeds 4000 m) and low (less then 4000 m) ele-

vations of the HTP appeared to be very close to linear (Figure 3.2a,b). For the central re-

gion and for a fixed δ18Op , the Rowley’s relationship provides an elevation systematically

underestimated compared with the likely range of elevations obtained with our GCM iso-

tope enabled simulation (Figure 3.2b). In the northern part of TP, simulated δ18O values

are highly scattered and no relationship between δ18O and elevation can be constructed,

compromising δ18O-based paleoaltimetry for this specific region (Figure 3.2c).
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Figure 3.2 – Isotopic lapse rates for A) southern region (between 25◦ N and 30◦ N), B) central part
(between 30◦ N and 35◦ N) and C) northern part (between 35 ◦ N and 40◦ N) of the TP and Hi-
malayas. Points - model derived δ18O in precipitation. Black line shows relationship from the
empirical model (Rowley and Garzione, 2007; Rowley et al., 2001). Green line shows second order
polynomial approximation of simulated δ18O values. Blue line shows cubic-spline approximation.
Red lines show independent cubic-spline approximation for two altitudinal ranges.

For the Himalayas and southern TP, air masses mainly originate from the Indian Ocean

and get advected to this region via the Indian plain by the monsoon circulation. There-

fore, taking a low reference point (with T0, Rh0, V0) located in New Delhi together with

a Rayleigh-based model (Rowley and Garzione, 2007; Rowley et al., 2001) is an appro-

priate assumption for this region. Deviations from this model in some localities can be

explained by the «amount effect», the empirical relationship largely known for oceanic

tropical conditions Risi et al. (2008) and for Asia monsoonal areas (Yang et al., 2011).

Water-tagging capabilities of the model allow us to estimate the relative contribu-

tion of different moisture sources to the water budget of the HTP (Figure 3.3a). Only the

southeastern part of the HTP is mainly controlled by the Indian Ocean precipitation. In

the central and northern parts of the TP, moisture comes from a complex mixture of air

masses originating from different sources. At least three air masses feed the area, one

coming from the South associated with the Indian monsoon, one coming from the south-

east linked with the East-Asian monsoon, and one coming from the West associated to

the westerlies. Besides this complex mixing of various water vapor sources, the isotopic

composition of the water vapor also changes due to the contribution of the local conti-

nental recycling over the plateau (Figure 3.3a). The TP also is more isolated from ocean

basins northward which results in an increase in local recycling contribution to precipita-

tion balance. Extremely depleted δ18O values over Tarim Basin and northern margins of
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TP are probably due to strong large-scale subsidence of air that has undergone thorough

distillation in these desert regions (Frankenberg et al., 2009).

We discuss these results together with the conclusions of the study presented in our

paper published in the Climate of the Past in Section 3.5.
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Figure 3.3 – A) Mean annual relative contributions of Indian (more then 15 % of total precipitation
- yellow shade), the Atlantic Ocean and Mediterranean Sea (more then 15 % of total precipitation
- blue shade), continental recycling (more then 40 % of total precipitation - red shade) and the
Pacific Ocean (more then 15 % - green shade) moisture sources. B) Difference between the δ18O
simulated by LMDZ-iso and the δ18O predicted by the Rowley polynomial. Numbered circles show
existing studies isotopic studies of paleoelevations from: 1) Quade and Cerling (1995); Stern et al.
(1997); 2)Ding et al. (2014); 3)Hoke et al. (2014); 4) Cyr et al. (2005); 5) Rowley and Currie (2006); 6)
DeCelles et al. (2007); 7) Currie et al. (2005); 8) Dettman et al. (2001); Quade and Cerling (1995); 9)
Garzione et al. (2000b); 10) Kent-Corson et al. (2009); 11) Sanyal et al. (2004a); 12) Dettman et al.
(2003); 13) Xu et al. (2013); 14) Fan et al. (2007). Green cycles correspond studies that use Rowley’s
polynomial for paleoelevation reconstructions.

3.3 Controls of paleo delta δ18O

Nowadays it is quite well understood that climate changes through past may be crucial

for paleo δ18Op (Sturm et al., 2010). However, empirical paleoclimate reconstructions us-

ing oxygen stable isotopes are based on the assumption of stationarity of δ18O-elevation

relationship through geological time (Sturm et al., 2010), because paleo δ18O and its link

with paleoclimate is uncertain. Although theoretic present-day δ18O-elevation relation-

ship was validated against data for the Himalayas region and the southern Tibetan Plateau,

Rowley et al. (2001) and other authors (Blisniuk and Stern, 2005) stressed the caution re-

quired for its application for paleoaltimetry.

To avoid limitation linked with uncertainty of paleo δ18O and paleo δ18O-elevation

relationships, isotopes-equipped AGCMs have been used for reconstructing paleo spatial

distribution of δ18O in meteoric waters under external forcing of increased atmospheric

pCO2 (Poulsen and Jeffery, 2011; Poulsen et al., 2007), increased sea surface temperatures

(SSTs) (Sturm et al., 2010), sea level variations (Poulsen et al., 2007), and elevation varia-

tions of major orogens (Ehlers and Poulsen, 2009; Poulsen et al., 2010).

The HTP is particularly sensitive to climate change (Yao et al., 2013), and given the

impact of paleoclimate changes to δ18O, especial caution should be exercised in case of
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oxygen stable isotopes-based paleoelevations reconstructions for this region and studies

of paleo δ18O and its controls over the region are essential.
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3.4 Article published in Climate of the Past: Impacts of Ti-

betan Plateau uplift on atmospheric dynamics and as-

sociated precipitation δ18O

In our article published in Climate of the Past we study the sensitivity of δ18O to pale-

oclimate changes over Asia linked with the growth of the Himalayas and Tibetan Plateau.

Our main goal is to understand to what extent topography changes explain the precipi-

tation δ18O signal over Himalayas and Tibetan Plateau (i.e. the direct topography effect)

and what part of this signal depends on other climate processes. Based on the Rayleigh

distillation we developed a theoretical expression of δ18O with a purpose of numerical

estimation of each controlling factors of total oxygen isotopic signal.
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Abstract. Palaeoelevation reconstructions of mountain belts
have become a focus of modern science since surface ele-
vation provides crucial information for understanding both
geodynamic mechanisms of Earth’s interior and the influ-
ence of mountain growth on climate. Stable oxygen isotopes
palaeoaltimetry is one of the most popular techniques nowa-
days, and relies on the difference between δ18O of palaeo-
precipitation reconstructed using the natural archives, and
modern measured values for the point of interest. Our goal
is to understand where and how complex climatic changes
linked with the growth of mountains affect δ18O in precipi-
tation. For this purpose, we develop a theoretical expression
for the precipitation composition based on the Rayleigh dis-
tillation and the isotope-equipped atmospheric general circu-
lation model LMDZ-iso outputs. Experiments with reduced
height over the Tibetan Plateau and the Himalayas have been
designed. Our results show that the isotopic composition of
precipitation is very sensitive to climate changes related to
the growth of the Himalayas and Tibetan Plateau. Specif-
ically our simulations suggest that only 40 % of sampled
sites for palaeoaltimetry depict a full topographic signal, and
that uplift-related changes in relative humidity (northern re-
gion) and precipitation amount (southern region) could ex-
plain absolute deviations of up to 2.5 ‰ of the isotopic sig-
nal, thereby creating biases in palaeoelevation reconstruc-
tions.

1 Introduction

Despite ongoing debates regarding the thermal and mechan-
ical nature of mechanisms involved (Boos, 2015; Chen et al.,
2014), the Himalayas and the Tibetan Plateau (hereafter TP)
have long been considered to exert major influences on Asian
atmospheric dynamics, notably by reinforcing South Asian
monsoon and driving subsidence ultimately leading to onsets
of deserts over central Asia (Rodwell and Hoskins, 2001;
Broccoli and Manabe, 1992). Thus, reconstructing the his-
tory of Himalayas and TP uplift appears crucial to understand
the long-term climate evolution of Asia. In addition, under-
standing the timing and scale of surface elevation growth is
crucial for reconstructing the rate and style of this tectonic
plates convergence (e.g. Royden et al., 2008; Tapponnier et
al., 2001).

Elevation reconstructions for the Tibetan Plateau and Hi-
malayas are based on fossil-leaf morphology (e.g. Antal,
1993; Forest et al., 1999; Khan et al., 2014; Sun et al.,
2015), pollen (Dupont-Nivet et al., 2008), correlation be-
tween stomatal density and the decrease in CO2 partial pres-
sure with altitude (McElwain, 2004), and carbonate oxygen
isotopic compositions (Currie et al., 2005; DeCelles et al.,
2007; Garzione et al., 2000a; Li et al., 2015; Rowley and
Currie, 2006; Saylor et al., 2009; Xu et al., 2013). In con-
trast to palaeobotanical methods, oxygen isotope palaeoal-
timetry has been widely applied to the Cenozoic. Carbonate
δ18O is related to topography change using δ18O-elevation
relationship. These relationships have been calibrated both
empirically (Garzione et al., 2000b; Gonfiantini et al., 2001;
Poage and Chamberlain, 2001) and theoretically, using ba-
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3.4. Article published in Climate of the Past: Impacts of Tibetan Plateau uplift on
atmospheric dynamics and associated precipitation δ18O
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sic thermodynamic principles, including Rayleigh distilla-
tion, that govern isotopic fractionation processes (Rowley
and Garzione, 2007; Rowley et al., 2001).

The difference between palaeoprecipitation δ18O detected
from natural archives and modern values of the site of inter-
est has been used to identify the effect of the surface uplift
in numerous recent studies (Currie et al., 2005; Cyr et al.,
2005; Ding et al., 2014; Hoke et al., 2014; Mulch, 2016;
Rowley and Currie, 2006; Rowley et al., 2001; Xu et al.,
2013). In the absence of direct measurements of “palaeo”
altitude-δ18O relationship in situ, stable isotope palaeoal-
timetry is potentially hampered by the fact that the presumed
constancy of altitude–δ18O relationships through time might
not be valid. For instance for the Andes, not considering
the impact of uplift on climate dynamics and related δ18O
values has been shown to produce errors in palaeoelevation
reconstruction reaching up to ±50 % (Ehlers and Poulsen,
2009; Poulsen et al., 2010). Regional climate variables and
associated isotopic signal in precipitation can also be af-
fected by global climate change (Battisti et al., 2014; Jef-
fery et al., 2012; Poulsen and Jeffery, 2011). Moreover, it has
been suggested that climate-driven changes in surface ocean
δ18O through the Cenozoic can also influence recorded val-
ues of precipitation δ18O over the continent and corrections
has been applied in some studies (Ding et al., 2014). Over
TP, mismatches between palaeoelevation estimations from
palynological and stable isotope data (e.g. Sun et al., 2014)
could be related to complex climatic changes and associated
variations of altitude-δ18O relationship linked to the uplift,
but still a detailed assessment of the consequences of topo-
graphic changes on precipitation δ18O is lacking.

Spatial distribution of isotopes in precipitation was de-
scribed using various types of models, from one-dimensional
to three-dimensional general circulation (Craig, 1961; Dans-
gaard, 1964; Gedzelman and Arnold, 1994; Risi et al., 2010;
Stowhas and Moyano, 1993). Such modelling studies show
how large-scale Asian monsoon circulation influences pre-
cipitation δ18O (He et al., 2015; LeGrande and Schmidt,
2009; Pausata et al., 2011; Vuille et al., 2005). At the global
scale, precipitation δ18O has been shown to be affected by
several factors other than elevation, including mixing be-
tween air masses (Ehlers and Poulsen, 2009; Gat, 1996),
large-scale subsidence (e.g. Frankenberg et al., 2009), con-
tinental recycling (Lee et al., 2012; Risi et al., 2013), deep
convection (Risi et al., 2008), and enrichments linked to
global warming (Poulsen and Jeffery, 2011). Numerous stud-
ies have investigated the impact of Asian topography on cli-
mate change, including the monsoon intensification (e.g. An
et al., 2015; Harris, 2006; Kutzbach et al., 1989; Ramstein et
al., 1997; Raymo and Ruddiman, 1992; Zhang et al., 2015)
and Asian interior aridification onset (Broccoli and Manabe,
1992; Liu et al., 2015). Nonetheless, the linkage between
these “climatic parameters” altered by the growth of TP and
their influence on the isotopic signal remain unclear. In this
article we use numerical modelling to provide some insights.

2 Methods

2.1 Model simulations

We use an atmospheric general circulation model (GCM) de-
veloped at Laboratoire de Météorologie Dynamique, Paris,
France with isotopes-tracking implement, called LMDZ-iso
(Risi et al., 2010). LMDZ-iso is derived from the LMDz
model (Hourdin et al., 2006) that has been used for numerous
future and palaeoclimate studies (Ladant et al., 2014; Pohl
et al., 2014; Sepulchre et al., 2006). Water in a condensed
form and its vapour are advected by the Van Leer advec-
tion scheme (Van Leer, 1977). Isotopic processes in LMDZ-
iso are documented in (Risi et al., 2010). Evaporation over
land is assumed not to fractionate, given the simplicity of
the model surface parameterisation (Risi et al., 2010). Yao
et al. (2013) have provided a precise description of rainfall
patterns over the TP, and showed LMDZ-iso ability to sim-
ulate atmospheric dynamics and reproduce rainfall and δ18O
patterns consistent with data over this region.

LMDZ-iso is also equipped with water tagging capa-
bilities, allowing us to quantify different moisture contri-
butions from continental and oceanic evaporation sources.
The advantage of this technique compared to typical back-
trajectories methods is that it tracks the water rather than air
masses, thus taking into account effects of phase changes. In
our simulations five potential moisture sources are consid-
ered: (1) continental sources, (2) Indian Ocean, (3) Atlantic
Ocean, (4) Mediterranean Sea, and (5) Pacific Ocean.

We use a model configuration with 96 grid points in longi-
tude, 72 in latitude and 19 vertical layers, with the first four
layers in the first kilometre above the surface. LMDZ-iso has
a stretchable grid that allows increased spatial resolution over
a defined region. In our case, it gives an averaged resolution
of ∼ 100 km over central Asia, which is a good trade-off be-
tween a reasonable computing time and a spatial resolution
that adequately represents main features of TP topography.

Here we report results from three experiments designed
to isolate the influence of Asian topography on climate and
isotopic composition of precipitation. Topography is derived
from a 10 min US Navy dataset and interpolated to the model
grid. The control run (MOD) is a pre-industrial run, i.e.
initialised with boundary conditions (insolation, greenhouse
gases, sea surface temperatures (SSTs), topography) kept at
pre-industrial values. For the two other experiments, we keep
all boundary conditions (including albedo, rugosity, and veg-
etation distribution) similar to those in MOD run, except for
the topography. We reduce the altitude over the area cover-
ing the Tibetan Plateau, Himalayas and a part of surround-
ing mountains: Tian Shan, Pamir, Kunlun and Hindu Kush to
50 % of modern elevations (intermediate, INT case) and to
250 m elevation (low, LOW case) (Fig. 1). SSTs for all runs
come from the AMIP dataset (monthly SSTs averaged from
1979 to 1996; Taylor et al., 2000). Each experiment has been

Clim. Past, 12, 1401–1420, 2016 www.clim-past.net/12/1401/2016/

Chapter 3. Controls of δ18O in precipitation: elevation vs. climate change

87



S. Botsyun et al.: Impacts of Tibetan Plateau uplift on atmospheric dynamics 1403

INDIAN OCEAN

Pamir Kunlun
TP

PACIFIC 
OCEAN

INDIAN OCEAN

PACIFIC 
OCEAN

PACIFIC 
OCEAN

INDIAN OCEAN

(a)

(b)

(c)

Figure 1. Models design (a) 100 % of modern topography – MOD
case; (b) Tibetan Plateau, Himalayas, Tian Shan, Pamir, Kunlun and
Hindu Kush elevations reduced to 50 % of modern elevation – INT
case; (c) Tibetan Plateau, Himalayas, Tian Shan, Pamir, Kunlun and
Hindu Kush elevations reduced to 250 m – LOW case.

run for 20 years. We analyse seasonal means over the last
18 years, as the two first years are extracted for spin-up.

2.2 Theoretical framework for the precipitation
composition

Our goal is to understand to what extent topography changes
explain the precipitation δ18O signal over TP (i.e. the direct
topography effect) and what part of this signal depends on
other climate processes. To do so, we develop a theoretical
expression for the precipitation composition.

To the first order, the δ18O composition of the precipita-
tion Rp follows that of the vapour Rv. Deviations from the
vapour composition, ε = Rp−Rv, are associated with a local

T*
qs(T*)

Rv

z, Ts

q = qs(T*)=h · qs(Ts)
Rv   Rp

�Rv0

z0, T0, q0

�Rvi

Initial site

Site of interest

Figure 2. Idealized framework of an isolated air parcel transported
from an initial site at low altitude to the site of interest. Most nota-
tions are illustrated.

condensational or post-condensational process.

Rp = Rv+ ε (1)

In an idealized framework of an isolated air parcel trans-
ported from an initial site at low altitude to the site of in-
terest (Fig. 2), the vapour composition can be predicted by
Rayleigh distillation:

Rv = Rv0× f
α−1
+ dRv, (2)

where Rv0 is the initial composition of the vapour at the ini-
tial site; α is the fractionation coefficient that depends on
temperature and on the water phase (Majoube, 1971; Mer-
livat and Nief, 1967); and f is the residual fraction of the
vapour at the site of interest relatively to the initial site of an
air mass ascent. We take the initial site as characterised by a
temperature and humidity T0 and q0. Under these conditions,
Rv0 is the theoretical isotopic composition of vapour that it
would have if all the vapour originated from the local evap-
oration over quiescent oceanic conditions. Depending on the
atmospheric circulation, on deep convective and mixing pro-
cesses and on the source region of water vapour, the isotopic
composition of vapour may deviate from the Rayleigh distil-
lation by dRv.

The residual fractionf depends on the specific humidity q
at the site of interest:

f = q/q0. (3)

The air is not always saturated near the surface, therefore:

q = h× qs(Ts), (4)

where h and Ts are the relative humidity and air tempera-
ture near the surface of the site of interest. The air can be
under-saturated because it can be considered as air that has
been transported adiabatically from the area of minimum
condensation temperature, T ∗ (Galewsky and Hurley, 2010;
Galewsky et al., 2005; Sherwood, 1996): q = qs(T ∗).
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The surface temperature can be predicted to first order by
the adiabatic lapse rate, 0, and is modulated by the non-
adiabatic component dTs that represents processes such as
large-scale circulation or radiation:

Ts = T0+0× (z− z0)+ dTs, (5)

where z and z0 are the altitudes at the site of interest and
at the initial site. We use an adiabatic lapse rate equal to
−5 km−1 based on the measurements of modern observed
mean temperature lapse rate on the southern slope of the cen-
tral Himalayas, that ranges from −4.7 to −6.1 km−1 for the
monsoon season and from −4.3 to −5.5 km−1 for the rest of
the year (Kattel et al., 2015).

If we combine Eqs. (1) to (5), we get that Rv is a function
of ε, dRv, h, dTs and z:

Rp = Rv0×
[
h× qs (T0+0× (z− zo)+ dTs)/q0

]α−1

+ dRv+ ε. (6)

Or in a simpler form:

Rp = Rp (ε,dRv,h,dTs,z) . (7)

Parameters z0, q0, T0 are reference values that are common
to all sites of interest, all climates and geographies. Even if
initial conditions for the Rayleigh distillation vary depending
on the atmosphere circulation, on deep convective processes
and on the site of interest, we keep the same reference val-
ues and we consider all variations in initial conditions are
accommodated by dRv.

This model is equivalent to that of Rowley et al. (2001)
for dRv = 0 (i.e. neglecting the effects of mixing and deep
convection on the initial water vapour), ε = (α−1)×Rv (i.e.
neglecting post-condensational effects), and h= 1 (i.e. as-
suming the site of interest is inside the precipitating cloud).

2.3 Decomposing precipitation composition differences

Our goal is to understand why Rp varies from one climatic
state to another. We refer to these climatic states using sub-
script 1 and 2 and to their difference using the 1 notation.
Differences between INT and LOW and between MOD and
INT climatic states correspond to the initial and the ter-
minate stages of the TP uplift respectively. We decompose
1Rp = Rp2−Rp1 into contribution from 1dRv, 1ε, 1h,
1dTs, and 1z:

1Rp =1Rp,1ε +1Rp,1dRv +1Rp,1h+

1Rp,1dTs +1Rp,1z+N, (8)

where 1Rp,1ε, 1Rp,1dRv , 1Rp,1h, 1Rp,1dTs , and 1Rp,1z
are the contributions of 1dRv, 1ε, 1h, 1dTs, and 1z

to 1Rp. Non linear terms of decomposition are gathered
into the residual term N . Contributions are estimated using

Eq. (7) (see also Table 1):

Rp,1ε = Rp(ε2,dR
′
v,h
′,dT ′s ,z

′)
−Rp(ε1,dR′v,h

′,dT ′s ,z
′) (9)

Rp,1dRv = Rp(ε′,dRv2,h
′,dT ′s ,z

′)
−Rp(ε′,dRv1,h

′,dT ′s ,z
′) (10)

Rp,1h = Rp(ε′,dR′v,h2,dT ′s ,z
′)

−Rp(ε′,dR′v,h1,dT ′s ,z
′) (11)

Rp,1dTs = Rp(ε′,dR′v,h
′,dTs2,z

′)
−Rp(ε′,dR′v,h

′,dTs1,z
′) (12)

Rp,1z = Rp(ε′,dR′v,h
′,dT ′s ,z2)

−Rp(ε′,dR′v,h
′,dT ′s ,z1). (13)

In order to decrease the sensitivity of the decomposition to
the state at which it has been calculated we take z′, dT ′s , h′,
dR′v, and ε′ as centred differences:

z′ = (z2+ z1)/2 (14)
dT ′s = (dTs2+ dTs1)/2 (15)
h′ = (h2+h1)/2 (16)
dR′v = (dRv2+ dRv1)/2 (17)
ε′ = (ε2+ ε1)/2. (18)

Note that ε′ in Eqs (10) to (13) and dR′v in Eqs. (9) and
(11) to (13) can be replaced by 0 without changing the re-
sult. Parameters z, dTs, h, dRv, and ε are diagnosed for the
climatic states 1 and 2 from LMDZ-iso simulations (e.g. for
pairs of experiments, MOD and INT cases). Parameter ε is
estimated as ε = Rp−Rv, whereRp andRv are isotopic ratios
simulated by LMDZ-iso. Parameter h is the relative humidity
simulated by LMDZ-iso. Altitude z is a prescribed boundary
condition of the simulations. Parameter dRv is estimated by
calculating the difference between the water vapour isotopic
ratio simulated by LMDZ-iso (Rv,LMDZ) and that predicted
by Rayleigh distillation if the initial water vapour isotopic
ratio is Rv0:

dRv = Rv,LMDZ−Rv0× (q/q0)α−1, (19)

where q is the specific humidity simulated by LMDZ-iso
and α is the isotopic fractionation as a function of the near-
surface air temperature Ts simulated by LMDZ-iso. Param-
eter dTs is estimated from Eq. (5) by calculating the differ-
ence between the near-surface air temperature simulated by
LMDZ-iso and that predicted by the adiabatic lapse rate:

dTs = Ts− T0−0× (z− z0). (20)

All the isotopic decomposition terms computed are weighted
by the precipitation amount.
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Table 1. Table detailing how the different terms of the decomposition for 1Rp, as written in Eq. (7), are estimated.

Term written
with differential
format

Estimate of these terms Physical meaning

1Rp Rp (dRv2,ε2,h2,dTs2,z2)−
Rp (dRv1,ε1,h1,dTs1,z1)

Total isotopic difference between state 2 and state 1

1Rp,1z Rp
(
ε′,dR′v,h

′,dT ′s ,z2
)
−

Rp
(
ε′,dR′v,h

′,dT ′s ,z1
) Direct effect of topography change

1Rp,1dTs Rp
(
ε′,dR′v,h

′,dTs2,z
′
)
−

Rp
(
ε′,dR′v,h

′,dTs1,z
′
) Effect of lapse rate change, associated with

non-adiabatic effects, possibly due to changes in sur-
face
energy budget or in large-scale atmospheric stratifica-
tion

1Rp,1h Rp
(
ε′,dR′v,h2,dT ′s ,z

′
)
−

Rp
(
ε′,dR′v,h1,dT ′s ,z

′
) Effect of local relative humidity change, possibly due to

large-scale circulation changes

1Rp,1ε Rp
(
ε2,dR′v,h

′,dT ′s ,z
′
)
−

Rp
(
ε1,dR′v,h

′,dT ′s ,z
′
) Effect of changes in condensational and

post-condensational effects, possibly due to changes in
rain reevaporation processes

1Rp,1dRv Rp
(
ε′,dRv2,h

′,dT ′s ,z
′
)
−

Rp
(
ε′,dRv1,h

′,dT ′s ,z
′
) All other effects, including effects of deep convection,

mixing, water vapour origin, continental recycling on
the initial water vapour

2.4 Robustness of the decomposition

First, to check whether the linear decomposition is a good
approximation of the total Rp change, we estimate the non-
linear term N as a residual, i.e. for each pair of states,
we calculate the deviation of 1Rp = Rp(ε2, dRv2, h2, dTs2,
z2)−Rp(ε1, dRv1, h1, dTs1, z1) from LMDZ-simulated iso-
topic differences between the two experiments. N represents
less than 17 % of the total Rp change for both stages of TP
uplift.

Our method to estimate the terms in Eq. (7) is equivalent
to first order approximation of partial derivatives, i.e. we ne-
glect the sensitivity of the partial derivatives to the state at
which they are calculated. We tested this sensitivity by using
Eqs. (9) to (13) changing z′ to z1 or z2, dT ′s to dTs2 or dTs1
and so on. For example, in Eq. (13), replacing h′ with h1
changes the resulting Rp,1z by 0.03 ‰, replacing h′ with h2
has an impact of 0.09 ‰. In the same equation, replacing dT ′s
with dTs1 and with dTs2 contributes to Rp,1z with 0.005 and
0.039 ‰ respectively. As it was highlighted earlier, replacing
ε′ and dT ′s with ε1 or ε2 and dRv1 or dRv2 respectively has
no impact to the resultingRp,1z Thus, our method shows low
sensitivity to the state.

Second, to check the influence of initial conditions Rv0, T0
and q0 on the decomposition, we estimate the sensitivity of
the different contributions to changes in Rv0, T0, and q0, of
1 %, 1 K and 10 % respectively (Table 2). Rv0 is the param-
eter that influences most of the decomposition terms, with
a maximal sensitivity of 0.9 ‰ obtained for 1Rp,1z for a

change of 1 ‰ in Rv0. Sensitivity to temperature and humid-
ity is lower, ranging from 0 to 0.6 ‰. Overall, all the decom-
position terms show a sensitivity < 1 ‰ with most (82 %) of
them < 0.5 ‰, making our decomposition method robust.

3 Results

3.1 Model validation in terms of simulated climate
variables

LMDZ has been used for numerous present-day climate and
palaeoclimate studies (Kageyama et al., 2005; Ladant et al.,
2014; Sepulchre et al., 2006), including studies of monsoon
region (e.g. Lee et al., 2012; Licht et al., 2014). Yao et
al. (2013) showed that LMDZ-iso has the best representa-
tion of the altitudinal effect compared to similar GCM and
RCM models. These authors have also provided a detailed
description of rainfall patterns over the Tibetan Plateau, and
showed LMDZ-iso ability to simulate atmospheric dynamics
and reproduce rainfall and δ18O patterns consistent with data
over this region. For the purpose of our experiments valida-
tion, we compare MOD experiment outputs with rainfall data
from the Climate Research Unit (CRU) (New et al., 2002)
(Fig. 3a, b, c). When compared to CRU dataset, MOD an-
nual rainfalls depict an overestimation over the high topog-
raphy of the Himalayas and the southern edge of the Plateau,
with a rainy season that starts too early and ends too late in
the year. Over central Tibet (30–35◦ N), the seasonal cycle
is well captured by LMDz-iso, although monthly rainfall is
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Table 2. INT-LOW and MOD-INT sensitivity of the decomposition
terms (in ‰) to the changes of Rv0, T0, q0, of 1 ‰, 1 K and 10 %
respectively.

Northern region Southern region

T0 q0 Rv0 T0 q0 Rv0

INT-LOW experiment

1Rp,1z 0.08 0.33 0.67 0.07 0.25 0.51
1Rp,1dTs 0.01 0.02 0.04 0.07 0.06 0.13
1Rp,1h 0 0.35 0.66 0 0.19 0.83
1Rp,1dRv 0 0 0.05 0 0 0.52
1Rp,1ε 0 0 0 0 0 0

MOD-INT experiment

1Rp,1z 0.21 0.6 0.8 0.17 0.59 0.9
1Rp,1dTs 0.2 0.09 0.18 0.19 0.02 0.05
1Rp,1h 0 0.58 0.6 0 0.37 0.27
1Rp,1dRv 0 0 0.65 0 0 0.67
1Rp,1ε 0 0 0 0 0 0

always slightly overestimated (+0.5 mm day−1). CRU data
show that the northern TP (35–40◦N) is drier with no marked
rainfall season and a mean rainfall rate of 0.5 mm day−1. In
MOD experiment, this rate is overestimated (1.5 mm day−1

on annual average). Despite these model data mismatches,
the ability of LMDZ-iso to represent the seasonal cycle in
the south and the rainfall latitudinal gradient over the TP al-
lows its use for the purpose of this study.

Our MOD simulation is pre-industrial, consequently a
comparison with modern data is expected to provide differ-
ences driven by the pre-industrial boundary conditions. Still
comparing LMDZ-iso outputs with mean annual tempera-
tures from CRU dataset (New et al., 2002) (Fig. 3d, e, f) and
relative humidity from NCEP-DOE Reanalysis (Kanamitsu
et al., 2002) (Fig. S1 in Supplement) shows that LMDZ-iso
model captures these variables reasonably well.

3.2 Impact of TP uplift on Asian climate

Theoretically, the Tibetan Plateau has both mechanical and
thermal effects on atmospheric dynamics that induce in-
creased monsoon activity to the south and drive arid cli-
mate to the north (Broccoli and Manabe, 1992; Sato and
Kimura, 2005). Thus, modifying TP height is expected to
alter these large-scale atmospheric dynamics and associated
climate variables (namely temperature, precipitation, relative
humidity (hereafter RH), cloud cover), and in turn to affect
the isotopic signature of rainfall.

In LOW experiment, strong summer heating leads to the
onset of a “Thermal Low” at the latitude of maximal inso-
lation (ca. 32◦ N), similar to the present-day structure exist-
ing over the Sahara (Fig. S2). This structure is superimposed
by large-scale subsidence linked to the descending branch

Table 3. Values of isotopic changes due to decomposed terms for
two uplift stages and for two regions (see the text).

Term Isotopic change (‰)

Initial stage Terminal stage

South North South North

1Rp,1z −1.40 −2.00 −3.96 −4.55
1Rp,1dTs 0.4 −0.09 0.76 −0.25
1Rp,1h 2.40 1.97 1.38 2.50
1Rp,1ε −1.30 −1.73 −0.41 0.01
1Rp,1dRv −1.10 −0.14 −2.38 −0.54

Total 1Rp −1.00 −1.99 −4.61 −3.16

of the Hadley cell, and both factors act to drive widespread
aridity over the TP area between ca. 30 and 40◦ N, associ-
ated with very low (< 40 %) RH values (Fig. S2). Subsidence
also prevents the development of South Asian monsoon over
the north Indian plane and favours aridity over this region.
In winter, large-scale subsidence induces high surface pres-
sures and creates an anticyclonic cell that prevents convec-
tion and humidity advection, resulting in low RH and annual
rainfall amount ranging from 50 to 500 mm over the TP area
(Fig. 4f).

Uplifting TP from 250 m above sea level (ASL) to half
of its present-day altitude (INT case) initiates convection
in the first tropospheric layers, restricting large-scale subsi-
dence to the upper levels (Fig. 4c, e). In turn, South Asian
monsoon is strengthened and associated northward moisture
transport and precipitation increase south of TP (Figs. 5, 6).
As a consequence the hydrological cycle over TP is more ac-
tive, with higher evaporation rates (Fig. 7d). Together with
colder temperatures linked to higher altitude (adiabatic ef-
fect) (Fig. 7b), the stronger hydrological cycle drives an in-
crease in RH (Fig. 7a) and cloud cover (Fig. S3). Another
consequence of increased altitude is higher snowfall rates in
winter and associated rise of surface albedo (Fig. S4). When
added to the increased cloud cover effect, this last process
contributes to an extra cooling of air masses over the Plateau.
To the north of TP, the initial stage of uplift results in in-
creased aridity (i.e. lower RH and rainfall) over the Tarim
Basin region (Fig. 6). This pattern can be explained both
by a barrier effect of southern topography and by station-
ary waves strengthening, which results in subsidence to the
north of TP. This latter mechanism is consistent with pioneer
studies which showed that mountain-related activation of sta-
tionary waves prevented cyclonic activity over Central Asia
and induced aridity over this region (Broccoli and Manabe,
1992).

The impact of the terminal stage of TP uplift also drives
an increase in RH over the Plateau, especially during sum-
mer time, when a very active continental recycling (Fig. S6)
makes RH rise from 40 (INT) to 70 % (MOD). Precipitation
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Figure 3. CRU dataset annual mean rainfall (mm/day) (a) and annual mean temperature (◦C) (d) compared to simulated annual mean rainfall
for MOD experiment (b) and simulated annual mean temperature for MOD experiment (e). The seasonal cycles of averaged from 25 to 40◦ N
and from 75 to 100◦ E for the MOD experiment precipitation (c) and temperature (f). Green and red lines of figures (c) and (f) corresponds
to MOD experiment, orange and black to the CRU dataset respectively.

Figure 4. Cross-TP profiles (averaged between 70 and 90◦ E) showing the relative humidity and moisture transport for seasons (a, c,
e) MJJAS and (b, d, f) ONDJFMA and for three simulations: (a, b) MOD, (c, d) INT, (e, f) LOW cases.

amount also increases significantly (Fig. 6), driven both by
increased evaporation and water recycling during summer,
and intense snowfall during winter. The latter contributes

to the increase in the surface albedo and associated surface
cooling during winter. Conversely, the uplift to a modern-
like Plateau reduces RH (down to 30 %) north of the Plateau,
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Figure 5. Directions and intensity of JJA vertically integrated humidity transport for: (a) averaged from ERA-40 re-analysis and for (b) MOD
case, (c) INT case, (d) LOW case.

Figure 6. Annual mean precipitation amount (absolute values, mm yr−1) for the following: (a) MOD case, (b) INT case, (c) LOW case.

and allows the onset of large arid areas. We infer that this
aridification is linked to a mechanical blocking of moisture
transport, both by Tian Shan topography for the winter west-
erlies, and the eastern flanks of TP for summer fluxes; de-
spite changes in stationary waves structure and sensible heat
(not shown), no marked shift in subsidence between INT and
MOD experiments is simulated. This result is consistent with
recent studies (Miao et al., 2012; Sun et al., 2009) that have
suggested the potential contribution of Pamir and Tian Shan
rainshadow effect to aridification in Qaidam Bassin and the
creation of Taklamakan Desert.

3.3 Response of precipitation δ18O to TP uplift

3.3.1 Model validation in terms of simulated
precipitation δ18O

The modern mean annual isotopic distribution is charac-
terised by very depleted values of δ18O over the Himalayas
and southern Tibet (down to−18 ‰) and a shift to more pos-
itive values (ranges from −11 to −13 ‰) over northern TP
and Kunlun from 30 to 35◦ N. Precipitation δ18O over Tarim
Basin experiences an abrupt decrease compared to northern
TP, with values down to −16 ‰ (Fig. 8a). Overall, simu-
lated annual mean δ18Op are consistent with sparse observa-
tions from the International Atomic Energy Agency (IAEA)
Global Network of Isotopes in Precipitation and δ18O in pre-
cipitation measurements compiled from Quade et al. (2011),
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Figure 7. Intra-annual variations in (a) low level relative humidity, (b) near-surface temperature, (c) precipitation amount and (d) evaporation
amount. All variables are averaged for TP with the altitude over 1500 m. Black colour corresponds to MOD experiment, green – for INT
experiment and red – for LOW experiment.

Bershaw et al. (2012), Hren et al. (2009) and Caves et
al. (2015) (Fig. 8a, b). In general, the model shows a good
agreement with precipitation and VSMOW-weighted modern
surface waters δ18O, including stream, lake and spring waters
(data from Bershaw et al., 2012; Hren et al., 2009; Quade et
al., 2011), as testified by a Pearson coefficient of 0.86 be-
tween modelled and observed precipitation δ18O (Fi. 8c).
This comparison shows the ability of LMDZ-iso to repro-
duce the decrease in δ18O from the Indian subcontinent to
the Himalayan foothills and with minimum values over the
Himalayas. Simulated increase in δ18O over the TP with the
distance from the Himalayas is also consistent with data sam-
pled along a southwest–northeast transect across the Plateau
(Bershaw et al., 2012). However, over the northern margins
of the TP, LMDZ-iso underestimates simulated δ18O in pre-
cipitation (Fig. 8a). This model data mismatch may result
from two types of uncertainties. First despite the high res-
olution obtained with a zoomed grid, restricted topographic
features could not be well-captured over some parts of the
TP, which could lead our simulations to miss local processes
affecting δ18O in rainfall. Second, overestimating the wester-
lies fluxes (see the comparison with the ERA moisture trans-
port on Fig. 5a) could lead to underestimate δ18O over the
northern part of the TP, through advection of depleted air
masses. Nevertheless, despite our model not capturing the
absolute maximal values well, the regional latitudinal gra-
dient is correctly represented, and most observed values are

within the range of simulated δ18O (Fig. 8b). We consider
that the ability of LMDZ-iso to represent this gradient makes
it reliable to carry out this study, which is focusing on sensi-
tivity experiments with large changes in topography and as-
sociated anomalies in δ18O.

3.3.2 Simulated isotopic changes and signal
decomposition

To first order, increasing topography over TP leads to more
negative δ18O over the region (Fig. 9). In the absence of to-
pography, precipitation δ18O follows a zonal pattern and un-
dergoes a weak latitudinal depletion on the way to the conti-
nental interior, except from slight deviations over India, cen-
tral China and the eastern part of the TP (Fig. 9b). At 40◦ N,
i.e. the northern edge of modern TP, δ18O values reach−9 ‰
in LOW case, compared to−14 ‰ in MOD case. For the INT
case the latitudinal depletion from south to north is stronger
(ca. 0.4 ‰ per latitudinal degree), with δ18O values ranging
from −6 ‰ for the lowered Himalayas foothills to −11 ‰
for northern and eastern margins of TP (Fig. 9a).

The total difference in isotopic composition of precipita-
tion, 1Rp, between pairs of experiments (INT-LOW, MOD-
INT) is significant beyond the areas where the topography
was reduced by the experimental design (Figs. 10a, 11a).
Substantial differences in δ18O between MOD and INT ex-
periments are simulated over the southern TP (up to 10 ‰)
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Figure 8. (a) Annual mean δ18O in precipitation simulated by LMDZ-iso for MOD case. Triangles show δ18O in precipitation from GNIP
stations, big circles – δ18O in precipitation from Caves et al. (2015) compilation (annual mean and JJA values respectively), small circles
represent δ18O in streams, lakes and springs compiled from Quade et al. (2011), Bershaw et al. (2012), Hren et al. (2009). (b) S-N profiles
of model simulated δ18O for the MOD case. Blue points correspond to the same measured data as on (a). The δ18O profile is averaged
between 75 and 105◦ E. Grey lines show minimum and maximum values for the selected range of longitudes. (c) Observed vs. modelled
δ18O in precipitation. The colour of circles corresponds to the data set: red – Bershaw et al. (2012), blue – Quade et al. (2011), green – Hren
et al. (2009), black – Caves et al. (2015); light blue shows mean annual data from GNIP stations. Red line shows a linear regression.

Figure 9. Annual mean δ18O in precipitation simulated by LMDZ-
iso for (a) INT case and (b) LOW case.

and over the Tarim Basin (up to 7 ‰). Between INT and

LOW cases, the differences are over the margins of the TP,
over Pamir, Tian Shan and Nan Chan. We should note that
the isotopic difference becomes more important for the later
stage of the plateau uplift. For clarity, we define two boxes,
over the northern (from 34 to 38◦ N and from 88 to 100◦ E)
and southern (from 27 to 33◦ N and from 75 to 95◦ E) part of
TP (Fig. 12).

Direct topography effect on δ18O

The direct effect of topography change is determined as the
decomposition term 1Rp,1z in Eq. (7). For the initial stage
of the uplift, the altitude effect produces a decrease in pre-
cipitation δ18O ranging from−1 to−3 ‰ (Fig. 10b). For the
terminal stage of the uplift, the isotopic decrease linked with
altitude goes up to −7 ‰ (Fig. 11b). Differences between
both stages are linked to the non-linear relationship between
δ18O and elevation. Also for both stages, the difference be-
tween 1Rp and 1Rp,1z is non-zero (Figs. 12a, 13a). These
differences are particularly marked for the terminal stage, for
which 1Rp,1z averages −5.5 ‰ over the northern part of
TP (Fig. 13a, b), whereas the total isotopic change averages
−3 ‰. Locally, the difference between1Rp,1z and1Rp can
reach +4 ‰. When averaged over the southern box, 1Rp,1z
is less negative (−4 ‰) than 1Rp (−4.6 ‰), with localised
maximum differences reaching −4 ‰ (Table 3). Offsets be-
tween1Rp,1z and1Rp are also detected for the initial stage
of the uplift (Fig. 12a, b), but are lower: they reach +2 ‰
over central TP but barely reach 1 ‰ when averaged over
southern and northern boxes. These offsets are related to ad-
ditional effects of uplift on δ18O that are discussed in the
following sections.
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Figure 10. (a) Total isotopic difference between INT and LOW experiments (1Rp) and spatial isotopic variations related to the following:
(b) direct effect of topography changes, (c) effect of lapse rate change, associated with non-adiabatic effects, (d) effect of local relative
humidity change, (e) effect of changes in post-condensational processes, (f) all other effects (see Table 1).

Figure 11. (a) Total isotopic difference between MOD and INT experiments (1Rp) and spatial isotopic variations related to the following:
(b) direct effect of topography changes, (c) effect of lapse rate change, associated with non-adiabatic effects, (d) effect of local relative
humidity change, (e) effect of changes in post-condensational processes, (f) all other effects (see Table 1).

Non-adiabatic temperature changes impact

Besides the adiabatic temperature effects linked with the TP
uplift, non-adiabatic temperature changes can be identified,
in relation with surface albedo and cloud cover changes de-
picted in Sect. 3.2.1. The term 1Rp,1dTs in Eq. (7) (Table 1,
line 3) is associated with these non-adiabatic effects, i.e. spa-
tial variations of the temperature lapse rate. Figures 10c and
11c show the portion of the total isotopic signal that is linked
to this effect. It plays a modest role for the early phase of
uplift (+1–2 ‰ locally), but is more important for the sec-
ond stage. It contributes to 2–5 ‰ of total isotopic difference,

with a positive sign over southeast TP interior, TP northern
margins and Asia interior. Negative anomalies have a mag-
nitude of 2–3 ‰, but are less widespread, localised over the
TP interior (Fig. 11c). Positive isotopic anomalies are asso-
ciated with a steeper lapse rate than expected based on adia-
batic processes. Conversely, negative δ18O anomalies that are
observed over northern TP and over Pamir are explained by
a weaker lapse rate than adiabatic. Overall, these variations
represent between 10 and 19 % (4–10 % for the initial stage)
of the processes that are not linked to topography (Figs. 12d,
e and 13d, e).
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Figure 12. (a) Difference in δ18Op between INT and LOW experiments that is not related to direct effect of topography changes. Violet
points show Cenozoic palaeoelevation study locations (compiled from Caves et al., 2015). Red rectangles show regions for that averaged
values decomposed terms are shown: (b) northern region, (c) southern region. Pie diagrams show portion of total isotopic difference related
to processes other then topography: (d) northern region, (e) southern region.

Figure 13. (a) Difference in δ18Op between MOD and INT experiments that is not related to direct effect of topography changes. Violet
points show Cenozoic palaeoelevation study locations (compiled from Caves et al., 2015). Red rectangles show regions for that averaged
values decomposed terms are shown: (b) northern region, (c) southern region. Pie diagrams show portion of total isotopic difference related
to processes other then topography: (d) northern region, (e) southern region.

Impact of RH changes during condensation process

The term 1Rp,1h in Eq. (7) depicts the portion of total iso-
topic signal 1Rp linked to local RH change during conden-
sation process (Table 1, line 4). Over TP, 1Rp,1h is positive
for both uplift phases, and RH changes act as a counterbal-
ance to the topography effect. 1Rp,1h reaches +4 ‰ for the
late stage (Fig. 11d), and maxima are located over the west-
ern part and northern part of TP for both stages of the up-
lift. Equation (4) shows that this positive anomaly is directly
related to the increase in RH described in Sect. 3.2.1. For
the initial stage, 1Rp,1h depicts also positive values (up to
+3 ‰) to the southwest of TP. When averaged over north-
ern and southern boxes, the counterbalancing effect of RH
on 1Rp ranges from 1.5 to +3 ‰, and this effect represents
up to 76 % of all non-topographic processes (Figs. 12, 13).
Interestingly, an opposite signal is simulated over the Tarim
basin, where topography was kept constant in the three exper-
iments. This signal is consistent with the previously-depicted

decrease in RH over this region, in relation with rain-shadow
effects and large-scale subsidence.

Post-condensation processes impact

The difference between δ18Ov and δ18Op is linked to the
post-condensation effects, mainly associated with raindrop
reevaporation that can occur after initial condensation. Be-
cause lighter isotopes evaporate more easily, rain reevapora-
tion leads to an isotopic enrichment of precipitation. There-
fore, the more reevaporation, the greater the difference be-
tween δ18Op and δ18Ov. We refer to the study of (Lee and
Fung, 2008), where post-condensation effects are explained
in detail. The contribution of such processes increases dra-
matically for very dry areas, where the relative humidity is
less than 40 %. Estimation of term 1Rp,1ε, i.e. the change
in isotopic difference between vapour and precipitation, al-
lows to quantify the contribution of post-condensational pro-
cesses to total1Rp signal (Figs. 10e, 11e) without appealing
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Figure 14. Precipitation change (mm day−1) for (a) MOD-INT (b) INT-LOW cases.

to the d-excess. For both stages of uplift, 1Rp,1ε is mostly
negative, indicating a depletion of Rp relative to Rv with the
uplift. Over the Plateau, contribution of post-condensational
effects for the initial stage of uplift ranges from 25 % to
46 % of total non-topographic effects, whereas it represents
less than 10 % for the terminal stage (Figs. 12a, 13a). The
most significant signal is simulated over the northern part
of the Plateau and over its western margin and adjacent ar-
eas. Post-condensational effects during the initial stage lead
to up to a −5 ‰ anomaly over the western margin of TP
(Fig. 12e) whereas the terminal stage creates a substantial
negative anomaly only over northern TP margin and Tarim
Basin (Fig. 13e).

Residual processes effect

The last term of Eq. (7),1Rp,1dRv , corresponds to the part of
the total isotopic signal that could not be explained by pre-
viously mentioned processes. These residual anomalies are
rather weak for the initial stage of the uplift, explaining less
than 1 ‰ of the signal over the northern plateau, and around
1 ‰ over the southern TP and adjacent parts of Asia and In-
dia (Fig. 10f). Contribution of these effects to the initial stage
is 4 and 21 % to the northern and southern box respectively
(Fig. 12d, e). Conversely, for the terminal stage of the TP
uplift this anomaly reaches up to −4 ‰ over the southern
part of the TP (Fig. 11f) and contributes to 49 % of the non-
topographic processes signal (Fig. 13d, e). In the next sec-
tions we propose several mechanisms that could contribute
to this residual anomaly.

4 Discussion

Our results suggest that TP uplift affects precipitation δ18O
through direct topographic effect, but that a significant part
of the signal is related to several other processes. These pro-
cesses alter the isotopic signal not only over TP, but also over
adjacent regions, where topography was kept the same by the
experiment design. A second result is that despite a similar
altitudinal change of TP between the two uplift stages, the

topographic effect on δ18O is more perturbed by other pro-
cesses during the terminal stage than during the initial one.

For the terminal stage, the residual effects change over
the southern region dominates (49 %) the isotopic signal
that is not linked to the direct topographic effect. The RH
change and non-adiabatic temperature changes also have
an important counterbalancing impact, together contribut-
ing to 43 % of the isotopic signal (Fig. 13e). For the north-
ern region, the topographic effect is mainly counterbal-
anced by the RH change effect (2.5 ‰), ultimately leading
to a 2.3 ‰ offset between 1Rp and what is expected from
topography. Here RH contributes to 76 % of the isotopic
signal not linked with the topography change, while non-
adiabatic temperature changes, residual effects change and
post-condensational processes have an impact of 16, 7 and
< 1 % respectively (Fig. 13d).

4.1 Impact of RH variations

RH alters rainfall isotopic signature through two steps, dur-
ing and after condensation. As mentioned earlier, the first ef-
fect of RH, as shown in Eq. (4) and expressed as 1Rp,1h,
occurs during condensation through Rayleigh distillation and
induces that Rp increases with increasing RH. Our model
shows that RH increases over TP with the initial stage of
uplift, driving precipitation δ18O towards less negative val-
ues. This mechanism is more efficient for the terminal stage
of uplift, when RH is increased in summer as a response of
a more active water cycle. South of TP, RH direct effect on
δ18O is noticeable, as efficient moisture transport is activated
with the uplift-driven strengthening of monsoon circulation
(Fig. 4). Interestingly, this mechanism is not active for the
second stage of the uplift, during which rainfall increases
through more effective convection, not through higher ad-
vection of moisture. As a consequence, negligible RH andRp
changes are simulated south of the Plateau when it reaches its
full height. This suggests that an altitudinal threshold might
trigger South Asian monsoon strengthening, and ultimately
precipitation δ18O signature, a hypothesis that should be ex-
plored in further studies. Conversely, the negative values of
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1Rp,1h over and northeast of the Tarim basin are related to a
decrease in RH during both stages. Our analysis suggests that
the first uplift stage is sufficient to create both barrier effects
to moisture fluxes and large-scale subsidence that ultimately
drive aridity over the region.

The second effect of RH on δ18O concerns very dry areas
(ca. < 40 %), where raindrop re-evaporation can occur after
initial condensation, leading to an isotopic enrichment of pre-
cipitation compared to water vapour (Lee and Fung, 2008)
(Fig. S2). Such an effect is implicitly included in the post-
condensational term of our decomposition that shows oppo-
site sign when compared to 1Rp,1h. Over the Plateau, this
mechanism is effective only for the first uplift stage, where
TP area transits from very low precipitation amounts and
very low RH values to wetter conditions (Fig. S7).

Over TP, the opposed effects of RH almost compensate
each other for the early stage of the uplift (Fig. 10d, e),
but this is not the case for the final stage, since RH post-
condensational effect is similar between INT and MOD ex-
periments. Since absolute values of the impact of RH through
condensation and post-condensational processes can reach
5 ‰, it is crucial to consider RH variation when inferring
palaeoaltitudes from carbonates δ18O.

4.2 “Amount effect” and monsoon intensification

Our results also show a substantial increase in precipitation
amount over northern India, the Himalayas and TP with the
growth of topography for both uplift stages (Fig. 14). The in-
verse relation between the enrichment in heavy isotopes in
precipitation and precipitation amount, named the “amount
effect” (Dansgaard, 1964) is largely known for oceanic trop-
ical conditions (Risi et al., 2008; Rozanski et al., 1993) and
for Asia monsoonal areas (Lee et al., 2012; Yang et al., 2011).
Over South Tibet recent studies have shown the role of deep
convection in isotopic depletion (He et al., 2015). For the two
stages of uplift, the residual component of the isotopic signal
depicts negative values over southern TP, where annual rain-
fall amount is increased. Thus we infer that this anomaly can
be driven, at least partly, by the amount effect that increases
with growing topography.

Various climate studies have suggested that the appearance
of the monsoonal system in East Asia and the onset of central
Asian desertification were related to Cenozoic Himalayan–
Tibetan uplift and withdrawal of the Paratethys Sea (An et
al., 2001; Clift et al., 2008; Guo et al., 2002, 2008; Kutzbach
et al., 1989, 1993; Ramstein et al., 1997; Raymo and Ruddi-
man, 1992; Ruddiman and Kutzbach, 1989; Sun and Wang,
2005; Zhang et al., 2007), although the exact timing of the
monsoon onset and its intensification remains debated (Licht
et al., 2014; Molnar et al., 2010). Although our experimen-
tal setup, which does not include Cenozoic palaeogeography,
was not designed to assess the question of monsoon driving
mechanisms nor its timing, our results suggest that uplifting
the Plateau from 250 m ASL to half of its present height is

enough to enhance moisture transport towards northern In-
dia and strengthen seasonal rainfall. Nevertheless, massive
increase of rainfall over TP between INT and MOD exper-
iments indicates that the second phase of uplift might be
crucial to activate an efficient, modern-day-like, hydrological
cycle over the Plateau. The decrease in simulated precipita-
tion north of the Plateau also suggests that terminal phase of
TP uplift triggered modern-day arid areas.

4.3 Other effects

Although precipitation amount change explains well the
residual isotopic anomaly (Figs. 10f, 11f), additional pro-
cesses could interplay. Continental recycling can overprint
original moisture signature and shifts the isotopic ratios to
higher values due to recharging of moisture by heavy iso-
topes from soil evaporation (Lee et al., 2012; Risi et al.,
2013). In our simulation, we detect an increasing role of
continental recycling in the hydrological budget of the TP
(Fig. S6), especially in its central part, that likely shifts the
δ18O to more positive values and partially compensates for
the depletion linked to the “amount effect” over the central
plateau. Another process frequently invoked to explain the
evolution of precipitation δ18O patterns over TP is changes in
moisture sources (Bershaw et al., 2012; Dettman et al., 2003;
Quade et al., 2007; Tian et al., 2007). Except for the con-
tinentally recycled moisture, southern Himalayas precipita-
tion moisture originates mainly from the Indian, the Atlantic
and the Pacific oceans (Fig. S6). Proximate oceanic basins
are known to be sources of moisture with a more positive
signature than remote ones (Chen et al., 2012; Gat, 1996).
Supplemental analyses with water-tagging feature of LMDZ-
iso show that contribution of continental recycling to rainfall
over TP increases with the uplift, at the expanse of Pacific
and Indian sources (Fig. S6). Although we have no mean to
decipher between sources and amount effect in the residual
anomaly, it seems that the change of sources is not sufficient
to yield a strong offset of δ18O values.

4.4 Relevance of palaeoelevation reconstructions based
on palaeo δ18O

Quantitative palaeoelevation reconstructions using modern
altitude-δ18O relationship will succeed only if 1Rp cor-
responds mainly to the direct topography effect. Mod-
ern palaeoaltimetry studies cover almost all regions of
the Plateau for time periods ranging from Palaeocene to
Pleistocene-Quaternary (see data compilation in Caves et al.,
2015). Most of these studies consider changes in δ18O as a
direct effect of the topography uplift. Palaeoelevation stud-
ies locations (see Caves et al., 2015 for a synthesis) plotted
over the anomaly maps (Figs. 12a, 13a) show for what ge-
ographical regions restored elevations should be used with
an additional caution. Numerous palaeoelevation data points
were located either over the northern part of the TP (from 34
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Table 4. Impact of the different terms of the decomposition on the isotopic signal for the terminal stage of HTP uplift in the location where
palaeoelevation studies have been done.

Locality Latitude Longitude 1Rp 1Rp,1z 1Rp,1dTs 1Rp,1ε 1Rp,1h 1Rp,1dRv Palaeoelevation studies
(‰) (‰) (‰) (‰) (‰) (‰) at this locality

Aertashi 37.97 75.55 −1.619 −2.859 0.999 −0.294 −0.268 0.803 Kent-Corson et al. (2009)
Biger Noor 45.90 96.78 −1.169 −0.004 2.673 −0.702 −4.419 1.283 Caves et al. (2014)
Chake Basin 23.80 103.10 −0.252 0.006 −0.030 0.042 0.263 −0.533 Hoke et al. (2014)
Dzereg 47.14 93.06 −1.006 −0.004 2.216 −0.372 −4.313 1.466 Caves et al. (2014)
Eryuan 26.20 99.80 −1.356 −1.574 0.634 0.171 0.497 −1.083 Hoke et al. (2014)
Ganchaigou 37.69 91.04 −3.195 −2.780 0.836 −1.292 0.610 −0.570 Kent-Corson et al. (2009)
Gyirong Basin 28.70 85.25 −7.017 −3.850 1.073 −1.089 0.409 −3.559 Wang et al. (1996)
Hexi Corridor 39.52 97.52 −2.907 −0.279 1.732 −1.985 −2.293 −0.083 Kent-Corson et al. (2009)
Hoh Xil Basin 34.60 93.00 −3.972 −6.529 0.660 0.037 3.375 −1.514 Cyr et al. (2005)
Huaitoutala 37.30 96.70 −5.998 −4.418 −1.473 −3.620 3.104 0.409 Zhuang et al. (2011)
India Siwaliks 30.35 77.60 −1.862 0.006 0.103 −0.303 0.183 −1.851 Ghosh et al. (2004)
India Siwaliks 30.34 77.60 −1.862 0.006 0.103 −0.303 0.183 −1.851 Sanyal et al. (2005)
Janggalsay 38.15 86.62 −4.487 −2.406 1.026 −2.347 −0.952 0.192 Kent-Corson et al. (2009)
Jianchuan Basin 26.60 99.80 −1.356 −1.574 0.634 0.171 0.497 −1.083 Hoke et al. (2014)
Jingou 44.75 85.40 1.073 −0.031 1.270 1.435 −2.054 0.453 Charreau et al. (2012)
Kailas Basin 31.20 81.00 −6.705 −7.181 0.401 0.799 3.162 −3.886 DeCelles et al. (2011)
Kuitun 45.00 84.75 1.073 −0.031 1.270 1.435 −2.054 0.453 Charreau et al. (2012)
Lake Mahai 37.66 94.24 −0.964 −0.003 2.737 0.423 −4.188 0.066 Kent-Corson et al. (2009)
Lanping 26.50 99.40 −1.356 −1.574 0.634 0.171 0.497 −1.083 Hoke et al. (2014)
Lao Mangnai 36.94 91.96 −1.133 −3.998 0.447 0.356 2.233 −0.171 Kent-Corson et al. (2009)
Lenghu 37.84 93.36 −0.964 −0.003 2.737 0.423 −4.188 0.066 Kent-Corson et al. (2009)
Linxia Basin 35.69 103.10 0.443 −0.961 1.079 0.364 −0.410 0.371 Dettman et al. (2003)
Linzhou Basin 30.00 91.20 −6.756 −5.956 2.337 −0.057 0.886 −3.965 Ding et al. (2014)
Luhe 25.20 101.30 −0.242 0.009 0.317 0.411 −0.236 −0.742 Hoke et al. (2014)
Lulehe 37.50 95.08 −0.061 −0.987 1.724 1.950 −3.326 0.578 Kent-Corson et al. (2009)
Lulehe 37.50 95.08 −0.061 −0.987 1.724 1.950 −3.326 0.578 Kent-Corson et al. (2009)
Lunpola Basin 32.06 89.75 −6.763 −6.073 1.920 −0.652 1.561 −3.520 Rowley and Currie (2006)
Miran River 38.98 88.85 −4.786 −1.387 1.069 −2.683 −2.068 0.283 Kent-Corson et al. (2009)
Nepal Siwaliks 27.42 82.84 −1.370 0.006 −0.016 0.203 0.025 −1.588 Quade et al. (1995)
Nima Basin 31.75 87.50 −5.897 −7.724 −0.205 1.312 4.078 −3.359 DeCelles et al. (2011)
Oiyug Basin 29.70 89.50 −10.39 −7.842 2.634 −2.598 1.151 −3.735 Currie et al. (2005)
Oytag 38.98 75.51 −0.499 −0.716 1.320 0.719 −1.975 0.152 Bershaw et al. (2011)
Pakistan Siwaliks 33.39 73.11 0.645 0.008 0.380 0.407 0.379 −0.529 Quade et al. (1995)
Puska 37.12 78.60 −2.598 0.006 0.896 −0.472 −3.909 0.882 Kent-Corson et al. (2009)
Taatsin Gol 45.42 101.26 −0.731 −0.003 1.600 −0.364 −3.087 1.123 Caves et al. (2014)
Thakkhola 28.70 83.50 −4.018 −1.529 0.802 −0.310 −0.572 −2.409 Garzione et al. (2000)
Thakkhola−Tetang 28.66 83.50 −4.018 −1.529 0.802 −0.310 −0.572 −2.409 Garzione et al. (2000)
Xiao Qaidam 37.03 94.88 1.614 −1.376 1.772 3.117 −2.581 0.681 Kent-Corson et al. (2009)
Xifeng 35.70 107.60 0.245 0.00 0.522 0.173 −0.010 −0.440 Jiang et al. (2002)
Xorkol 39.01 91.92 −3.218 −0.871 1.871 −1.302 −2.970 0.054 Kent-Corson et al. (2009)
Xunhua Basin 35.90 102.50 0.443 −0.961 1.079 0.364 −0.420 0.371 Hough et al. (2010)
Yanyuan 27.50 101.50 −0.350 −1.152 0.657 0.539 0.373 −0.767 Hoke et al. (2014)
Zhada Basin 31.50 79.75 −3.983 −4.818 −0.046 0.831 2.708 −2.657 Saylor et al. (2009)

to 38◦ N and from 88 to 100◦ E) or over the southern region
(from 27 to 33◦ N and from 75 to 95◦ E).

Our model results show that when TP altitude is increased
from half to full, considering topography as an exclusive con-
trolling factor of precipitation δ18O over the southern (north-
ern) region likely yields overestimations (underestimations)
of surface uplift, since the topography effect is offset by RH
and amount effects. Projecting our modelling results to each
locality where palaeoelevation studies have been published
(Table 4) reveals that topography change explains simulated
total isotopic change reasonably well for only few locations
(Linzhou Basin, Lunpola Basin, Kailas Basin, Huaitoutala).
Indeed topography appears to be the main controlling fac-
tor for only 40 % of the sites, while 30 % is dominated

by RH effects, 20 % by residual effects and 5 % by post-
condensational and non-adiabatic temperature changes, re-
spectively. Nevertheless such figures have to be taken care-
fully, since we ran idealized experiments testing only the im-
pact of uplift, neglecting other factors like horizontal palaeo-
geography or pCO2 variations, the latter being known to in-
fluence δ18O as well (Jeffery et al., 2012; Poulsen and Jef-
fery, 2011).

For the initial uplift stage apparent consistency occurs be-
tween the topography impact and the total isotopic com-
position, in relation to counteracting effects RH and post-
condensational processes. For the southern region RH im-
pact appears to be the main controlling factor for the iso-
topic composition of precipitation, surpassing the direct to-
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pography impact. Nevertheless, these processes have a dif-
ferent contribution for initial and terminal stages of uplift.
Precipitation changes lead to overestimating altitude changes
for both stages, but for the terminal stage its contribution
is bigger. This effect dominates in the southern part, and
more generally where the isotopic composition of precipi-
tation strongly depends on convective activity. RH changes
dominate over the western part of TP and Northern India for
initial uplift stage and over the northern TP for the terminal.
Differences between both stages could be partly explained
by non-linearities in qs – temperature relationships, as well
as in Rayleigh distillation processes (Fig. S8). Determining
whether other processes contribute to this difference would
be of interest, but it is out of the scope of the present study.

5 Conclusions

Previous studies focusing on the Andes (Ehlers and Poulsen,
2009; Poulsen et al., 2010) or North American cordillera (Se-
wall and Fricke, 2013) have inferred that the impact of uplift
of mountain ranges on δ18O could be altered by the conse-
quences of the uplift on atmospheric physics and dynamics.
Our modelling results show that it is also the case for the Ti-
betan Plateau uplift. Additionally, we designed a decompos-
ing analysis to quantify for the first time the different pro-
cesses that can alter precipitation δ18O changes with uplift.
As suggested for the Andes, the onset of convective rainfall
plays an important role in shifting δ18O towards more nega-
tive values. Nevertheless this process is not the main factor,
as we show that saturation of air masses, quantified by RH
have two to three-time bigger effects on the final δ18O. We
infer that increase in precipitation linked with the TP uplift
would lead to overestimation of the topography uplift at sites
over Himalayas and Southern TP, whereas increase in RH
leads to underestimating the uplift at sites in Northern Tibet.

Our results could be applied to interpret palaeoclimate
records and to reconstruct the region uplift history. Palaeoel-
evation reconstructions suggest the Himalayas attained their
current elevation at least by the late Miocene or even ear-
lier (Garzione et al., 2000a, b; Rowley et al., 2001; Saylor
et al., 2009). Our results show overestimation of the topogra-
phy impact over this region, thus the Himalayas may have at-
tained their current elevation later than expected. In contrast,
isotope-based palaeoaltimetry could underestimate surface
elevation over the northern TP. This could explain why avail-
able isotope-based palaeoelevation estimates for the north-
ern TP (Cyr et al., 2005), which estimates surface elevation
at about 2 km, contradict palynological assemblages in la-
custrine sediments from the Xining Basin, which show the
presence of high-altitude vegetation at the same time period
(Dupont-Nivet et al., 2008; Hoorn et al., 2012).

Still, our decomposition methods reveal that even if the
impact of the TP uplift phases are rather straightforward
(monsoon enhancement to the South, increase in continen-

tal recycling over TP, moisture fluxes deflection and in-
creased aridity to the North), the consequences in terms of
δ18O are extremely complex, since interplays and compen-
sation occur amongst all the processes. Limitations in our
approach are related to a perfectible hydrological cycle in
LMDZ-iso, and idealized boundary conditions (topography
uplift scenarios, modern land–sea mask, SSTs and pCO2).
Model data comparison show that mean annual precipitation
amount is slightly overestimated by the model for the north-
ern TP, thus could result in underestimation of the amount
effect contribution for the northern TP. On the contrary,
the model overestimates the precipitation over the southern
edge of the Himalayas. If it was more realistic, the con-
tribution of the amount effect estimated by the decompos-
ing method could be less important. Changes in vegetation
cover, by altering albedo and persistence of snow cover,
could affect the impact of non-adiabatic temperature changes
on δ18O. Vegetation over Asia was shown to have a major
variation through Cenozoic based on pollen (Dupont-Nivet
et al., 2008; Miao et al., 2011; Song et al., 2010; Zhao
and Yu, 2012) and palaeobolanical data (An et al., 2005;
De Franceschi et al., 2008; Kohn, 2010) and future studies
would benefit to explore its impact on precipitation δ18O.
Also it is widely known that during the Cenozoic air tem-
perature was higher due to a higher concentration of green-
house gases in the atmosphere (Zachos et al., 2008). Studies
taking into account this feedback inferred that it could lead
to even larger inaccuracy in surface uplift estimations dur-
ing the Cenozoic (Poulsen and Jeffery, 2011). Thus the field
of palaeoaltimetry would benefit from future studies focus-
ing on (1) using palaeoclimate proxies to constrain specif-
ically relative humidity, surface temperature and precipita-
tion amount in deep time and (2) applying a decomposition
method to isotope-enabled GCM simulations forced by con-
strained palaeogeography (land-sea mask and different sce-
narios for orogens) and atmospheric pCO2 for specific geo-
logical time period. The combination of both could help re-
fine calibration for palaeo δ18O-elevation relationships and
refining palaeoelevation estimates.

The Supplement related to this article is available online
at doi:10.5194/cp-12-1401-2016-supplement.
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Figure S1. Mean annual relative humidity for A) LMDZ-iso	  simulated for the MOD 
experiment and B) NCEP-DOE Reanalysis. C) Scatter plot of global mean annual relative 
humidity versus elevation. 
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Figure S2. (A) Mean annual sea level pressure (hPa) for the LOW simulation, (B) Meridional 

transect of the insolation an the top of atmosphere (W m-2), averaged for 90 °E, (C, D, E) 

Regions where relative humidity is under 40% for (C) MOD, (D) INT and (E) LOW 

experiment. 
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Figure S3. Total cloudiness change for A) MOD-INT B) INT-LOW cases. 
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Figure S4. Surface albedo change for (A) MOD-INT (B) INT-LOW cases 
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Figure S5. Spatial	  isotopic	  variations	  related	  to	  the	  change	  of	  spatial	  humidity	  for	  A)	  

MOD-‐INT	  and	  B)	  INT-‐LOW	  cases. 
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Figure S6. Moisture sources changes, illustrated by vertically integrated portion of vapour 

having evaporated over different regions.  Blue shade - the Atlantic Ocean and Mediterranean 

sea source, red - the Indian Ocean moisture source, green - the Pacific Ocean source, grey - 

continental recycling source .  (A, B, C, D) - MOD case, (E, F, G, H) - INT case, (J, K, L, M) 

- LOW case. 
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Figure S7. Deviations of precipitation δ18O from the vapour composition, ε = Rp – Rv for (A) 

MOD, (B) INT and (C) LOW cases 
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Fig. S8. Δ(δ18O) vs. elevation for MOD (black points) and INT (blue points) cases. 
The isotopic gradients are shown for the southern region (between 25°N and 30°N). 
Black line shows relationship from the empirical model (Rowley, 2001; Rowley and 
Garzione, 2007). Green line shows second order polynomial approximation of 
simulated MOD δ18O values. Red line shows a linear regression for the INT δ18O 
values.  
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3.5 Consequences for paleoaltimetry estimates

Modern paleoaltimetry studies cover almost all regions of the plateau for time periods

ranging from the Palaeocene to the Pleistocene. These studies either directly simple δ18O-

elevation realtionship from Rowley et al. (2001) (Cyr et al., 2005; Ding et al., 2014; Hoke

et al., 2014; Rowley and Currie, 2006; Xu et al., 2015, 2013) or construct isotopic ratios in

carbonates or paleosoil waters (DeCelles et al., 2007; Dettman et al., 2001; Fan et al., 2007;

Garzione et al., 2000b; Kent-Corson et al., 2009; Quade et al., 1989; Quade and Cerling,

1995,?; Sanyal et al., 2004a; Stern et al., 1997; Wang et al., 2006), that could potentially be

used for paleoelevation reconstructions. However, this approach has potential limitations

from two sides: 1) possible spatial variations of climatic controls of δ18O and their vertical

gradients and 2) stationary of these gradient through time.

Comparing the simulated present-day isotopic signal with δ18O obtained using the

R1 (see Section 3.2) model reveals significant differences across the plateau (Figure 3.3).

Rowley’s relationship describes well isotopic distribution for a limited area of southern

plateau and for some parts of margins. The offset from this relationship increases towards

the interior part of the TP and reaches up to 5 %% for the northern part and even more than

-6 %% for the northern margins, Taklamakan desert and the Tian-Shan.

When using the isotopic lapse rate from the Rowley polynomial to reconstruct Eocene

paleoelevations for the central part of the plateau, we underestimate elevation by 1000-

1200 meters compared to when using the lapse rate simulated by LMDZ-iso (Figure 3.26).

With the latter lapse rate, we estimate the elevation of Lumpola Basin at 39 Ma at∼5400 m,

compared to ∼4050 m that obtained by (Rowley and Currie, 2006). Likewise our estima-

tion for Fenghuoshan Group at 39 Ma is at 3100 m, instead of 2100 m from Cyr et al. (2005).

Appearance of high-altitude vegetation and aridification in the Xining Basin (Dupont-

Nivet et al., 2008) during the Eocene support the suggestion of high elevation of the cen-

tral TP in the Eocene. The event of Neo-Tethyan oceanic slab detachment at ∼45 Ma

tracked by the metamorphic record (e.g. Kohn and Dettman, 2007) and arc magmatism,

similar to the modern Central America example (Chung et al., 2005) probably resulted in

accelerated uplift of the plateau and absolute altitudes comparable with the present-day.

Northern TP has been noted to be complicated for oxygen isotope paleoaltimetry. Our

results show that a 1-D model based on Rayleigh distillation cannot be applied to this

region because the air masses have different origin and various V0, T0 and Rh0 as well

as different conditions for the post-condensation processes and maximized evaporative

enrichment of δ18O in rain and surface waters.

We suspect that spatial variations of vapor mass origin, temperature (adiabatic and

non-adiabatic), relative humidity and as well as large scale aridity and amount affect

drive spatial variation in isotopic lapse rates. A particular lapse rate for each region of

the Plateau should be taken into account for consistent paleoelevation reconstructions.

In addition to spatial variations, isotopic lapse rates may have varied through geological

time, since external forcing factors such as atmospheric CO2 concentration, land-sea dis-

tribution and TP uplift itself likely have affected air masses trajectories, isotopic compo-

sition of initial moisture source and the distance from moisture source to precipitation.

Future studies will benefit from a combined approach involving isotopic data and fully
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coupled GCM simulation with well-constrained paleo boundary conditions.
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Figure 3.26 – Paleoaltimetry estimations using the theoretical relationship (Rowley et al., 2001) (red
line) and LMDZ-iso established relationship (green line) for the central Tibetan Plateau. Circles
show δ18O of paleo soil water from paleoelevation studies: 37 Ma - Cyr et al. (2005); 35 Ma, 39
Ma – Rowley and Currie (2006). Yellow bars show possible error in paleoelevations due to spatial
variations of isotopic lapse rates.

In addition to described spatial variation in the isotopic lapse rates over the HTP, δ18O

appeared to be highly sensitive to the elevation of mountains over this region (see Section

3.4, Supplementary figure 8).

However, we want to pay attention that in this section we aim to show a possible

causes and error range associated with paleoaltimetry studies, but not to provide alter-

native isotopic lase rates. For realist paleo isotopic lapse rates, simulations with realist

paleo boundary conditions are indispensable (See more in the Sections 4). In addition,

we should stress that for relevant paleoelevations estimates paleoclimate changes must

be evaluated and take into account.

116



Chapter 3. Controls of δ18O in precipitation: elevation vs. climate change

3.6 Summary and conclusions

Stable-isotope paleoaltimetry is potentially hampered by the fact that the presumed

constancy of altitude-δ18O relationships spatially and through time might not be valid

and climate changes affects δ18O in precipitation.

Nowadays it is well understood that δ18Op is controlled by multiple factors, including

the temperature, elevation, precipitation amount, relative humidity, and others (see Sec-

tion 3.1). Given the variety of this factors over the HTP and using LMDZ-iso outputs for

present-day simulation, we show how isotopic lapse rates vary spatially over the region.

Presumed constancy of the isotopic lapse rate in paleoelevations studies may have crucial

impact on paleoelevations estimates accuracy (Section 3.5).

We also use the isotope-equipped atmospheric general circulation model LMDZ-iso

for modeling Asia climate variations and associated δ18O in precipitation linked with the

Himalayas and Tibetan Plateau uplift. Experiments with reduced height over the Tibetan

Plateau and the Himalayas have been designed. For the purpose of understanding where

and how simulated complex climatic changes linked with the growth of mountains affect

δ18O in precipitation we develop a theoretical expression for the precipitation composi-

tion.

Our results show that modifying Tibetan Plateau height alters large-scale atmospheric

dynamics including monsoon circulation and subsidence and associated climate vari-

ables, namely temperature, precipitation, relative humidity and cloud cover. In turn, δ18O

signal decomposition results show that the isotopic signature of rainfall is very sensitive

to climate changes related with the growth of the Himalayas and Tibetan Plateau, no-

tably changes in relative humidity and precipitation amount. Topography itself appears

to be the main controlling factor for only 40 % of the sites where previous paleoelevations

studies have been performed. Change of moisture sources linked with Asian topography

uplift is shown to be not sufficient to yield a strong offset of δ18O values. However, the

relative contribution of δ18O controlling factors and their magnitude differ depending on

the uplift stage and the region considered. We highlight that future paleoaltimetry studies

should take into account constraints on climatic factors to avoid misestimating ancient

altitudes.

We pay particular attention on necessity of paleoclimate and paleoisotopic simula-

tions with realist boundary conditions.
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Chapter 4

Cenozoic δ18O in precipitation

In this Chapter, first we overview previously published works which provide paleo

δ18Op simulations (Section 4.1). In Section 4.2 we discuss climatic and δ18Op patterns

obtained in our numerical experiments with Eocene, Oligocene and Miocene boundary

conditions. Eocene δ18Op controls over the HTP appeared to be dramatically different

from those of present-day. In Section 4.3 we explore Eocene controls of precipitation

δ18O and present the article in preparation for EPSL, entitled "Controls of the Eocene sta-

ble oxygen isotopes over Himalayas and Tibetan Plateau", where we discuss the results

of our experiments with Eocene boundary conditions. Finally, in Sections 4.4 we provide

additional experiments that we have performed in order to test the impact of orbital pa-

rameters variations, albedo, sea surface temperatures, Paratethys retreat and topography

uplift on Eocene δ18Op .
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Chapter 4. Cenozoic δ18O in precipitation

4.1 Introduction: modeling for paleo δ18O

Given recent advances in climate modeling (see Section 2.2), one of the most straight-

forward methods for integrating the complex feedbacks between climate, tectonics, and

the isotopic composition of precipitation is to simulate past climates with an atmosphere

general circulation model (AGCM) enabled with the stable water isotopes together with

paleo boundary conditions. Results of such experiments highlight the sensitivity of δ18Op

to climate change associated with CO2, SST variations and changes in elevations of major

orogens.

Thus, Poulsen et al. (2007) have investigated Cretaceousδ18Op over the Western Cordil-

lera and have shown a systematic increase of nearly 3 %% due to warming associated

with an increase in CO2 from 2 to 12 times pre-industrial levels. The authors have also

shown that the sea level, which was eustaticaly changed during the Cretaceous, as well

as the surface elevation of the Western Cordillera lowers precipitation δ18Op locally by 7

%%. Poulsen and Jeffery (2011) using GENESIS GCM have shown that the isotopic com-

position of precipitation in high-elevation regions, including the Tibetan Plateau, Rocky

Mountains, European Alps, and Andean Plateau, increases by 3 %% – 6 %% relative to that

at low elevations with 2 times increased CO2, due to reduction in the surface to upper

troposphere δ18Op gradient.

Sturm et al. (2007) using REMO-iso model and various sea surface temperature (SST)

forcings investigate the seasonal variation of the amount effect on δ18Op and the anoma-

lous δ18Op continental gradient across the Amazon basin. They show that the amount

effect define δ18Op during the wet season, while during the dry season, the δ18Op is con-

trolled by isotopic reequilibration of rain droplets with surrounding vapor, reflecting the

impact of nonfractionating transpiration by the vegetation.

The influence of the uplift of major orogens on the isotopic composition of precipita-

tion has become a focus of recent studies. Ehlers and Poulsen (2009); Poulsen et al. (2007)

focused their research on the South America region and designed numerical experiments

with reduced elevation of the Andes. These authors show that South American and An-

dean climate have been changed significantly in response to the growth of the Andean

Plateau. More specifically, their results suggest up to a 900 mm increase in rainy season

precipitation over the plateau and a decrease in non-adiabatic surface temperature of up

to 6.5 ◦C. More importantly, they have shown that the prevailing wind direction and the

vapor source for precipitation switch from the South Pacific Ocean to the equatorial At-

lantic as the Plateau elevation increases above ½–¾ of its present-day height. This has

substantially depleting effect on δ18Op through the Cenozoic and leads to potential er-

rors on paleoaltimetry, because changing atmospheric dynamics modify isotopic lapse

rates.

Sewall and Fricke (2013) used a GCM with integrated oxygen isotope tracers (isoCAM3)

in order to predict δ18Op along the North American Cordillera with the increase of eleva-

tion from 1200 m to 3975 m. They show that the increase in mean elevation is consis-

tent with a decrease in highland temperatures and an exchange of monsoonal circulation

along the eastern front of the Cordillera. These authors also show that simulated oxy-

gen isotopic ratios in that precipitation are comparable to those obtained from natural
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archives and derive mean Cretaceous elevations of Cordillera to be approaching 4000 m.

In our article published in Climate of the Past (Botsyun et al., 2016) we have used a

GCM model with reduced elevation over the HTP region and shown to what instant cli-

mate changes associated with the uplift of the Plateau impact δ18Op signal (see Chapter

3). With the exception of (Sewall and Fricke, 2013) for the Cretaceous, all studies listed

here were based on sensitivity experiments using present-day continents positions. In a

recent study of (Roe et al., 2016) an isotopes enabled GCM has been used for paleoclimate

simulations with paleogeographies different from those of present-day. In contrast to pre-

vious studies, in this chapter we discuss the results of experiments with realistic boundary

conditions for various time periods for the Cenozoic.

4.2 LMDZ-iso simulated δ18O evolution during the Ceno-

zoic

To quantify the influence of paleogeography changes on climate and precipitation

δ18Op over Asia, the atmospheric general circulation model LMDZ-iso, with embedded

stable oxygen isotopes, was used. For more realistic experiments, sea surface tempera-

tures were calculated with the fully coupled model FOAM (for more details on Method

see Chapter 2). Various scenarios of HTP growth have been applied together with Early

Eocene, Middle Eocene, Oligocene and Miocene boundary conditions. Here we use a

model configuration with 144 grid points in longitude, 142 in latitude and 39 vertical lay-

ers. LMDZ-iso stretchable grid allows increasing regional spatial resolution and gives an

averaged resolution of ∼50 km over central Asia.

4.2.1 Model validation for present-day case

The modern annual averaged isotopic distribution is characterized by very depleted

(down to -18 %%) values of δ18Op over the Himalayas and the southern Tibet and a shift

to more positive values (ranging from -13 to -11 %%) over northern TP and Kunlun, from

35◦ N to 40◦ N. Precipitation δ18Op over Tarim Basin experiences an abrupt decrease, with

values down to -16 %% (Figure 4.1, A).

On the S-N profile (Figure 4.1, B) simulated modern MJJAS isotopic distribution is

characterized by a northward decrease in δ18Op from the Himalayas foothills (27◦ N) to

the southern Tibet (with values down to -17 %%) linked to the Rayleigh distillation during

rainout and ascent of air masses along the southern flanks of the HTP. This mechanism is

consistent with what has been shown from data and 1-D models (Rowley and Garzione,

2007; Rowley et al., 2001). Between 30◦ N and 40◦ N a shift to more positive values (ranging

from -8 to -14 %%) is simulated, consistent with observations from earlier studies (Bershaw

et al., 2012; Quade et al., 2007). Observed isotopic enrichment is commonly related to ac-

tive continental recycling (through evaporation) that contributes to the increase in lower

troposphere humidity and shifts of δ18Op to an “air masses mixing” regime (Worden et al.,

2007).

In general, simulated present-day δ18O values are consistent with sparse observations
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from the International Atomic Energy Agency (IAEA) Global Network of Isotopes in Pre-

cipitation (GNIP). However, over the India plane, simulated δ18O more depleted that the

observed values that is a direct consequence of overestimated amount of precipitation

during the summer. Over the Himalayan foothills LMDZ-iso (in the resolution used) sim-

ulate δ18O that are too enriched with are consisted with relatively dry pattern that is sim-

ulated for this area. This low precipitation over the foothills regions could be linked with

backward air subsidence compensating too strong orographic air uplift parameterized in

the model (Camille Risi, personal communication).

Over the elevated topography, simulated δ18O shows a good agreement with annual

averaged modern precipitation and rivers δ18O (Bershaw et al., 2012; Caves et al., 2015;

Hren et al., 2009; Quade et al., 2011) that allows us to use the model for the purpose of

this study (Figure 4.1). Some model-data discrepancies over the northern and central

part of the Plateau and over Mongolia could be probably explained by: i) correspondence

of measured date to MJJAS δ18O signal (season when rain events happen) that is much

more positive that annual averaged one (not shown), ii) comparison with measurement

of lake water δ18O, which is enriched in heavy isotopes due to evaporation processes,

while currently used version of LMDZ-iso does not include lakes simulation.

-19  -17 -15 -13 -11  -9    -7    -5    -3    -1    1

A) B)

Figure 4.1 – Maps and S-N profiles of model simulated MJJAS precipitation-weighted δ18Op for
control(CTR, pre-industrial) case. Triangles show δ18Op from GNIP stations, big circles – δ18Op

from Caves et al. (2015) compilation, small circles represent δ18Op in streams, lakes and springs
compiled from (Bershaw et al., 2012; Hren et al., 2009; Quade et al., 2011). The δ18Op profiles
are averaged between 70◦ E and 90◦ E. Grey lines show minimum and maximum values for the
selected range of longitudes.
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4.2.2 Simulated paleo δ18Op

In general, Early Eocene, Middle Eocene, Oligocene and Miocene simulated δ18Op

over Asia are much more positive that present-day values (compare Figure 4.1, A and

Figure 4.2). δ18Op values are ranging from -14 to 1 %%. In our paleo experiments, val-

ues below -14 %% are not simulated. Further we provide some hypothesis about physical

mechanisms that may contribute to the shift in paleo δ18Op towards values less negative

then present-day.

Miocene Oligocene

Middle Eocene Early Eocene

Figure 4.2 – LMDZ-iso simulated mean MJJAS δ18Op (precipitation-weighted) for: A) Miocene, B)
Oligocene, C) Middle Eocene and D) Early Eocene cases. White shade corresponds to areas where
precipitation is under 0.05 mm/month. Vectors show MJJAS mean moisture transport directions.

Isotopic lapse rates during the Cenozoic

In Section 3.2 we discuss spatial variations of δ18Op -elevation gradients for present-

day simulation. Our results suggest that the isotopic lapse rate is not constant spatially

and support the statement that the empirical model based on the Rayleigh distillation

calibrated for the Himalayas (Rowley and Garzione, 2007; Rowley et al., 2001) is consis-

tent with simulated isotopic gradients over the Himalayas and the Southern Tibet, but

fails over the Northern Plateau. With our realistic experiments we are able to investigate

temporal variations of δ18Op -relationships as well.

On the figure 4.3, δ18Op from Cenozoic realistic experiments are plotted against ele-

vations in corresponding paleogeography. This plot clearly shows that no reliable δ18Op -
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elevation relationship over the HTP can be detected for the paleo case. In the absence of

δ18Op -elevation relationship, paleoelevations could not be reconstructed based on classic

paleoaltimetry approach (see Section 1.3.3). Further we hypothesis possible mechanisms

that impact this distribution and in Chapter 5 suggest how this limitation may be avoid

using a GCM-simulated paleo δ18O.

Rowley relationship
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Figure 4.3 – δ18Op vs. elevation for Early Eocene, Eocene, Oligocene and Miocene experiments.
Values are plotted for elevated regions (over 500 m), between 10◦ N and 40◦ N and 60◦ E and 100◦

E. Solid black line shows relationship from empirical model (Rowley and Garzione, 2007; Rowley
et al., 2001). Green line shows second order polynomial approximation of simulated δ18Op for
CTR (present-day) experiment. This plot clearly shows that simulated δ18Op - elevation gradients
("isotopic lapse rates") for paleo cases are different from those of present-day.

Why paleo isotopic patterns over Asia are different from those of present-day?

Simulated Cenozoic δ18Op values are evidently different form those of present-day

(compare Figure 4.1, A and Figure 4.2), with a shift towards less negative values for paleo

epochs. Absence of δ18Op -elevations relationship (Figure 4.3) contradicts models based

on Rayleigh distillation widely used for reconstruction of paleoprecipitation δ18Op over

Asia (e.g. Rowley et al., 2001). Here we hypothesize several possible mechanisms that

contribute to simulated isotopic signal for the Cenozoic based on the preliminary analysis

of the results of our simulations.

First, mean annual global warming following the increase in pCO2 in our realistic

Cenozoic experiments together with the change of the latitudinal position of the HTP re-

gion during the collision between India and Eurasia causes increase in mean annual tem-

perature over HTP from 5 to 9 ◦C for paleo cases. Consequently, this temperature increase

cause a shift in δ18Op towards less negative values according to the Rayleigh distillation

125



4.2. LMDZ-iso simulated δ18O evolution during the Cenozoic

processes.

The HTP is fed by three major air masses: the westerlies, Indian monsoon system and

East-Asia monsoon (Figure 4.4) for all Cenozoic simulations, except for the Early Eocene.

For all Cenozoic simulation MJJAS precipitation is high over India, South-East Asia and

southern slopes of the Himalayas (Figure 4.4). High precipitation rates are known to im-

pact δ18Op through the amount effect, however, this effect is consistent between all the

simulations (Figure 4.6, 1st column). More importantly, relative contribution of evapora-

tion and precipitation significantly changes during the Cenozoic (Figure 4.6, 3rd column).

For CTR and Miocene simulations, precipitation amount dominant on evaporation over

the Himalayas and the southern TP, while for the Eocene and Oligocene cases evaporation

plays a more important role in the hydrological cycle of the HTP (Figure 4.6, 3rd column).

Simulated less negative paleoδ18Op over elevated topography of the HTP for the Miocene

case and for the CTR case are consistent with the mechanism suggested by Poulsen and

Jeffery (2011) based on their global simulations with increased pCO2: increased concen-

tration of greenhouse gases in the atmosphere leads to a reduction in the surface to upper

troposphere δ18Ov gradient and less negative values over regions with strong subsidence.

However, for Oligocene and Eocene periods elevated topography is shifted from the zone

of prevailing subsidence to a convection zone (Figure 4.5), making this mechanism un-

realizable even for high atmospheric pCO2 concentrations. On the contrary, emplace-

ment of the paleo HTP in the convection zone contributes to simulated enriched values

of δ18Op over highly elevated topography. The mechanism of this shift towards less neg-

ative values if following: 18O-rich vapor (due to higher contribution of evaporation in the

hydrological cycle, Figure 4.6, 3rd column) from the surface is mechanically transported

up to the lifted condensation level where it contributes to 18O-enriched condensate and

precipitation.

Another effect that is responsible for simulated less negative δ18Op over the north-

ern TP and the central Asia is high aridity associated with the subsidence zone and, as

a consequence, high contribution of post-condensation effect to resulting δ18Op (Figure

4.6, 1st column). In the following Section we investigate in details the mechanism that

influence δ18Op for the Eocene case.
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Early Eocene Middle Eocene Oligocene

Miocene CTR-1x

0        1        2         3   4   5   6   7    8  9  10 12 14 16 

Figure 4.4 – MJJAS mean rainfall (mm/day) and surface winds for Early Eocene, Middle Eocene,
Oligocene, Miocene and Control cases.
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4.3 Article in preparation for EPSL: Controls of the Eocene

stable oxygen isotopes over Himalayas and Tibetan Plateau

Previously we have shown that simulated Eocene δ18Op over Asia appeared to be dif-

ferent from present-day distributions. Here we investigate in details simulated δ18Op pat-

terns for the Eocene and their controlling factors. We present a paper in preparation for

EPSL, with following main points:

• Main point #1. Less depleted δ18Op over Eocene Himalayas and Tibetan Plateau

due to the increase in global and local temperatures and strong convection of en-

riched near-surface vapor;

• Main point #2. Weak impact of pCO2 and topography variations for the Eocene due

to the shift of the Himalayas and Tibetan Plateau into the convection zone;

• Main point #3. No Rayleigh distillation over the Himalayas for the Eocene case as a

result of mixing of multiple air masses;

• Main point #4. No altitude-δ18Op relationship in the Eocene.
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Abstract 

Stable oxygen isotopes paleoaltimetry has been widely used for reconstructing the altitude of 

the major orogens during the Cenozoic. The reconstruction of paleoelevation presumes the 

dependency of δ18O in precipitation on the elevation. For the present-day case, the patterns of 

spatial δ18O distribution are relatively well understood and δ18O-elevation relationship over 

the Himalayas is known to be mainly controlled by the Rayleigh distillation processes as a 

result of orographic ascend of a single air mass originated from southerly moisture source. 

However, during the Cenozoic 18O distribution is not well constrained on account of lack of 

data from paleo carbonates and modeling results. Hence, the consistency of main controlling 

factors of δ18O with those of present-day is uncertain and using present-day δ18O-elevation 

relationship might not be valid for paleo time periods. Here we provide high-resolution 

climate simulations using the isotope-equipped General Circulation Model LMDZ-iso with 

present-day and Eocene boundary conditions in order to test the impact of the paleogeography 

change and a variation of atmospheric pCO2 on δ18Op over the Himalayas and the Tibetan 

Plateau.  For the Eocene case δ18Op over the Himalayas and the Tibetan Plateau shows a 

significant increase compared to the present-day values following the increase in global 

temperature and a shift in its a latitudinal position towards large-scale convection zone, 

however the impact of pCO2 on δ18O in the Eocene configuration is weak. Wind trajectories 

back tracing applied to the model outputs allowed to compare the moisture feeding of the 

Himalayas and the Tibetan Plateau regions for the present-day and the Eocene cases and show 

that the Rayleigh distillation processes is not applicable for the Eocene Himalayas making 

paleoelevation reconstructions of the Eocene doubtful.  

 

 

 

Chapter 4. Cenozoic δ18O in precipitation

131



Introduction 

 

Stable oxygen isotopes as tracer elements are widely used in geosciences, in particular 

for paleoelevation reconstructions. Multiple carbonate δ18O measurements from the Eocene 

natural archives (e.g. lake or soil carbonates) are available due to a huge measurement afford 

of recent decades (studies of  [Rowley and Currie, 2006; Xu et al., 2013, 2015; Ding et al., 

2014; Hoke et al., 2014; Wei et al., 2016]) and a range of paleoaltimetry estimates for this 

time period have been providen: form comparable with present-day elevation for Eocene 

Tibet e.g [Ding et al., 2014] to near-surface elevations [Wei et al., 2016]. Classic stable 

oxygen isotopes-based approach relies on the knowledge about the relationship between low-

elevation precipitation δ18O (δ18Op) and δ18Op at the point of interest. This relationship has 

been calibrated using present-day empirical [Garzione et al., 2000; Poage and Chamberlain, 

2001] and theoretical approaches that rely on basic thermodynamic principles, including 

Rayleigh distillation, that govern isotopic fractionation processes [Rowley et al., 2001; Rowley 

and Garzione, 2007]. However, stationary of δ18Op-elevation relationship through time is 

questionable [Sturm et al., 2007].  

Spatial distribution of δ18O in modern precipitation and δ18O-elevation relationship is 

relatively well understood over Asia, based on data [e.g. Rozanski et al., 1993; Lee et al., 

2012] and modeling both [Li et al., 2016]. Non-homogeneity of the isotopic signal in 

precipitation and variations in δ18O-elevation relationship have been suggested, based on 

modern precipitation [Tian et al., 2001a, 2007], modern ice-cores [Tian, 2003], and surface 

water samples [Tian et al., 2001a; Hren et al., 2009; Quade et al., 2011; Bershaw et al., 

2012b]. In a series of studies, Tian et al. [Tian et al., 2001b, 2007; Tian, 2003] isolate three 

distinct regions where stable water isotopes patterns appears to be different: (1) south of 

Himalayas, (2) southern TP, between Himalayas and Tanggula mountains and (3) TP north of 

Tanggula mountains. In these studies, moisture origin, vapor transport, as well as the “amount 

effect” of monsoon precipitation have been hypothesized to influence the final δ18O signal of 

precipitation. Based on the isotopic composition of surface waters and soil carbonates, Quade 

et al. (2011) suggest a gradual increase in δ18O values to the north of Himalayas crest and 

reduced isotope-elevation gradient in the northernmost TP that reflects the diminishing 

contribution of summer monsoon.  In addition to the restricted influence of the Indian Ocean-

derived moisture on the northern Plateau, Hren et al. [Hren et al., 2009] showed an enriching 

impact of western-sourced air masses on moisture signature of the northern TP. Bershaw et al. 
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[Bershaw et al., 2012b] used back-trajectories to estimate moisture sources contributing to the 

hydrological budget of Asia. The authors suggest that local moisture recycling has a crucial 

impact on the isotopic signature of precipitation regardless the origin of air mass. In regard to 

quite sparse distribution of observations, Atmospheric General Circulation Models (AGCM) 

also have been to simulate present-day distributions of δ18Op [Yao et al., 2013] and the model 

results have been used to divide the HTP aria into three zones: (1) the monsoonal domain, 

controlled mainly by the monsoonal precipitation with very depleted δ18Op, with a high role of 

the amount effect (2) the northern domain which hydrological budget is mainly controlled by 

the moisture transported with the westerlies, and (3) a transitional domain, which is controlled 

by either monsoonal or westerlies moisture depending on the season. 

Reconstruction of spatial δ18Op distributions for pale time periods is more 

complicated, in a lack of paleo data and numerical simulations. In order to fill this gap and 

aiming to quantify how different aspects of climate changes influence δ18Op isotopes-

equipped AGCMs have been used. Results highlight the sensitivity of δ18Op to climate change 

associated with variations in pCO2 [Poulsen et al., 2007; Poulsen and Jeffery, 2011], sea 

surface temperatures (SSTs) [Sturm et al., 2007], sea level changes [Poulsen et al., 2007], and 

uplifts of major orogens [Ehlers and Poulsen, 2009; Poulsen et al., 2010; Botsyun et al., 

2016]. At the exception of [Sewall and Fricke, 2013] for the Cretaceous, these studies were 

based on sensitivity experiments using present-day continental positions and could not aim at 

simulating δ18O for a particular period. In a very recent paper of [Roe et al., 2016] an isotopes 

enabled GCM has been used for simulation using paleogeographies different from the 

present-day. However, these authors neither compare Eocene isotopic signal with present-day 

one nor explore the impact of Eocene topography variations on δ18Op.    

In this study we use isotope-enabled atmospheric general circulation model LMDZ-iso 

with realistic Eocene boundary conditions in order to study paleo δ18Op distributions over the 

Himalayas and the Tibetan Plateau and their controlling factors. Results of this study may 

perturb the elevation history of the Himalayas and the Tibetan Plateau as appeal directly to 

the paleoelevations reconstructions methodology. 

 

2. Climate and Isotope modelling 

We use LMDZ-iso, a derivative from the LMDz [Hourdin et al., 2006] Atmospheric 

General Circulation model (GCM) developed at Laboratoire de Météorologie Dynamique, 

Paris, France, that is implemented with isotopes-tracking capabilities [Risi et al., 2010]. This 
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model represents isotopic processes associated with all phase changes. Water in its vapour 

and condensed form is advected by the Van Leer advection scheme [Van Leer, 1977]. The 

ability of this model to simulate atmospheric dynamics and reproduce rainfall and δ18O 

patterns over Asia has been shown in previous studies [Yao et al., 2013; Botsyun et al., 2016]. 

Here we use a model configuration with 144 grid points in longitude, 142 in latitude and 39 

vertical layers. LMDZ-iso stretchable grid allows increasing regional spatial resolution and 

gives an averaged resolution of ~50 km over central Asia.  

We provide experiments depicting both present-day-like and Eocene climate 

precipitation δ18O patterns. As LMDZ-iso is an AGCM, we needed to prescribe sea-surface 

temperatures (SSTs) as boundary conditions. SSTs were obtained by using the fully coupled 

model FOAM (Fast Ocean–Atmosphere Model [Jacob, 1997] (ocean, 2.8° x 1.4° resolution 

with 24 vertical levels; atmosphere, 7.5° x 4.5° with 18 vertical levels) forced by present-day 

geography or Eocene paleogeography reconstruction [Licht et al., 2014] respectively. Such a 

method using both models has been applied in recent studies on Cenozoic paleoclimates 

[Ladant et al., 2014; Licht et al., 2014]. For the Eocene case in order to obtain more realistic 

albedo and rugosity values, we used vegetation distribution simulated with biophysics 

vegetation model LPJ [Sitch et al., 2003]. 

When compared to present-day, Eocene paleogeography includes a southward shift of 

the Asian continent, as well as the presence of a large Paratethys Sea covering the region 

between 30° N and 47° N in latitude and extending to 80°E. The HTP is also considerably 

shifted to the south (situated between 15° N and 27° N) (Fig. 1). We also designed an 

additional experiment where the TP elevation was increased up to 5000 m, the elevations 

comparable with present-day ones. For revealing the effect of green house gases 

concentration combined with the paleogeographic one, atmospheric pCO2 has been set to 280 

ppm and 1120 ppm for present-day and Eocene configurations for the Eocene simulations, 

that lies within pre-industrial values approximations and the higher hand of Eocene estimates 

consequently [Beerling and Royer, 2011] (Table 1). 

FOAM simulation was integrated for 2,000 years without flux corrections or deep 

ocean acceleration. The last 50 model-years were used to build the SSTs climatology applied 

as input for LMDZ-iso. LMDz-iso experiments were run for 10 years, with 2 years used for 

spin-up. 

In addition, we provide wind trajectories back tracing that allowed to compare the 

moisture feeding of the Himalayas and the Tibetan Plateau. Back-trajectories are calculated 

using daily LMDZ outputs for present-day and the Eocene cases. Simulated horizontal winds 
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at 100 hPa above the ground surface are used, neglecting vertical motions. Simulated winds 

are interpolated in time and space to each geographical position along the back-trajectory. The 

geographical positions along the back-trajectories are computed every 6 hours back to 6 days, 

so that each back-trajectory is characterized by 24 positions. One hundred and fifty 

trajectories are calculated for each climate setting: one for every day of MJJAS. To visualize 

the origin of air masses, spatial maps of probability density functions are computed using all 

the 24x150 back-trajectory geographical positions. 

 

Table 1. List of experiments 

Experiment	  	   Configuration	   pCO2	  (ppm)	  
CTR-1X Present-‐day	  geography	   280	  
CTR-4X Present-‐day	  geography	   1120	  
EOC-1X Eocene	  paleogeography	  from	  Licht	  et	  

al.,	  2014	  
280	  

EOC-4X Eocene	  paleogeography	  from	  Licht	  et	  
al.,	  2014	  

1120	  

EOC-‐XL	   Eocene	  paleogeography	  with	  150%	  of	  
TP	  compared	  with	  EOC-4X 

1120	  

 

 
Figure 1. Geographical settings and FOAM-derived sea surface temperatures for A) CTR-1x B) CTR-4x, C) 

EOC-1x, D) EOC-4x 

A) CTR-1X

m.° C

B) CTR-4X

C) EOC-1X D) EOC-4X
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3. Model validation and effect of increased pCO2 in a modern configuration 

 

The ability of LMDZ-iso to simulate modern climate patterns and modern δ18Op have 

been shown in detail by [Yao et al., 2013; Botsyun et al., 2016]. Simulated with a model 

configuration used in this study, present-day δ18Op values over Asia are consistent with sparse 

observations from the International Atomic Energy Agency (IAEA) Global Network of 

Isotopes in Precipitation (GNIP) and show a sufficient agreement with modern precipitation 

and rivers δ18O measurements [Hren et al., 2009; Quade et al., 2011; Bershaw et al., 2012b; 

Caves et al., 2015]. However, some model-data discrepancies over the northern and central 

part of the Plateau and over Mongolia could be probably explained by: i) correspondence of 

measured date to JJA δ18O signal (season when rain events happen) that is much more 

positive that annual averaged one (not shown), ii) comparison with measurement of lake 

water δ18O, which is enriched in heavy isotopes due to evaporation processes, while currently 

used version of LMDZ-iso doesn’t include lakes simulation. 

The modern MJJAS (May to September average) isotopic distribution is characterized 

by a northward decrease in δ18Ov from the Himalayas foothills (25° N) to the southern Tibet 

(with values down to -24‰) linked to Rayleigh distillation during rainout and ascent of air 

masses along the southern flanks of the HTP. This mechanism is consistent with what has 

been shown from data and 1-D models [Rowley et al., 2001; Rowley and Garzione, 2007]. 

Not surprisingly, back-trajectories along South-North cross-Himalayas transect indicated 

mainly southern origin of air masses (Fig. 2, points 1 and 2). Between 30°N and 40°N a shift 

to less negative values of δ18Ov (ranging from -18 to -22 ‰) is simulated, that is linked to 

increased contribution of evaporation into the hydrological cycle (Fig. 3 C). This result is 

consistent with observations from several South-North transects across the Plateau [Quade et 

al., 2007, 2011; Bershaw et al., 2012b]. These studies inferred that this isotopic enrichment 

with latitude relied on the diminishing influence of 18O-depleted monsoon rainfall, increasing 

of westerlies contribution [Tian et al., 2001, 2007; Yao et al., 2013] and the increasing 

fraction of enriched recycled surface water (including evaporation from soils and lakes) in the 

precipitation regime [Bershaw et al., 2012b].  

 Compared to CTR-1X, δ18Op for the CTR-4X case show enriched values over the 

HTP region (Fig. 4 A, B) that is a direct consequence of warming associated with increased 

pCO2. However, δ18Op becomes more enriched for the CTR-4X over the HTP (by up to 8‰, 

locally) than over low-elevation areas (Fig. 5 A). This signal is consistent with a mechanism 
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previously described in [Poulsen and Jeffery, 2011]: increasing pCO2 warms preferentially 

the upper troposphere, thereby in subsidence zones δ18Ov is mechanically increased. The 

difference of δ18Ov between CTR-1X and CTR-4X experiments clearly shows the increase in 

isotopic lapse rates for the CTR-4X case (Fig. 5 H). Moisture transport patterns as well as the 

hydrological cycle (relative contribution of convective and large-scale precipitation, the 

evaporation contribution) remains almost unchanged with the shift in CO2 concentration for 

the CTR case (Fig 3 A, C, E, H).  

 
Figure 2. MJJJAS δ18Op profiles from CTR-1x (A) and EOC-4x (B) experiments. Maps show the 

probability distribution of air masses along the back trajectories for each of the 6 points for CTR-1x (points 1-3) 

and EOC-4x (points 4-6). Back trajectories last 6 days and the distribution is calculated daily from May to 

September at 900hPa level. 
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Figure 3. South-North cross HTP sections for A), B) the ratio between convective precipitation and large-scale 

precipitation C), D) the ratio between evaporation and precipitation, E), F) near surface zonal winds, H), J) near 

surface meridional winds for CTR (A, C, E, H) and Eocene cases (B, D, F, J). All variables are shown for 

MJJAS. Grey shade shows the topography for corresponding simulation. For the CTR case profiles are averaged 

between 85°E and 90° E, and between 73° E and 78° E for the Eocene cases. 
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Figure 4. LMDZ-iso simulated mean MJJAS δ18Op (precipitation weighted) for: A) CTR-1X, B) CTR-

4X, C) EOC-1X and D) EOC-4X cases. White shade corresponds to areas where precipitation is under 0.05 

mm/month.  
 

4. The Eocene world: Combining paleogeographic and pCO2 effects 

 

In general, for the EOC-1X the pattern of δ18Ov over Asia depicts a strong latitudinal 

dipole associated with Eocene climate dynamics, with depleted values south of the HTP and 

highly enriched values to the North. Along a South-North transect (Fig. 5 B), δ18Ov gradually 

decreases through rainout from the Indian southern tip (ca. -4‰) to a minimum at the HTP 

foothills, at 12°N (-10‰), similarly to the patterns simulated south of the HTP in CTR-1X 

simulation. However, contrary to simulations with modern geography, EOC-1X experiment 

shows an absent of isotopic depletion over the southern slope of the HTP, with the δ18Ov 

values increasing from 15°N to 22°N (Fig. 4 B). Backtrajectories analyses shows that cite 

along S-N transect are feed by multiple disconnected air masses (Fig. 3, point 4, 5, 6), while 

the Rayleigh distillation is valid for a single air mass only. For Himalayas foothills MJJAS 

wind trajectories are coming form the south via the Indian plain, further to the north, over the 

‰

A) CTR-1X B) CTR-4X

C) EOC-1X D) EOC-4X
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Himalayas, they switch to	  preferably westerly source and, finally, at the top of the HTP wind 

trajectories are advected form the Pacific Ocean. A direct consequence of this air masses 

mixing over the Plateau is an absence of δ18Ov-elevation relationship predicted by the 

Rayleigh distillation and commonly used for paleoelevation reconstruction [Rowley et al., 

2001; Rowley and Garzione, 2007]. On the contrary, for the Eocene simulations, over the 

southern slope of Himalayas, δ18Op apparently increases with increasing elevation	  (Fig. 6). 

Compared to modern configuration, Eocene paleogeography makes the entire Asian 

continent being shifted ca. 13° southward. The first consequence is 3-to-5°C warmer 

continent, regardless prescribed pCO2 (Table 2). For the Eocene case, the HTP is located 

between ca. 10° N and 28° N and is surrounded by an almost equatorial Indian subcontinent 

to the south and a flat region including the eastern edge of Paratethys to the North of the HTP. 

This latter region lies under the subsidence branch of the Hadley cell, which latitudinal 

position is unaltered by varying pCO2 (Fig. 5 D F). On the contrary, Eocene elevated 

topography is situated in a strong convection zone (Fig. 5 D E), which, together with high 

evaporation rates (Fig. 3 D) results in high δ18O at the lifted condensation level over the HTP 

due to convective uplift of near-surface 18O-enriched vapor.  This shift of the Eocene HTP 

region into a convection zone results in low sensitivity of δ18Op over elevated topography to 

prescribed pCO2 (Fig. 5 J). 

 
Table 2. LMDZ-iso simulated temperatures. Region temperatures are averaged from 10° N to 50°N and from 45° 

E and 120° E. 

	   CTR-‐1X	   CTR-‐4X	   EOC-‐1X	   EOC-‐4X	  
Global	  annual	  averaged	  near	  surface	  
temperatures	  	  

14.07	   19.66	   16.75	   22.60	  

Regional	  annual	  averaged	  near	  surface	  
temperatures	  

20.44	   23.95	   21.54	   26.80	  

 

In addition to the processes described above, for the Eocene case large-scale 

subsidence between ca. 25 and 40°N contributes to extremely arid condition, thus increasing 

post-condensational isotopic enrichment in the very dry air column. Low relative humidity 

drives high rates of raindrop re-evaporation that occurs after initial condensation, leading to 

an isotopic enrichment of precipitation compared to water vapor [Lee and Fung, 2008].  
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Figure 5. MJJJAS δ18Op profiles from modern (A) and Eocene (B) experiments. Red line corresponds 

to CTR-4X and EOC-4X, black line to CTR-1X and EOC-1X cases and blue – to CTR-1X - CTR-4X and EOC-

1X - EOC-4X respectively. MJJAS δ18Ov and meridional-vertical wind velocities for C) CTR-1X, D) EOC-1X, 

E) CTR-4X, and F) EOC-4X experiments. Black line shows the lifted condensation level. MJJAS vertical 

profiles of the temperature and vertically integrated differences between CTR-1X and CTR-4X; EOC-1X and 

EOC-4X experiments. For the CTR case profiles are averaged between 85°E and 90° E, and between 73° E and 
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78° E for the Eocene cases. 

 

 

 
Figure 6. δ18Op – elevation relationship for the southern slope of the HTP for the EOC-4X experiment. 

 

Conclusions 

High surface temperatures linked to high CO2 concentrations and shift of the HTP to 

almost equatorial zone for the Eocene case, together with prevailing convective regime over 

the Eocene HTP shift δ18Op towards less negative values.  

Our results suggest also suggest that the paleogeographycal changes are crucial for 

moisture feeding of the HTP region change dramatically δ18Op – elevation gradients. We 

show that the assumption about stationary of δ18O-elevation relationship through geological 

time [Sturm et al., 2007] commonly used in paleoelevations studies is not valid. Thus,  

empirical paleoclimate reconstructions using oxygen stable isotopes are based on the 

assumption of stationary of δ18O-elevation relationship through geological time are likely no 

credible and the paleoelevation history of the HTP should be reviewed accounting for climatic 

processes that are recorded in the natural archives.   

We suggest using high-resolution isotope-enabled GCM models with realistic 

boundary conditions in order to reconstruct paleoclimates and δ18O both. Confronted against 

brut δ18O from carbonate archives, results of such simulations my help in understanding the 

elevation history of major oregens. 

 

Acknowledgments 

This work is a part of iTECC (interaction Tectonics-Erosion-Climate-Coupling) project 

E
le

va
tio

n,
 m

4000

3000

2000

1000

       0
-12.0 -8.0 -4.0 0.0-10.0 -6.0 -2.0

į18Op, ‰

Pearson 
correlation 
coefficient =0.59

4.3. Article in preparation for EPSL: Controls of the Eocene stable oxygen isotopes over
Himalayas and Tibetan Plateau

142



funded by European Union. Computational resources were provided by IDRIS-GENCI 

(project 0292), France. 

 

References cited 

Abe, M., A. Kitoh, and T. Yasunari (2003), An Evolution of the Asian Summer Monsoon 

Associated with Mountain Uplift-Simulation with the MRI Atmosphere-Ocean Coupled 

GCM-, J. Meteorol. Soc. Japan, 81(5), 909–933, doi:10.2151/jmsj.81.909. 

Bershaw, J., S. M. Penny, and C. N. Garzione (2012), Stable isotopes of modern water across 

the Himalaya and eastern Tibetan Plateau: Implications for estimates of paleoelevation 

and paleoclimate, J. Geophys. Res. Atmos., 117(2), 1–18, doi:10.1029/2011JD016132. 

Botsyun, S., P. Sepulchre, C. Risi, and Y. Donnadieu (2016), Impacts of Tibetan Plateau 

uplift on atmospheric dynamics and associated precipitation δ18O, Clim. Past, 12(6), 

1401–1420, doi:10.5194/cp-12-1401-2016. 

Broccoli, A. J., and S. Manabe (1992), The Effects of Orography on Midlatitude Northern 

Hemisphere Dry Climates, J. Clim., 5(11), 1181–1201, doi:10.1175/1520-

0442(1992)005<1181:teooom>2.0.co;2. 

Ding, L., Q. Xu, Y. Yue, H. Wang, F. Cai, and S. Li (2014), The Andean-type Gangdese 

Mountains: Paleoelevation record from the Paleocene-Eocene Linzhou Basin, Earth 

Planet. Sci. Lett., 392, 250–264, doi:10.1016/j.epsl.2014.01.045. 

Hahn, D. G., and S. Manabe (1975), The role of mountains in the south Asian monsoon 

circulation, J. Atmos. Sci., 32(8), 1515–1541. 

Hoke, G. D., J. Liu-Zeng, M. T. Hren, G. K. Wissink, and C. N. Garzione (2014), Stable 

isotopes reveal high southeast Tibetan Plateau margin since the Paleogene, Earth Planet. 

Sci. Lett., 394, 270–278, doi:10.1016/j.epsl.2014.03.007. 

Kitoh, A. (2004), Effects of Mountain Uplift on East Asian Summer Climate Investigated by 

a Coupled Atmosphere–Ocean GCM, J. Clim., 17(4), 783–802, doi:10.1175/1520-

0442(2004)017<0783:EOMUOE>2.0.CO;2. 

Kutzbach, J. E., P. J. Guetter, W. F. Ruddiman, and W. L. Prell (1989), Sensitivity of climate 

to late Cenozoic uplift in southern Asia and the American west: numerical experiments, 

J. Geophys. Res. Atmos., 94(D15), 18393–18407. 

Lee, J. E., C. Risi, I. Fung, J. Worden, R. A. Scheepmaker, B. Lintner, and C. Frankenberg 

Chapter 4. Cenozoic δ18O in precipitation

143



(2012), Asian monsoon hydrometeorology from TES and SCIAMACHY water vapor 

isotope measurements and LMDZ simulations: Implications for speleothem climate 

record interpretation, J. Geophys. Res. Atmos., 117(15), 1–12, 

doi:10.1029/2011JD017133. 

Li, J., T. A. Ehlers, S. G. Mutz, C. Steger, H. Paeth, M. Werner, C. J. Poulsen, and F. Ran 

(2016), Modern precipitaion d18O and trajectory analysis over the Himalaya-Tibet 

Orogen from ECHAM5-wiso simulations, J. Geophys. Res. Atmos. 

Liu, X., and Z. Y. Yin (2002), Sensitivity of East Asian monsoon climate to the uplift of the 

Tibetan Plateau, Palaeogeogr. Palaeoclimatol. Palaeoecol., 183(3–4), 223–245, 

doi:10.1016/S0031-0182(01)00488-6. 

Quade, J., C. Garzione, and J. Eiler (2007), Paleoelevation Reconstruction using Pedogenic 

Carbonates, Rev. Mineral. Geochemistry, 66(1), 53–87, doi:10.2138/rmg.2007.66.3. 

Quade, J., D. O. Breecker, M. Daëron, and J. Eiler (2011), The paleoaltimetry of Tibet: An 

isotopic perspective, Am. J. Sci., 311(2), 77–115, doi:10.2475/02.2011.01. 

Rowley, D. B., and B. S. Currie (2006), Palaeo-altimetry of the late Eocene to Miocene 

Lunpola basin, central Tibet., Nature, 439(7077), 677–681, doi:10.1038/nature04506. 

Rowley, D. B., and C. N. Garzione (2007), Stable Isotope-Based Paleoaltimetry, Annu. Rev. 

Earth Planet. Sci., 35(1), 463–508, doi:10.1146/annurev.earth.35.031306.140155. 

Rowley, D. B., R. T. Pierrehumbert, and B. S. Currie (2001), A new approach to stable 

isotope-based paleoaltimetry: Implications for paleoaltimetry and paleohypsometry of 

the High Himalaya since the late Miocene, Earth Planet. Sci. Lett., 188(1–2), 253–268, 

doi:10.1016/S0012-821X(01)00324-7. 

Rozanski, K., L. Araguás-Araguás, and R. Gonfiantini (1993), Isotopic patterns in modern 

global precipitation, Clim. Chang. Cont. Isot. Rec., 1–36. 

Ruddiman, W. F., and J. E. Kutzbach (1989), Forcing of late Cenozoic northern hemisphere 

climate by plateau uplift in southern Asia and the American West, J. Geophys. Res. 

Atmos., 94(D15), 18409–18427. 

Sturm, C., G. Hoffmann, and B. Langmann (2007), Simulation of the stable water isotopes in 

precipitation over South America: Comparing regional to global circulation models, J. 

Clim., 20, 3730–3750, doi:10.1175/JCLI4194.1. 

4.3. Article in preparation for EPSL: Controls of the Eocene stable oxygen isotopes over
Himalayas and Tibetan Plateau

144



Tian, L., V. Masson-Delmotte, M. Stievenard, T. Yao, and J. Jouzel (2001), Tibetan Plateau 

summer monsoon northward extent revealed by measurements of water stable isotopes, 

J. Geophys. Res., 106(D22), 28081, doi:10.1029/2001JD900186. 

Tian, L., T. Yao, K. MacClune, J. W. C. White, A. Schilla, B. Vaughn, R. Vachon, and K. 

Ichiyanagi (2007), Stable isotopic variations in west China: A consideration of moisture 

sources, J. Geophys. Res. Atmos., 112(10), 1–12, doi:10.1029/2006JD007718. 

Wei, Y., K. Zhang, C. N. Garzione, Y. Xu, B. Song, and J. Ji (2016), Low palaeoelevation of 

the northern Lhasa terrane during late Eocene: Fossil foraminifera and stable isotope 

evidence from the Gerze Basin, Sci. Rep., 6, 27508. 

Xu, Q., L. Ding, L. Zhang, F. Cai, Q. Lai, D. Yang, and J. Liu-Zeng (2013), Paleogene high 

elevations in the Qiangtang Terrane, central Tibetan Plateau, Earth Planet. Sci. Lett., 

362, 31–42, doi:10.1016/j.epsl.2012.11.058. 

Xu, Q., L. Ding, R. Hetzel, Y. Yue, and E. F. Rades (2015), Low elevation of the northern 

Lhasa terrane in the Eocene: Implications for relief development in south Tibet, Terra 

Nov., 27(6), 458–466, doi:10.1111/ter.12180. 

Yao, T. et al. (2013), A review of climatic controls on δ18O in precipitation over the Tibetan 

Plateau: Observations and simulations, Rev. Geophys., 51(4), 525–548, 

doi:10.1002/rog.20023. 

 

Chapter 4. Cenozoic δ18O in precipitation

145



4.4. Additional Eocene experiments

4.4 Additional Eocene experiments

In the article in preparation shown in the previous section, two Eocene simulations

were used, a reference one, with the paleogeography from the publication of Licht et al.

(2014) and a pre-industrial values for the pCO2, and another one, with the same paleo-

geography, but 4 times increased pCO2. However, during my PhD thesis, I have performed

additional simulations for the Eocene period. The impact of the surface albedo, SSTs, or-

bital parameters and the Paratethys Sea retreat has been tested (Figure 4.15). These simu-

lations are complementary to those described in the article in preparation and enlarge the

potential vision of the isotopic oxygen spatial variability over Asia and during the Eocene

we may get from our modeling perspective. These simulations are briefly described be-

low to tentatively show that main features described in the article hold against potential

changes in boundary conditions.

4.4.1 The impact of orbital forcings

Orbital forcing is the effect on climate of changes in the tilt of the Earth’s axis and in the

shape of the orbit. In modern studies, it has been shown that such variations may have a

significant impact on the hydrological cycle over Asia (Licht et al., 2014). In our previous

experiments, the orbital parameters were kept unchanged to their modern values (see

Section 2.4). Here we test two extreme orbital configurations for the Eocene case in order

to produce either a warm austral summer ("warm austral" orbit (or "cold boreal" orbit),

with eccentricity 0.05, obliquity 24.5 and with Earth at perihelion in January) or a cold

austral summer (and thus a "warm boreal" summer, with eccentricity 0.05, obliquity 22.5

and with Earth at perihelion in July) (Figure 4.13).

Results of these simulations show that when "warm boreal" scenario is applied, the

summer (MJJAS averaged) precipitation rate increases over Asia (Figure 4.14, panels A,

B). In addition, the seasonality of rainfall is much stronger than for the simulation with

present-day like orbital forcing (Figure 4.14, panels D, E). On the contrary, for the case with

"cold boreal" scenario, mean summer precipitation amount is smaller and seasonality is

less pronounced (Figure 4.14, panels C, A).

δ18Op summer (MJJAS) patterns appear to be fairly similar for the three forcings tested

here (Figure 4.15). For all cases more negative values of δ18Op are simulated over India

and southern slopes of the HTP, while over Asia (between 20◦ N and 40◦ N) much more

positive values of δ18Op are simulated. This gradient is stronger for the "warm boreal"

scenario case. This is consistent with the stronger precipitation simulated in this scenario

over India which in turn induce a larger amount effect and more negative isotopic values

and with desert conditions (shift towards less negative δ18Op via droplet evaporation)

behind the Plateau.

4.4.2 Paratethys retreat

In previous studies with numerical experiments, it has been shown that the change in

land-sea distribution over Asia and the Paratethys shrinkage in particular has an impor-
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tant impact on the hydrologycal cycle (e.g. Ramstein et al., 1997). It was also hypothesized

that the change in land-sea distribution since the Eocene could cause the source of water

vapor to shift from local (Paratethys) to more distal areas (proto-Atlantic and/or Indian

Ocean), resulting in a decrease in the δ18Op value over the HTP (Bershaw et al., 2012).

Here we test the impact of the Paratethys retreat on δ18Op for the Eocene case. For this

purpose, we have changed the land-sea mask (Figure 4.15). The most dramatic changes

occur during winter months when the simulation with the Paratethys retreat appears to

be dryer then the control Eocene case (compare white area over Asia between the first and

last column of the Figure 4.15). Ramstein et al. (1997) have reached similar conclusions

about the increased continentality. Conversely, both summer and annual mean precipi-

tation δ18O over elevated parts of the HTP appears to be not very different from the values

simulated in control Eocene experiment.

We conclude that the Paratethys retreat has a small impact on the precipitation δ18O,

at least for the Eocene case. However, for further investigations addition experiment with

bigger portion of land to the north-west of the HTP should be set.

4.4.3 Surface albedo variation

The effect of surface albedo changes linked to the vegetation variations on climate has

been shown using numerical modeling tools since more then 30 years ago (Henderson-

Sellers and Wilson, 1983). However, the impact of the surface albedo on δ18O has barely

been explored, especially for the paleo case.

In our Cenozoic simulations, biophysical characteristics setting values of surface albedo,

roughness and evapotranspiration capability have been obtained using the LPJ vegetation

model (see more on the method used in Section 2.3.5). In order to evaluate the magnitude

of isotopic changes linked to the biophysical characteristics, we have designed an addi-

tional idealistic simulation in which mean values of biophysical characteristics have been

uniformly applied to each continental pixel of the model.

Preliminary results show that δ18Op over Asia for the Eocene are sensitive to these

changes in order of magnitude of ∼3 %%. These changes are not homogeneous: the max-

imal effect is simulated between 20◦ N and 40◦ N, where high surface albedo (that corre-

sponds to a desert) for control Eocene case has been replaced by a modest (Figure 4.15,

1st and 3rd columns).

4.4.4 SSTs changes

Paleo sea surface temperatures are controlled by greenhouse and paleogeographic

forcing both. For more realist paleo experiments we force LMDZ-iso with FOAM sea sur-

face temperatures (for more details on this method see Chapter 2 and Section 2.3.5 in

particular). For the Eocene case we have tested the impact of sea surface temperatures on

δ18O over Asia. For this purpose we designed LMDZ-iso experiment with Eocene paleo-

geography, 4x CO2 concentration, but present-day sea surface temperatures and compare

the results of this experiment with Eocene control experiment.

Results of our experiments (Figure 4.15, column 2) show that δ18Op over the Asian
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region is sensitive to the SST forcing, as a direct consequence of atmospheric dynamics

changes: for the case with present-day SSTs, moisture over the HTP is advected preferably

from the Pacific ocean with minimum in δ18Op over the eastern flank of the HTP, which is

also consistent with summer precipitation maximum (not shown). In average δ18Op over

the region are ∼ 5 %% more depleted that for the control Eocene case (compare Figure 4.15,

column 1 and 2) due to cooler SSTs. However, we aware that configuration with present-

day SSTs and Eocene paleogeography is impossible in nature, as a paleogeography has

direct effect on SSTs.

4.4.5 Himalayas and Tibetan Plateau uplift

In order to investigate the impact of the HTP uplift on Eocene δ18Op we set a group of

experiments with various elevation of the mountains over the region. Surprisingly, δ18Op

appeared to be insensitive to the topography changes (Figure 4.16). We provide deeper

analysis of these simulations together with model-data comparison in Chapter 5.
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present-day like 
orbital forcing (PO)
warm boreal 
scenario (WS) 
cold boreal 
scenario (CS) 

month

PO
WS

CS

Figure 4.13 – Solar radiation at top of the atmosphere during a seasonal cycle, averaged over a
domain from 40◦ E to 120◦ E and from 5◦ S to 45◦ N for 3 Eocene simulations: 1) with present-day
orbital parameters (black line), 2) with eccentricity 0.05, obliquity 24.5 and with Earth at perihelion
in January, that corresponds to "cold boreal" scenario (blue line), 3) "warm boreal" scenario with
eccentricity 0.05, obliquity 22.5 and with Earth at perihelion in July (red line). When "warm boreal"
scenario is applied, the Asian region receives much more solar energy during the boreal summer
and less solar energy during boreal winter (more contrast seasonal cycle.), then when "cold boreal"
scenario is applied.
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Figure 4.14 – A,B,C) MJJAS precipitation and vertically integrated moisture transport, and D,E,F)
precipitation seasonality index (ratio of rainfall from May to September versus annual rainfall) for
A,D) Present-day like orbital forcing (PO), B,E) Warm boreal scenario (WS), C,F) Cold boreal sce-
nario (CS). The simulation with the warn boreal scenario is characterized by the highest summer
precipitation rate and the strongest seasonality, while the simulation with the cold boreal scenario
shows contrasting results with the lowest summer precipitation rates and seasonality.

149



4.4.
A

d
d

itio
n

alE
o

cen
e

exp
erim

en
ts

present SST homogeneous albedo cold boreal scenario warm boreal scenariocontrol Eocene case reduced Paratethys

an
nu

al
 m

ea
n

M
JJ

A
S

D
JF

-19 -17 -15 -13 -11 -9    -7  -5   -3   -1 0 1
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4.5 Summary and conclusions

In this chapter we study Cenozoic δ18Op over Asia, using numerical tools. We show

to what extant δ18Op over Asia may vary through the Cenozoic using realistic boundary

conditions for Early Eocene, Middle Eocene, Oligocene and Miocene periods. In general,

for all Cenozoic experiments δ18Op over the HTP region are at least 9 %% less negative

that for the control (present-day) case. For the Miocene experiment a shift towards less

depleted δ18O over elevated topography is consistent with the mechanism suggested by

Poulsen and Jeffery (2011) based on sensitivity experiments with increased pCO2: heat-

ing of the upper troposphere results in steeper temperature lapse rates and relatively en-

riched δ18Ov that are transported downwards over subsidence areas.

For earlier time periods, such as the Eocene and the Oligocene, paleo HTP is situated

more then 10◦ to the south. This southward shift together with high pCO2 concentration

results in 1) shift in δ18Ov towards less depleted values following higher temperatures, 2)

less depleted δ18Op over the HTP due to larger hydrological recycling component includ-

ing more enriched air water masses and a convection of enriched near-surface air. More

comprehensive analysis with backward wind trajectories tracing for the Eocene allow to

conclude that over the southern slope of the Himalayas the Rayleigh distillation processes

is not valid for the Eocene case because the moisture coming from the southerly source

(the monsoon) precipitates before the Himalayas foothill and δ18Ov over the HTP is con-

trolled by air mixing process between westerly and easterly moisture sources.

Sensitivity experiments for the Eocene case, show that variations in orbital forcings,

the partial retreat of the Paratethys Sea, continental biophysical characteristics, topogra-

phy variations, pCO2 forcing have less important effect on the Eocene δ18O over the HTP

that the change of paleogeography. Simulated insensitivity of Eocene δ18O to the topo-

graphic changes have important consequences for paleoaltimetry studies (see Chapter

5).

One of the major uncertainty here remains linked to the uncertainty we have on pa-

leogeography constraints. While we can hope that our constraints on continental con-

figurations for the Cenozoic will become far better in the near future, additional sensitiv-

ity experiments with artificially changed position of the India continent and the HTP are

planed in the next months.
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Chapter 5

Forward proxy modeling for the Eocene

In this Chapter (Sections 5.2) we present a draft paper "Eocene stable oxygen isotopes

in the Himalayas and Tibetan Plateau: A record of elevation or of climate change?", ready

for submission to Nature Communications. We use so-called “forward proxy modeling”

that relies on a direct comparison of stable water isotopes-enabled GCM outputs with

measured isotopic data from natural archives. Here we confront the results of our Eocene

simulations using LMDZ-iso against published data of δ18O from soil and lacustrine car-

bonate sampled over the HTP.
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5.1. Introduction

5.1 Introduction

Simulated climate patterns and associated isotopic signals can provide a "transfer

function" between the isotopic signal and climate variables. This technique of direct

comparison of data with the results of numerical simulations (commonly GCMs runs)

is called "forward proxy modeling" (Evans, 2007; Schmidt, 1999; Sturm et al., 2010). The

advantages of such an approach are: 1) modeling allows not only to simulate physical

variable (δ18O for our case), but also the processes that influence the recorded signal, 2)

using models with different boundary condition allows to chose the best-fit model. Joined

efforts of measurements and climate modeling could reduce the uncertainty associated

with the interpretation of a proxy signal. Principles, benefits and caveats of using wa-

ter isotopes embedded GCMs for supporting the interpretation of isotopic records from

natural archives are reviewed in Sturm et al. (2010).

We have chosen the Eocene period for a detailed investigation because the early ele-

vation evolution of the region is particularly controversial, but may provide particularly

important information for geodynamical and climatic reconstructions in the Early Ceno-

zoic.

In Section 1.3.3 we summarize basic principles of the paleoaltimetry approach based

on stable oxygen isotopes. As it has been shown, ones δ18Oc from the mineral material

have been measured, paleoprecipitation δ18O (δ18Opp ) can be restored using the calcite-

water fractionation coefficients (see the Equation 1.8) and assuming the knowledge about

carbonate formation temperature. In paleoaltimetry studies based on a classic approach

this last parameter is more often unknown and the range of estimations depends on the

assumptions made. For example, (Bershaw et al., 2012) used temperature of 19 ◦C for

their recalculations for the Eocene period, which is the average present-day temperature

for relatively dry months in their study area (Kashgar); (Caves et al., 2014) use the tem-

perature of 25 ◦C; (Rowley and Currie, 2006) - the temperature of 10 ◦C. The choice of this

temperature is subjective, based on assumptions about the elevation and global temper-

ature change due to pCO2 variations.

Second major assumption of stable oxygen isotopes-based paleoaltimetry is the pre-

sumed stationary of δ18Op - elevation relations through time. Ones δ18Opp is recalculated

from δ18Oc data, it is related to the low-elevated reference values. For this purpose most

modern studies use the 1-D model suggested by Rowley et al. (2001), which is based on

the Rayleigh distillation process. Here we use LMDZ-iso GCM in order improve the classic

paleoaltimetry approach for the Eocene case and to provide the forward proxy modeling

over the Himalayas and Tibetan Plateau for this time period.
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5.2 Article in preparation for Nature Communications: Eocene

stable oxygen isotopes in the Himalayas and Tibetan Plateau:

A record of elevation or of climate change?

In this Section we present our manuscript ready for a submission to Nature Commu-

nications journal. The main points of the paper:

• Main point #1. Consistent S-N gradient in water δ18O in the Eocene linked to atmo-

spheric dynamics patterns, i.e. convective precipitation to the south, aridity to the

north;

• Main point #2. Low sensitivity of Eocene water δ18O to the topography change;

• Main point #3. High sensitivity of carbonate δ18O (δ18Oc ) to the local temperature

changes, that makes possible to use measured δ18Oc to paleoelevation studies;

• Main point #4. Eocene HTP did not reach present-day (3000+ m) elevations during

the Eocene;
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Abstract 

Oxygen isotope paleoaltimetry is frequently used to reconstruct the Cenozoic elevation 

history of mountains, including the Himalayas and Tibetan Plateau (HTP). This technique is 

based on the isotopic equilibrium fractionation between calcite and water δ18O. However, the 

temperature uncertainty of carbonate formation makes such reconstructions challenging. 

During the Cenozoic there have been major changes in global temperature linked to changes 

in paleogeography and atmospheric CO2 concentrations as well as local temperature 

variations associated with the topography. Here we use the isotope-equipped General 

Circulation Model (GCM) LMDZ-iso in a high-resolution configuration with present-day and 

Eocene boundary conditions. For the Eocene simulations, we vary the altitude and geometry 

of the HTP to test the sensitivity of water δ18O (δ18Ow) to different topographies and 
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geometries. For the purpose of the model-data comparison, we derive carbonate δ18O (δ18Oc) 

using model simulated δ18Ow and surface temperatures and compare it with published δ18Oc. 

Our results suggest that the spatial distribution of δ18Ow for the Eocene is almost insensitive to 

topographic height in Asia. For all topography configurations, we simulate a south-north 

positive δ18Ow gradient, with more depleted values over the Indian subcontinent and more 

enriched values over the northern part of the Plateau. Over the Himalayan foothills, this 

gradient is associated with the amount effect, while over the northern HTP, it is caused by low 

precipitation rates, associated with wide-spread aridity driven by large-scale subsidence. 

However, δ18Oc still records paleo-elevation because the fractionation between calcite and 

water is sensitive to temperature, which depends on altitude. The models where HTP 

elevation is 1500 and 3000 m show the best agreement with δ18Oc. We conclude that the 

Himalayas and the Tibetan Plateau did not reach present-day (3000+ m) elevations during the 

Eocene.  

 

Introduction 

It is pivotal to constrain the timing of uplift of the HTP to understand the mechanics of 

continental deformation (e.g. [Tapponnier et al., 2001; Royden et al., 2008]) and regional to 

global climatic changes during the Cenozoic (e.g. [Raymo and Ruddiman, 1992; Molnar et 

al., 2010]). The present-day geography of Asia results from both the ongoing collision 

between the Indian and Eurasian plates that began ~55 Ma [Le Pichon and Heirtzler, 1968] 

and the buoyancy of continental crust [Molnar et al., 2010]. Though the latitudinal positions 

of India and Asia over this period are well constrained by paleomagnetism [Lippert et al., 

2014], the altitude of HTP through time remains disputed [Wang et al., 2014]. Recent studies 

have proposed numerous uplift scenarios for the HTP, from a pre-collision, highly elevated 

Plateau (e.g. ~100 Ma ago) [Murphy et al., 1997] to stepwise uplift since collision ~55 Ma 
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ago (e.g. Tapponnier et al., 2001) to more recent rapid uplift, particularly of the northern HTP 

(<7 Ma ago) [Sun and Liu, 2000]. In particular, the early uplift history of the HTP remains 

controversial [Wang et al., 2008], with estimates spanning from a near sea-surface Plateau 

[Wei et al., 2016] to high Eocene elevations [Ding et al., 2014]. 

Stable isotope paleoaltimetry has been widely used to reconstruct the Cenozoic 

elevation history of the HTP (see data compilation in Extended Data Table 1). Stable isotope 

paleoaltimetry is based on the decrease of δ18Ow (expressed in ‰ relative to the V-PDB 

standard) with increasing elevation across mountain ranges [Poage and Chamberlain, 2001; 

Rowley et al., 2001]. In the Himalayas and southern Tibet, the isotopic lapse rate is 

approximately -2.8 ‰/km [Quade et al., 2011], in agreement with distillation models that 

predict decreasing δ18Ow in response to decreasing atmospheric relative humidity and 

temperature during orographic ascent [Rowley et al., 2001]. This altitude effect is archived in 

continental carbonates (δ18O for carbonates, δ18Oc, expressed in ‰ relative to the V-PDB 

standard), with a fractionation factor that depends on carbonate growth temperature.  

However, stable isotope paleoaltimetry relies on the key assumption that the main 

atmospheric factors that control atmospheric distillation and air mass δ18O values have 

remained constant over millions of years. The impact of past changes in climate on δ18Ow is 

uncertain but has been hypothesized to significantly effect δ18Ow [Botsyun et al., 2016]. 

Changes in lapse rates [Poulsen and Jeffery, 2011], sources of precipitation e.g. [Hren et al., 

2009; Xu et al., 2013], and changes in monsoonal regime [Quade et al., 1989] are all possible 

sources of isotopic variation in the HTP. In addition, knowledge regarding the temperature of 

carbonate formation is necessary for adequate reconstruction of paleo δ18Ow, that is a direct 

consequence of the equilibrium between calcite and water δ18O [Kim and O’Neil, 1997].  

Here, we test the impact of Eocene paleogeography and topography variations on 

water vapor and precipitation δ18O with climate simulations, and compare simulated δ18Oc 
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values with previously published data. Our climate simulations take into account changes in 

the HTP latitude, roughness length, albedo, and SST, that have been suggested to change the 

relative contribution of different air masses within the HTP and hypothesized to have caused 

significant shifts in δ18Ow [Kutzbach et al., 1989; Broccoli and Manabe, 1992; Liu and Yin, 

2002; Abe et al., 2003; Kitoh, 2004]. We provide a data-model comparison for understanding 

the role of topography and climate on δ18Oc as well as estimating the validity of δ18O-based 

paleoaltimetry in deep time.   

 

Methods 

We use the LMDZ-iso Atmospheric General Circulation Model (GCM) [Risi et al., 

2010], which has been shown to properly simulate atmospheric dynamics and reproduce 

rainfall and δ18Ow patterns consistent with data over Asia [Botsyun et al., 2016]. A stretchable 

grid allows for increased averaged spatial resolution up to ~50 km over central Asia. 

Simulated present-day δ18Ow values over Asia are consistent with sparse observations from 

the Global Network of Isotopes in Precipitation [GNIP, 2016] and show agreement with 

modern precipitation and river δ18O (Extended Data Fig. 1). 

We provide experiments depicting both present-day and Eocene climate. For the 

Eocene experiments, we use the Eocene paleogeography reconstruction of Licht et al. 2014 

[Licht et al., 2014], which includes a southward shift of the Himalayan front, and a large 

Paratethys Sea to the north of HTP (Fig. 1). To understand the role of topography on Eocene 

climate and the distribution of δ18Oc, we perform a series of experiments by varying the 

elevation of the HTP. The Eocene HTP reaches up to 3500 m in the initial reconstruction 

[Licht et al., 2014] (EOC-L simulation, Extended Data Fig. 2A) and is increased to 5000 m in 

the EOC-XL simulation (Extended Data Fig. 2B), reduced to 1750 m in the EOC-M 

simulation (Extended Data Fig. 2C) and lowered to 200 m in the EOC-S simulation (Extended 
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Data Fig. 2D). Also, we modify the HTP geometry to obtain steep, narrow mountains 

analogous to the present-day Himalayas over the southern flank of the elevated topography in 

the EOC-Him experiment (Extended Data Fig. 2E). For all Eocene simulations, we use pCO2 

of 1120 ppm, which lies within published estimates [Beerling and Royer, 2011], and identical 

sea-surface temperatures (SSTs) to isolate the effect of topography on atmospheric dynamics 

and δ18Ow.  

We compare Eocene precipitation-weighted δ18Oc derived from our simulations with 

published Eocene δ18Oc data (Extended Data Table 1). Pedogenic carbonates in the HTP 

commonly form during the summer season [Quade et al., 2013]. Thus, to derive δ18Oc from 

our simulated δ18Ow values, we use May-September mean surface temperatures and use the 

standard fractionation factors from [Kim and O’Neil, 1997]. 

 

Results 

The Eocene paleogeography together with globally higher temperatures result in 

systematically higher δ18Ow for all Eocene simulations compared to the present-day (CTR). 

Simulated δ18Ow gradually decreases from the southern tip of India (ca. -4‰) to a minimum 

in the Indian Foreland, at 10°S (from -8 to -11‰ for different simulations), and then, over the 

northern HTP, increases up to -2 ‰ (Extended Data Fig. 3).  

Although a detailed comparison of present-day and Eocene climates is beyond the 

scope of this study, the shift of the Eocene HTP to the zone of strong convection, where near 

surface enriched vapor in transported towards the lifted condensation level, that results in less 

depleted vapor over the HTP (Botsyun et al., 2017, in prep.). The results of our simulations 

show a low sensitivity of vapor δ18O (δ18Ov) at the lifted condensation level to the HTP 

topography change, due to similarity in convection/subsidence patterns (Extended Data Fig. 

4). Simulated depleted δ18Op over the India, south China and south HTP are consistent with 
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high precipitation rates (the amount effect), while 8Op-rich values over the inner Asia coexists 

with extremely arid environments, driven by the descending branch of Hadley circulation 

(Extended Data Fig. 5). These processes result in a marked latitudinal δ18Oc dipole over the 

Eocene Asian continent, with depleted values south of the HTP and enriched values to the 

north (Fig. 2), that follows simulated δ18Ow (Extended Data Fig. 3). The HTP uplift results in 

higher summer precipitation rates (Extended Data Fig. 5) over the India and south Asia 

following the monsoon intensification, that results in more depleted δ18Op through the amount 

effect and, consequently, much pronounced S-N δ18Oc gradient for simulations with higher 

HTP (Fig. 2). Decomposition of total δ18Oc signal variations associated with the HTP uplift 

shows total δ18Oc signal evenly dependents on δ
18Op and temperature changes. However, 

δ18Ow changes contribute to the δ18Oc not only over the HTP, but also over India and inner 

Asia, that is consistent with the increase of S-N isotopic gradient in δ18Ow with the HTP 

uplift. Local temperature variations have the most important impact over the HTP and their 

contribution becomes more important for bigger portion of the uplift (Extended Data Fig. 6).  

Measured δ18Oc from previous publications show good agreement with the simulated 

S-N isotopic gradient in δ18Oc for all experiments (Fig. 2D,F,J,L,N). However, for the 

simulations with high Asian topography (EOC-Him, EOC-XL), measured δ18Oc is 

systematically more negative than simulated δ18Oc (Fig. 2H,J,K,L), while for simulations with 

relatively low Asian topography (EOC-S, EOC-M, EOC-L) measured δ18Oc show a good 

agreement with simulated δ18Oc. According to a Kolmogorov-Smirnov (K-S) test, δ18Oc 

distributions in EOC-Him and EOC-XL simulations are different from measured data within 

95% confidence interval (Extended Data Table 2). Simulations with low and modest 

elevations of the HTP (EOC-S, EOC-M and EOC-L) show the best fit to the recalculated data 

(Fig. 2C,D,K,L,M,N) (Extended Data Table 2). 

Chapter 5. Forward proxy modeling for the Eocene

161



Discussion and Conclusions 

Our Eocene simulations suggest a consistency between Eocene and present-day 

atmospheric processes that govern the spatial distribution of δ18Ow over Asia. Persistency of 

large-scale atmospheric circulation (i.e., the monsoon in the south and westerlies in the north 

of the HTP) throughout the Cenozoic and the permanence of a latitudinal δ18Op dipole are 

consistent with conclusions from recent studies [Caves et al., 2015; Licht et al., 2016]. 

However, the rainfall isotope system is different for the Eocene case as a result of 

southward shift of the HTP into the convection zone. Rainfall isotope patterns might have 

changes to become the present-day system only for recent time periods when the HTP 

achieved its near-modern position.  

None of our simulations can replicate the exceptionally low δ18Oc values reported in 

the southern Plateau by Ding et al. (2014) and Rowley and Currie (2006) (Fig. 2). The data-

model disagreement is even more pronounced when using the most negative δ18Oc value as a 

proxy for meteoric δ18O (Extended Data Fig. 3) so as to account for evaporitic effects 

(Rowley and Currie 2006). That even our highest HTP simulation (EOC-XL) cannot replicate 

these low values suggests that these δ18Oc data may not be reliable recorders of 

paleoaltimetry; rather, they may have experienced post-deposition resetting of δ18Oc, perhaps 

through deep burial of these basins (Carrapa et al. 2014). The exceptionally low δ18Ow that is 

currently observed in the southern HTP appears to require both further uplift and, importantly, 

the cooler climate of the late Cenozoic. 

The relative constancy of the spatial δ18Ow pattern suggests that topography itself has a 

minor impact on HTP δ18Ow. Thus, δ18Oc primarily records a combination of large-scale 

atmospheric circulation and local temperature. Our simulations highlight the limit of standard 

atmospheric distillation models; the Eocene hydrological system is too complex to allow 

precise paleoelevation estimates based on standard paleoaltimetry methods. Modest Eocene 

5.2. Article in preparation for Nature Communications: Eocene stable oxygen isotopes in
the Himalayas and Tibetan Plateau: A record of elevation or of climate change?

162



elevations (not higher than 3000 m), as suggested by our simulations, are consistent with the 

hypothesis that uplift of at least some parts of the HTP followed two pulses of tectonic 

activity in the Oligocene (around 30-25 Ma) [Wang et al., 2012] and Miocene (10-15 Ma) 

[Blisniuk et al., 2001; Harris, 2006], reflecting distinct mechanisms of crustal thickening 

[Wang et al., 2012] and the convective removal of the lower portion of the thickened Asian 

lithosphere [Molnar et al., 1993]. Eocene elevations of about 3000 m are also reported by 

[Song et al., 2010] based on fossil pollen records. However, these elevations are significantly 

lower than those predicted by δ18O-paleoaltimetry e.g. [Rowley and Currie, 2006; Ding et al., 

2014]. We demonstrate that, while the spatial distribution of δ18Ow is relatively insensitive to 

topography, the strong dependency of δ18Oc on local surface temperatures, which in turn 

depends on the elevation, makes the choice of carbonate formation temperature crucial [Kim 

and O’Neil, 1997]. 
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Figure 1. Palaeogeographic reconstruction [Licht et al., 2014] used in this study for the late 

Eocene (42 Myr ago) climate simulations with the Tibetan Plateau maximum height set to 

3,500 m and Sino-Burman Ranges to 1,500 m and localities of paleoaltimetry sites used in 

this study (numbers corresponds to those in the Extended Data Table 1).  More detailed 

topography is given in Extended Data Fig. 1.  
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Figure 2. Maps and S-N profiles of δ18Oc calculated from model simulated MJJAS 

precipitation-weighted δ18Ow and model MJJAS mean temperatures for Eocene cases: C), D) 

EOC-L, E), F) EOC-S, H), J) EOC-Him, K), L) EOC-XL and M), N) EOC-M. The δ18O 

profiles are averaged between 70º E and 90º E. Grey lines show minimum and maximum 

values for the selected range of longitudes. For all Eocene maps and profiles points show 

measures δ18Oc from published data sets, the most negative values for lacustrine/biotic 

carbonates and average values for paleosols (see Extended Data Table 1). The subplot A) 

shows δ18Oc – elevation relationships for Eocene simulations, B) simulated MJJAS 

temperature averaged between 70º E and 90º E for the Eocene simulations. 
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Extended Data Materials 

 

Modeling approach 

In order to assess spatial and temporal variations of climatic parameters and the isotopic 

composition of vapour and precipitation, we use the LMDZ-iso Atmospheric General Circulation 

model (GCM) [Risi et al., 2010], a derivative of LMDZ [Hourdin et al., 2006]. This model represents 

isotopic processes associated with all phase changes. Water in its vapour and condensed form is 

advected by the Van Leer advection scheme [Van Leer, 1977] Here we use a model configuration 

with 144 grid points in longitude, 142 in latitude and 39 vertical layers and a stretchable grid that 

permits increasing regional spatial resolution and gives an averaged resolution of ~50 km over central 

Asia. We force LMDZ-iso with realistic sea-surface temperatures (SSTs) simulated by FOAM and by 

realistic albedo and rugosity values, obtained with the vegetation distribution simulated with 

biophysics vegetation model LPJ [Sitch et al., 2003].  

 

Uncertainties and limits of our modeling approach 

The major uncertainty in this study is related to the reconstruction of the geographical 

position of each site during Eocene. Based on paleomagnetic data for the Hoh Xil Basin (modern 

coordinates: 34.60º N, 93º E), [Liu et al., 2003] reconstruct its Eocene paleolatitude as approximately 

21º N (as a result of northward convergence of the Hoh Xil Basin with respect to Eurasia (Siberia) 

since Early Eocene–Late Oligocene time). Thus, we use a constant correction of 13º for positioning 

all of the geologic δ18O sampling sites over our Eocene paleogeography. Such paleoaltitude estimates 

and corrections of about 13 ± 5º are in general consistent with the palaeolatitudes derived from a 

large number of high-quality palaeomagnetic studies from eastern China to Kyrgyzstan [Lippert et 

al., 2014]. 

Though GCMs produce realistic Eocene temperatures over Asia and simulate the associated 

response of δ18Ow, numerical modeling with GCMs involves several uncertainties, including the 
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assumption of constant seawater δ18O and the accuracy of the paleogeographic reconstruction. The 

Eocene latitudinal position of the Indian subcontinent and the height of other orogens in Asia, as well 

as their spatial extent remain a point of contention [Najman et al., 2010; Lippert et al., 2014] and 

may impact the results of our experiments. To address this limitation, additional paleogeographic 

scenarios should be tested in future work. Other potential limitations of using isotope-enabled GCMs 

include complexity associated with realistic representation of soils, evapotranspiration schemes, 

geochemistry, and vegetation. However, results of our current study permit a first-order estimate of 

Eocene δ18Ow and its low sensitivity to topographic change. 	  

 

Decomposing δ18Oc differences 

Our goal is to understand to what extent δ18Ow changes explain the δ18Oc signal over the Eocene HTP  

and what part of this signal depends on the temperature of the carbonate formation. 

First, based on an assumption of equilibrium between water and calcite, δ18Oc is related to δ18Ow 

using Kim and O’Neil relationship [Kim and O’Neil, 1997]: 

Rc = Rw/1.0309 – 29.98 + 17.49*1000/T – 31.45,  (1) 

where T is the temperature of carbonate formation, Rc – isotopic ratios in carbonate and Rw – isotopic 

ratios in paleo surface water, 

or in a simpler form: 

Rc = Rc (Rw, T)      (2) 

In order to understand why Rw varies from one climatic state to another, we decompose ΔRc = Rc2 − 

Rc1 into contribution from dRw and dT terms, referring to the climatic states using subscript 1 and 2 

and to their difference using the Δ notation: 

ΔRc = ΔRc,dRw + ΔRc,dT + N     (3) 

where ΔRc,dRw and ΔRc,dT are the contributions of the part of the Rc signal related to the change of Rw 

and temperature accordingly. Non-linear terms of decomposition are gathered into the residual term 
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N. 

Similarly to the isotopic signal decomposition suggested in [Botsyun et al., 2016], contributions 

could be estimated as: 

ΔRc,dRw =  Rc ( Rw2, dT'	  ) - Rc ( Rw1, dT'	  ),  (4) 

and  

ΔRc,dT  = Rc ( dRw', T2	  ) - Rc ( dRw', T1	  ),  (5) 

where Rw2, Rw1, T2, T1 are δ18Ow and temperature from two climatic states respectively and dRw',	  dT'	  

are	  centred	  differences:	  

dRw'	  =	  (Rw1 + Rw2) / 2,     (6) 

dT' = (T1 + T2) / 2 ,     (7) 

From the Eq. 1 and Eq. and 5 we have: 

ΔRc,dRw = ( Rw2 – Rw1 ) / 1.0309,   (8) 

ΔRc,dT = 17.49 * ( 1000 /  T2 - 1000 /  T1),  (9) 

N = ΔRc – ( ΔRc,dRw + ΔRc,dT )   (10) 

 

 

	  

	  

	  

 

 

 

 

 

 

 

 

Chapter 5. Forward proxy modeling for the Eocene

173



Extended Data Table 1. Compilation of measured Eocene δ18Oc from published materials (data 

from [Ting et al., 2003; Bowen et al., 2005; Cyr et al., 2005; Rowley and Currie, 2006; Kent-Corson 

et al., 2009; Bershaw et al., 2012a; Bougeois et al., 2014; Ding et al., 2014; Hoke et al., 2014; Licht 

et al., 2014; Xu et al., 2015; Caves et al., 2015; Wei et al., 2016]). δ18Oc are reported relative to PDB. 

Each time we report the minimum measured values for lacustrine/biotic data and minimum and 

averaged values for paleosoils. 

 

 Locality Age Carbonate 
nature 

δ18Oc (PDB) 
(‰), min 
values 
(average 
values for 
paleosols) 

Chosen 
δ18Oc 

Temperature	  
used	  in	  the	  
original	  study	  

(º	  C) 

Ref isotopic data 

1. Aertashi 40-34,3 
Ma 

Undifferentiated 
(Pedogenic 
nodule or 
sediment 
matrix) 

-7,7 Min - [Kent-Corson et 
al., 2009] 

2. Central 
Myanmar 

Eo Gastropods -14 Min 34 ± 5 [Licht et al., 
2014] 

3. Chake Basin Eo Pedogenic 
nodules 

-10.4 (-8,8) Min and 
average 

27 [Hoke et al., 
2014] 

4. Erlian Basin PETM paleosol 
 

-12,6 (-9,3) Min and 
average 

- [Bowen et al., 
2005] 

5. Gerze Basin 34-42 
Ma 

Lacustrine 
carbonate 

-8,1 Min 25 ± 10 [Wei et al., 2016] 

6. Hengyang 
Basin 

Eo  
paleosol 
 

-9.9 (-7,2) Min and 
average 

- [Ting et al., 
2003] 

7. Hoh Xil Basin 37.5 Ma Lacustrine 
carbonates 

-11,7 Min and 
average 

15	  -‐	  30 [Cyr et al., 2005] 

8. Janggalsay 34 Ma Undifferentiated 
(Pedogenic 
nodule or 
sediment 
matrix) 

-6,5 Min - [Kent-Corson et 
al., 2009] 

9. Lake Mahai 50-34 
Ma 

Undifferentiated 
(Pedogenic 
nodule or 
sediment 
matrix) 

-11,1 Min - [Kent-Corson et 
al., 2009] 

10. Lenghu Eo Undifferentiated 
(Pedogenic 
nodule or 
sediment 
matrix) 

-7,5 Min - [Kent-Corson et 
al., 2009] 

11. Liming Eo Pedogenic 
nodules 

-14.4 (-11,5) Min and 
average 

26	  and	  21 [Hoke et al., 
2014] 
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12. Linzhou 
Basin, Pana 
Formation 

51-48 
Ma 

Pedogenic 
nodules 

-16.2 (-13,7) Min and 
average 

13.8	  ±	  8 [Ding et al., 
2014] 

13. Lulehe Eo Undifferentiated 
(Pedogenic 
nodule or 
sediment 
matrix) 

-10,3 Min - [Kent-Corson et 
al., 2009] 

14. Lunpola 
Basin, Middle 
Niubao and 
Upper Niubao 

55-37.5 
Ma 

Lacustrine and 
pedogenic 
nodules 

-15,5 Min and 
average 

10	  ±10 [Rowley and 
Currie, 2006] 

15. Oytag Eo Mudstone -8,4 Min 19 [Bershaw et al., 
2012] 

16. Puska Eo Undifferentiated 
(Pedogenic 
nodule or 
sediment 
matrix) 

-8,8 Min - [Kent-Corson et 
al., 2009] 

17. Taatsin Gol 36-34 
Ma 

paleosol -9,6 (-9) Min and 
average 

25 [Caves et al., 
2014] 

18. Tangra Yum 
Co 

~46 Ma  
paleosol 
 

-18.3 (-12,7) Min and 
average 

15 ±	  8 [Xu et al., 2015] 

19. Xiao Qaidam Eo Undifferentiated 
(Pedogenic 
nodule or 
sediment 
matrix) 

-10,5 Min - [Kent-Corson et 
al., 2009] 

20. Xorkol Eo Undifferentiated 
(Pedogenic 
nodule or 
sediment 
matrix) 

-8,6 Min - [Kent-Corson et 
al., 2009] 
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Extended Data Fig. 1.  Maps and S-N profiles of model simulated MJJAS precipitation-weighted 

δ18Ow for CTR case. Triangles show δ18Ow from GNIP stations, big circles – δ18Ow from Caves et al. 

(2015) compilation, small circles represent δ18O in streams, lakes and springs compiled from [Hren et 

al., 2009; Quade et al., 2011; Bershaw et al., 2012b]. The δ18O profiles are averaged between 70º E 

and 90º E. Grey lines show minimum and maximum values for the selected range of longitudes. 
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Extended Data Fig. 2.  Geography, topography and FOAM-derived sea surface temperatures for A) 

CTR, B) EOC-L, C) EOC-XL, D) EOC-Him, E) EOC-M, and F) EOC-S experiments in a resolution 

of LMDZ-iso. 
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Extended Data Fig. 3. Relationships between model elevations and simulated precipitation weighted 

MJJAS δ18Ow for Eocene cases (A) and maps of model simulated precipitation weighted MJJAS 

δ18Ow for Eocene cases: B) EOC-L, C) EOC-S, D) EOC-Him, E) EOC-XL and F) EOC-M. Vectors 

show MJJAS vertically integrated moisture transport (kg m-1 s-1). 
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Extended Data Fig. 4. MJJAS δ18Ov and meridional-vertical wind velocities (m/c) for A) 
EOC-XL, B) EOC-L, C) EOC-M, and D) EOC-S simulations. Profiles are averaged between 
72º E and 78º E for all Eocene simulations. 
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Extended Data Fig. 5. MJJAS mean rainfall (mm/day) and surface winds for for A) EOC-XL, 

B) EOC-L, C) EOC-M, and D) EOC-S simulations.  
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Extended Data Fig. 6. Total isotopic difference (ΔRc) between A) EOC-M and EOC-S, B) EOC-L 

and EOC-S, C) EOC-XL and EOC-S experiments and spatial isotopic variations related to the 

variations in δ18Ow (ΔRc,dRw) and temperature variations (ΔRc,dT). See the Section Decomposing δ18Oc 

differences in the Extended data. 
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Extended Data Fig. 7. Maps and S-N profiles of δ18Oc calculated from model simulated MJJAS 

precipitation-weighted δ18Ow and model MJJAS mean temperatures for Eocene cases: C), D) EOC-L, 

E), F) EOC-S, H), J) EOC-Him, K), L) EOC-XL and M), N) EOC-M. The δ18O profiles are averaged 

between 70º E and 90º E. Grey lines show minimum and maximum values for the selected range of 

longitudes. For all Eocene maps and profiles, points are the most-negative measured δ18Oc for each 

site from published data sets (see Extended Data Table 1). The subplot A) shows δ18Oc – elevation 

relationships for Eocene simulations, B) simulated MJJAS temperature averaged between 70º E and 

90º E for the Eocene simulations.  
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Extended Data Table 2. Kolmogorov-Smirnov test with two-side alternative hypothesis applied for 

measured δ18Oc and δ18Oc calculated using LMDZ-iso simulated MJJAS mean temperature and δ18Ow 

values (for a S-N profile (from 10º N to 36º N) averaged between 70º E to 90º E over the continent). 

N=21. Results show that when the minimum δ18Oc values are taken for all carbonate data, EOC-Him 

and EOC-XL modeled δ18Oc distribution is different from measured data within 95% confidence 

interval, while for EOC-M, EOC-L, and EOC-S experiment the hypothesis that these distributions are 

similar could not be refuted with 5% significance level. When the minimum δ18Oc values are taken 

for lacustrine/biotic data and averaged values for paleosoils data, EOC-XL modeled δ18Oc 

distribution is different from measured data within 95% confidence interval, while for EOC-Him, 

EOC-M, EOC-L, and EOC-S experiment the hypothesis that these distributions are similar could not 

be refuted with 5% significance level. 

 

	   Min-‐ave	   Min	  
Simulation	   p-‐value	   D-‐statistic	   p-‐value	   D-‐statistic	  
EOC-‐L	   0.3507	   0.2408	   0.1806	   0.2884	  
EOC-‐S	   0.2491	   0.2637	   0.3646	   0.2381	  
EOC-‐Him	   0.2184	   0.272	   0.05141	   0.3498	  
EOC-‐XL	   0.01812	   0.3965	   0.00547	   0.4441	  
EOC-‐M	   0.4546	   0.2216	   0.3646	   0.2381	  
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Extended Data Fig. 8. LMDZ-iso simulated MJJAS temperatures at 2 meters for A) CTR, B) EOC-

L, C) EOC-S, D) EOC-Him, E) EOC-XL, and F) EOC-M experiments. 
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5.3 Summary and conclusions

In this Chapter, in order to provide "forward proxy modeling", we compare directly

LMDZ-iso output with the measured isotopic data from natural archives for the Eocene

case (42 Ma). We show that classic paleoaltimetry approach based on stable oxygen iso-

topes is not valid for ancient time periods such as the Eocene, because 1) Eocene δ18Ow

patterns over the HTP are different from the present-day due to the displacement of the

whole Asian continent to the south, and 2) local temperature significantly contributes to

the total δ18Oc signal. We urge using GCM model simulations as an efficient method that

give an access to paleoclimate and δ18O both. In particular, reconstruction of soil temper-

ature of carbonate formation and δ18Ow both is a robust method to reconstruct predicted

δ18Oc .
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Chapter 6

Climate evolution over Asia during the
Cenozoic

A lot of recent modeling efforts have been undertaken in order to clarify the impact

of the HTP uplift on the monsoonal circulation and aridification over the Asian region.

However, most of the studies use near-modern boundary conditions to test the role of tec-

tonics on monsoon, including present-day continental configuration and pCO2 concen-

tration. Thus, the relative contributions of tectonics and greenhouse gasses forcings on

Cenozoic monsoon intensification and onset of deserts over Asia are barely understood.

On the other hand, acquirement of new geological data requires physical bases for their

interpretation. In this chapter, using the general circulation model (LMDZ) we test the

sensitivity of Cenozoic climate over Asia to the surface elevation uplift and pCO2 concen-

trations changes together with Early Eocene (55 Ma), Middle Eocene (42 Ma), Oligocene

(30 Ma) and Miocene (15 Ma) continental configurations. Such a technique allows us to

evaluate the relative importance of each of these factors for the spatial patterns of sum-

mertime climate fields. For more realistic experiments, LMDZ was forced with sea surface

temperatures calculated using the fully coupled model FOAM and with albedos obtained

from LPJ vegetation simulations. Preliminary results of our numerical modeling show a

significant influence of topography changes on the Asian climate for all Cenozoic periods

except for the Early Eocene. Our results have possible implications for the interpretation

of single-site paleo proxy records as provide first-order information on the precipitation

amount and seasonality.
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Chapter 6. Climate evolution over Asia during the Cenozoic

6.1 Introduction

Reconstruction of climate change through geological time can help to interpret re-

gional geodynamical evolution (Molnar et al., 2010) on one hand and to estimate the scale

of surface processes on the other (Clift et al., 2010; Peizhen et al., 2001). Over the past sev-

eral decades, the Himalayas and the Tibetan Plateau have been the focus of numerous

studies examining different aspects of tectonic-climate interactions at a broad range of

spatial and temporal scales (Clift et al., 2008; Grujic et al., 2006; Kutzbach et al., 1993;

Molnar and England, 1990; Ruddiman and Kutzbach, 1989). The impact of tectonic evo-

lution of Indo-Asia collision zone on the monsoonal circulation is a classical example of

such interactions (Huber and Goldner, 2012; Molnar et al., 1993; Roe et al., 2016) (for more

details see Section 1.1.4).

Today, Asian climate is characterized not only by highly seasonal precipitation and

seasonal reversal of prevailing surface wind (i.e the monsoon circulation (Wang et al.,

2012b)), but also by extremely arid regions in its inner part, with cumulative annual pre-

cipitation bellow 200 mm/year. Cenozoic environments have been reconstructed based

on geological evidences (records from loesses, lakes, deserts, organisms and marine sed-

iments) and climate simulations both. However, the reconstructions of the timing of the

monsoon-arid environment evolution remains controversial. For example, no consensus

exists for the timing of initial Indo-Asian monsoon (IAM) onset or its intensification. Pro-

posed ages cluster in the early Miocene (∼22–20 Ma; e.g. Guo et al. (2002)), the middle

Miocene (16–11 Ma; e.g Clift et al. (2004)) and the late Miocene (11–8 Ma; e.g. Chen et al.

(2003)), or even in the Eocene period (55-34 Myr ago; e.g Licht et al. (2014)). Spatial dis-

tribution of desert regions through the Cenozoic is also uncertain, partly because desert

sediments are usually scattered, discontinuous and difficult to date (Guo et al., 2002).

In order to obtain better estimates of the timing, driving forces should be evaluated

first. Based on magnetostratigraphycal and cyclostratigraphycal evidences, Dupont-Nivet

et al. (2007) have hypothesized the main driving forces of the IAM and aridity variations

over Asia: 1) the uplift of the Tibetan Plateau and adjacent areas, 2) land–sea redistribu-

tion associated with the continental collision of India and Asia, and 3) global cooling at

the Eocene-Oligocene, associated with the drop in CO2 concentration trough the early

Cenozoic and the onset of Antarctic ice sheet formation at 34 Ma (DeConto and Pollard,

2003). In opposite to geological methods based on proxy data, climate modeling allows

to study the mechanisms that drive the environmental changes through the Cenozoic,

which is crustal for understanding the climate evolution through time.

The impact of the HTP uplift on the IAM has become a focus of climate modeling stud-

ies since a quarter of a century. However, Asian topography during the Cenozoic is highly

debated nonetheless big amount of paleoelevation estimates based on various methods

(Currie et al., 2016; Rowley et al., 2001; Wei et al., 2016). Climate modeling technique al-

lows to test the impact of various uplift scenarios on environment evolution for various

time periods. In previous studies the impact of the atmospheric circulation was stud-

ied applying different uplift scenarios, including bulk plateau uplift (Zhang et al., 2015,

2012) or plateau regional uplift (in which each sub-regional uplift is considered separately

and its influence on the climatic subsystems in different regions is investigated) (e.g Tang
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et al., 2013). However, still the physical basics of Asian topography and monsoon circula-

tion are disputed. For example, many heated discussions have been carried on the impact

of Asian mountain ranges on atmosphere circulation through mechanical and thermody-

namic effects (e.g. Boos and Kuang, 2010; Wu et al., 2015, 2012) (see more details in Sec-

tion 1.1.4) and change of such effects with the growth of mountains buildings (Tang et al.,

2013). Yanai and Wu (2006) and more recently Wu et al. (2015) gave a thorough review on

the effects of the HTP and now it is commonly excepted that the topography has thermal

and mechanical effects on the monsoon both (Wu et al., 2015) (see Section 1.1.4). In ad-

dition, climate models are frequently used to investigate the impact of topography uplift

on aridity through a simple rain-shadow effect or stationary waves (Broccoli and Manabe,

1992; Lunt et al., 2010).

Second, the land–sea redistribution associated with the continental collision of In-

dia and Asia may reach considerable scale, since during the collision, India was rapidly

shifted from south to north with a convergent rate ranging from ∼15-25 cm/yr to ∼13-

18 cm/yr at the beginning of the Cenozoic with following slowing of the convergence

(Achache et al., 1984). Paleomagnetic data (see data compilation in Molnar et al., 2010)

indicates that during the Eocene and the Oligocene the Indian subcontinent was likely

situated in the equatorial zone (see Section 1.2.3). However, only few climate modeling

studies take into account the latitudinal shift of the HTP during the collision. For example,

Roe et al. (2016) use a climate modeling approach together with stylized Indian geometry

(with the Indian subcontinent artificially shifted to the south, that barely corresponds to

50 Ma configuration). These authors show that for the configuration with the India shifted

to the south, summertime temperatures peaking at 45 ◦C concomitant with extremely low

precipitation contributes to extremely desert conditions over the region currently occu-

pied by the Tibetan plateau, central India, and the Bay of Bengal. They conclude that such

a climate results from the combination of intense solar heating at subtropical latitudes

together with the region’s extreme isolation from moisture sources that would otherwise

provide the twin buffering effect of reflective clouds and surface evaporation.

During the Cenozoic, except for the latitudinal shift, paleogeography had other ma-

jor changes, for example the retreat of the epicontinental Parathetys Sea. Ramstein et al.

(1997) first provided numerical experiments which highlight the importance of the con-

figuration of the continents in the implementation of the monsoon and suggested that the

closure of the Paratethys has made possible the monsoon through the establishment of

a more continental climate in Eurasia. Similarly, Roe et al. (2016) show that the presence

of a Paratethys Sea acts to enhance extremely desert conditions in the central Asia. The

studies of Zhang et al. (2007a,b) show that the Paratethys retreat strengthens the East-Asia

monsoon.

Although studies listed here have been focused on the role of land-sea distribution

and orography, in the Asian monsoon system there no general consensus on which forc-

ing is more fundamental: the orography or land-sea distribution. Some studies suggested

that the land-sea distribution is crucial in formation of the Asian monsoon (e.g. Kuo and

Qian, 1982; Webster et al., 1998); some emphasized the importance of the Tibetan Plateau

(e.g. Kutzbach et al., 1993; Wu et al., 2007a). Chao and Chen (2001) suggested that land-

sea distribution and orography are not necessary for the Asian and Australian monsoon
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because most features of the Asian and Australian summer monsoon circulation can be

reproduced even without Asia, maritime continents, and Australia in the numerical ex-

periment. Xu et al. (2009) using numerical experimentation attempted to estimate the

relative contribution of the role of land-sea distribution and orography on Asian climate.

In this study authors concluded that the tropical subcontinental-scale zonal land-sea dis-

tribution and the Asian mountains almost equally contribute to the increase in monsoon

and play a more important role than the large-scale meridional land-sea distribution be-

tween the Eurasian continent and the Indian Ocean.

The third hypothesized potential effect on Asian climate, the global cooling, has been

also extensively studied. It has been shown that the monsoonal circulations are sensi-

tive to greenhouse gas forcing because of non-linear impacts of increased temperatures

(Washington and Meehl, 1983). In a more recent study, Cherchi et al. (2011) examined the

role of increased CO2 concentration on monsoons and have shown that, despite a com-

mon response in terms of atmospheric water vapor increase to the atmospheric warming,

most studied monsoons simulate less or equal summer mean precipitation, but a huge in-

crease of atmospheric vertically integrated specific humidity. However, studies that use

realistic paleogeography and CO2 concentrations are lacking.

Although the driving forces of the monsoon onset and aridification of the Inner Asia

have been hypothesized, the relative contribution of tectonic and greenhouse forcing are

unknown and the temporal and spatial distributions of wet and arid climates over Asia

through the Cenozoic is poorly reconstructed. In addition, most modeling studies are

using near-present-day boundary conditions (SSTs, greengases, paleogeographyes), thus

the link between the tectonics, greenhouse forcing and Asian climate and their relative

contributions to the climate change through the Cenozoic is still uncertain. Here for the

first time we evaluate the 1) Sensitivity of IAM to continents position configuration 2)

Sensitivity of IAM to topography change and 3) Sensitivity of IAM to CO2 change using

realistic paleogeographies with varying topography and CO2 concentration.

6.2 Methods

6.2.1 Modeling methods and experimental design

For the modeling experiments we use atmosphere general circulation model (AGCM)

LMDZ (Hourdin et al., 2006) developed at the Laboratoire de Météorologie Dynamique,

Paris, France. The ability of this model to simulate atmospheric dynamics and repro-

duce rainfall patterns over Asia was shown in numerous studies (Day et al., 2015; Krish-

nan et al., 2015; Ladant et al., 2014; Lee et al., 2012; Licht et al., 2014; Zhou and Li, 2002).

Here we use a model configuration with 96 grid points in longitude, 95 in latitude and 19

vertical layers.

Our experiments cover the whole Cenozoic from the Paleocene to Miocene: we use

paleogeographies for 55 Ma (Herold et al., 2014), 42 Ma (Licht et al., 2014), 30 Ma (Zhang

et al., 2014) and 15 Ma (Herold et al., 2008). Over the Asian region, the early Eocene pale-

ogeography (Herold et al., 2014) is characterized by presence of a sea (probably epiconti-

nental) separating India from Asia (see Section 2.4.1, Figure 2.6, panel A). The topography
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in the original paleoreconstructions is rather low over Indian and Asian part both. The re-

construction that corresponds to middle Eocene (Licht et al., 2014) includes a southward

shift of the Asian continent, as well as the presence of a large Paratethys Sea covering the

region between 30◦ N and 47◦ N in latitude and extending to 80◦ E (Fig. 2.6, panel B). In

the middle Eocene case, the HTP is considerably shifted to the south (situated between

15◦ N and 27◦ N) when compared to the present-day geography and its altitude reaches up

to 3500 m (Figure 2.6). Compared with the middle Eocene paleogeography, the Oligocene

one (Zhang et al., 2014) depicts a restricted Paratethys Sea and a larger part of Asia that

is not covered by water (Figure 2.6, panel C). The Miocene paleogeography Herold et al.

(2008) is quite similar to the present-day, with some exceptions, including the latitudinal

position of the Indian subcontinent (Fig. 2.6, panel D). Compared to the present-day, the

Miocene paleogeography has lower topography globally.

We have designed three groups of experiments (Table 6.1). The first group was based

on paleogeographies with original topography (from the original publication). Atmo-

spheric pCO2 concentration for all experiments in this group has been set to 280 ppm

(pre-industrial values). The second group includes experiments with the same continen-

tal configurations and topography, but with atmospheric pCO2 increased up to 1120 ppm,

that is consistent with early Cenozoic pCO2 estimates (Beerling and Royer, 2011). Finally,

for the third group of experiments we used the land-sea distribution from original pale-

ogeographies, but the topography was reduced to 200 meters worldwide. For all experi-

ments in this group we also used pre-industrial atmospheric pCO2.

As LMDZ is an AGCM, we needed to prescribe the sea surface temperature (SST) as

boundary conditions. We obtained SSTs by using the fully coupled model FOAM (Jacob,

1997) (ocean, 2.8◦ x 1.4◦ resolution with 24 vertical levels; atmosphere, 7.5◦ x 4.5◦ with

18 vertical levels) forced by corresponding paleogeography. Such a method using both

models has been applied in recent studies on Cenozoic paleoclimates Ladant et al. (2014);

Licht et al. (2014).

For all experiments the solar constant and orbital parameters were set to pre-industrial.

The vegetation on land was prescribed. FOAM simulation was integrated for 2,000 years

without flux corrections or deep ocean acceleration. The last 50 model-years were used

to build the SSTs climatology used as input for LMDz. LMDz experiments were run for 20

years, with 4 years used for spin-up.

6.2.2 Model-data comparison

We compared simulated precipitation patterns with published data on spatial distri-

bution of rocks markers of environment: evaporites (e.g., halite, gypsum, anhydride) as

indicators of more arid condition and coals and peats, which preferably forms in humid

environments (Parrish et al., 1982; Ziegler et al., 2003). Such comparison allows to provide

qualitative estimation of precipitation amount in different simulations.

194



Chapter 6. Climate evolution over Asia during the Cenozoic

Table 6.1 – Summary of LMDZ experiments

Age Simulation
name

Paleogeography Topography pCO2 (in
ppm)

0 Ma RT0Ma1x Actual Actual 280
15 Ma RT15Ma1x

Herold et al. (2008) Herold et al. (2008)
280

30 Ma RT30Ma1x
Zhang et al. (2014) Zhang et al. (2014)

280

42 Ma RT42Ma1x
Licht et al. (2014) Licht et al. (2014)

280

55 Ma RT55Ma1x
Herold et al. (2014) Herold et al. (2014)

280

0 Ma RT0Ma4x Actual Actual 1120
15 Ma RT15Ma4x

Herold et al. (2008) Herold et al. (2008)
1120

30 Ma RT30Ma4x
Zhang et al. (2014) Zhang et al. (2014)

1120

42 Ma RT42Ma4x
Licht et al. (2014) Licht et al. (2014)

1120

55 Ma RT55Ma4x
Herold et al. (2014) Herold et al. (2014)

1120

0Ma FE0Ma1x Actual ≤ 200 m worldwide 280
15Ma FE15Ma1x

Herold et al. (2008)
≤ 200 m worldwide 280

30Ma FE30Ma1x
Zhang et al. (2014)

≤ 200 m worldwide 280

42Ma FE42Ma1x
Licht et al. (2014)

≤ 200 m worldwide 280

55Ma FE55Ma1x
Herold et al. (2014)

≤ 200 m worldwide 280

6.2.3 Monsoon indices

In order to facilitate monitoring and prediction of regional monsoon variability, vari-

ous precipitation and circulation indices have been used (e.g., Fasullo and Webster, 2003;

Gan et al., 2005; Yim et al., 2013). Here we use some of these monsoon indices for studying

the monsoon variability during the Cenozoic. We have estimated 1) the spatial distribu-

tion of regions affected by the monsoons over Asia 2) the time of the monsoon onset and

withdrawal 3) the strength of the monsoon as main characteristics of the monsoon.

First, for estimating the regions affected by the Indo-Asia monsoon system we calcu-

lated the relative contribution of the summer precipitation to the total annual precipita-

tion. For estimating the time of offset and withdrawal of the monsoon for simulations

with different boundary conditions we use precipitation, wind directions and moisture

transport-based monsoon indices. Precipitation seasonality index (SI) shows the ration

of wet season precipitation (MJJAS) to the annual cumulative precipitation, and thus ob-

viously allows tracing regions with high seasonality of precipitation.

We also use indices based on wind components, because GCMs are known to better

simulate the wind directions than the precipitation (Gan et al., 2005). We use the 850-

hPa zonal wind index (850ZWI) indices (Gan et al., 2005), that is defined as 850-hPa zonal
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wind component averaged between 60◦ E - 100◦ E and 10◦ N - 20◦ N, and gives access to

the onset and demise dates. To examine the influence of the moisture transport by the

lower level jet, we used 850-hPa zonal and meridional wind index (UVI) (Gan et al., 2005).

It is defined as the sum of 850-hPa zonal wind averaged in the 60◦ E - 100◦ E and 850-hPa

meridinal wind averaged in the 10◦ N - 20◦ N. Also we have used a hydrological onset and

withdrawal index (HOWI), that was shown to be robust for the India region (Fasullo and

Webster, 2003). This index is based on vertically integrated moisture transport, which is,

in contrast to rainfall, is represented by GCM well.

The monsoon strength was estimated using the Webster-Yang monsoon index (WYI)

(Webster and Yang, 1992), calculated as the difference between the zonal wind at 850 hPa

and 200 hPa, averaged over a box from 40◦ to 110◦ E and from 0◦ to 20◦ N. We have also

calculated the monsoon intensity index (MSW) based on the winter and summer average

surface wind direction and velocity (Liu and Yin, 2002). This last index suggests that mon-

soons only exist when the differences between winter and summer mean wind directions

are greater than 90◦ and less than 270◦. Also, the higher the average wind velocities and

the closer to 180◦ for the difference between the average wind directions in winter and

summer, the greater the monsoon intensity (Liu and Yin, 2002).

6.3 Results

6.3.1 Summer precipitation and winds patterns over Asia during the

Cenozoic

In general, for all time periods, a bipolar distribution of precipitation is simulated

over Asia with high MJJAS precipitation rates over the southern part, and low rates over

the northern part of the selected domain (Figure 6.1). However, the latitudinal extend of

regions with high and low precipitation rates depends on the boundary conditions used.

For example, for all simulations without topography (Figure 6.1 A, B, C, D, E) zone with

extremely low summer precipitation rate (below 1 mm/month) has similar location (be-

tween 20 and 40 ◦ N). This arid zone is restricted more to the north-west by a presence of

the HTP (compare Figure 6.1 A and F, B and G, C and H, D and J). This tendency is valid

for all paleogeographies used except for the Early Eocene one, where the the northward

shift is not simulated, because of the elevated topography has too southern position on

the initial paleogeography. Increase in atmospheric CO2 concentration results in small

spatial restriction of hyper arid zone for present-day, Miocene and Oligocene case (com-

pare Figure 6.1 F and L, G and M, H and N). For the Eocene simulations (Early Eocene and

Middle Eocene cases both) CO2 increase has smaller effect on arid zones spatial extend

during the MJJAS.

Areas with very high summer precipitation rate (over 10 mm/day) are located over

the Indian subcontinent and South-East Asia for most simulations. The southward shift

of India for ancient time periods promotes the increase in summer precipitation rates

over this region (e.g Figure 6.1 F, G, H, J, K), while for the simulations with high HTP, areas

with high precipitation rates is shifted northward, up to the Himalayas foothills (compare

196



Chapter 6. Climate evolution over Asia during the Cenozoic

Figure 6.1 A and F, B and G, C and H, D and J). Again, this tendency is valid for all time

periods except for the Early Eocene, where India is separated from the Asia by oceanic

passage and the elevations on the original paleogeography are not very high.

Present-day Asian summer monsoon climate is characterized by strong low-level west-

erly winds over the Arabian Sea and India, and southerly wind over East Asia, which

bring abundant rainfall far into the continent (Figure 6.1 F). The removal of orography

greatly suppresses such summer monsoon flows and associated precipitation (Figure 6.1

A). To the first order, wind patterns for the RT15Ma1x experiment are similar to those of

RT0Ma1x, except for the southerly wind over East Asia which is stronger for the RT0Ma1x

experiment (Figure 6.1 F, G). Once India is shifted to the south like in RT30Ma1x and

RT42Ma1x experiments, westerly flow over the Arabian Sea is remarkably reduced, while

the winds over the Bengal Sea reverse their directions to easterly. Thus, for the Oligocene

and Middle Eocene continents configuration, the India subcontinent is mainly fed by the

easterly moisture. For the RT55Ma1x experiment, a particularly interesting wind system is

formed: India, that occupies an equatorial position, prevailing by the easterly flow (ITCZ),

while the South-East Asia is fed by the westerlies winds that reverse their direction over

the Bay of Bengal.

For the simulations without topography, the westerly flow is stronger and the main

jet axis is shifted to the south comparable to the simulations with high HTP (compare

Figure 6.1 A and F, B and G, C and H, D and J, E and K). Simultaneously, westerly low-level

jet over the Arabian Sea is weaker for the FE0Ma1x, and is completely disturbed for all

paleo cases (compare Figure 6.1 A, B, C, D, E). Wind patterns for simulations with various

CO2 concentrations are similar between the simulations with the same paleogeography

(Figure 6.1 F and L, G and M, H and N, J and O, K and P).

6.3.2 Cenozoic Indo-Asian monsoons

Precipitation seasonality

Calculated based on our models outputs, SI shows the presence of areas with high

seasonality over Asia for all used boundary conditions (Figure 6.2). However, spatial vari-

ability depends on paleogeography, topography and CO2 concentration applied.

Maximum of precipitation for CTR simulation is August - September - October that is

in a good agreement with rainfall data from the Climate Research Unit (CRU) (New et al.,

2002) (Figure 6.3 A). For most other simulations the maximum of precipitation is also sim-

ulated during August - September - October. The precipitation seasonally over the India

and South-East Asia is strong for all simulations with an exception of FE15Ma1x exper-

iment, where even summer precipitation is very low, and RT0Ma4x experiment, where

precipitation is extremely strong all the year round (Figure 6.3 A).

Wind reversal

The strongest zonal winds reversal is simulated for RT0Ma1x and RT15Ma1x simula-

tions (Figure 6.3 B). For RT0Ma4x and RT15Ma4x the seasonal wind reversal is less pro-

nounced, but still strong. On the contrary, RT30Ma1x, RT42Ma1x, RT55Ma1x, RT30Ma4x,
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Table 6.2 – Monsoon indices

Age Simulation name Monsoon SI Monsoon SI
(masked over the
continent)

MSW

0Ma RT0Ma1x 33.68 78.85 6.155
15Ma RT15Ma1x 28.20 61.33 6.545
30Ma RT30Ma1x 25.46 57.26 4.760
42Ma RT42Ma1x 28.37 75.20 1.651
55Ma RT55Ma1x 20.09 49.89 2.242
0Ma RT0Ma4x 18.16 67.61 4.558
15Ma RT15Ma4x 34.98 68.05 2.918
30Ma RT30Ma4x 35.38 81.33 4.545
42Ma RT42Ma4x 33.63 83.93 2.281
55Ma RT55Ma4x 20.03 65.08 2.754
0Ma FE0Ma1x 40.5 70.50 1.856
15Ma FE15Ma1x 21.24 21.65 1.416
30Ma FE30Ma1x 27.88 61.11 0.011
42Ma FE42Ma1x 33.34 76.85 0.043
55Ma FE55Ma1x 15.88 57.26 1.258

RT42Ma4x, RT55Ma4x show the lowest seasonality in zonal winds directions (Figure 6.3

B).

Monsoon strength

WYI indices indicate the strongest monsoon for RT0Ma1x, RT15Ma1x and RT30Ma1x

simulations, while for RT42Ma1x and RT55Ma1x this parameter shows the lowest variabil-

ity (Figure 6.3 D). MSW is also the highest for the RT0Ma1x, RT15Ma1x simulations (Table

6.2). For RT30Ma1x, RT0Ma4x and RT30Ma4x the monsoon strength estimated with this

index is also high, while it is the smallest for FE30Ma1x and FE42Ma1x simulations (Table

6.2).
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Figure 6.1 – MJJAS averaged precipitation amount and 850 hPa winds for 3 groups of experiments: A,B,C,D,E) with reduced topography, F,G,H,J,K) 1x, L,M,N,O,P)
4x and for time periods corresponding to A,F,L) 0 Ma B,G,M) 15Ma, C,H,N) 30Ma, D,J,O) 42Ma, and E,K,P) 55Ma (see the Table 6.1)
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Figure 6.2 – Precipitation seasonality index (SI), which is the percentage of mean annual precipitation falling in the extended summer season (MJJAS) for 3
groups of experiments: A,B,C,D,E) with reduced topography, F,G,H,J,K) 1x, L,M,N,O,P) 4x and for time periods corresponding to A,F,L) 0 Ma B,G,M) 15Ma,
C,H,N) 30Ma, D,J,O) 42Ma, and E,K,P) 55Ma (see the Table 6.1). Areas, where the SI is higher than 60% are considered as "monsoon areas".
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6.4 Discussion

Our results are consistent with recent modeling studies for the Eocene period and

new paleoclimate data (Huber and Goldner, 2012; Licht et al., 2014; Roe et al., 2016) in

which a monsoon-like circulation over Asian back to ∼40 Ma have been found. How-

ever, our modeling results show that these early Asian monsoons where much weaker

that present-day ones. Our results are also consistent with well-known hypotheses (e.g.

Boos and Kuang, 2010; Wu et al., 2015, 2012) that the monsoon circulation over Asia in-

tensifies with the HTP uplift. Here we argue that the monsoon intensification through the

Cenozoic is linked not only to the HTP uplift, but also to the northward shift of the Indian

subcontinent.

We compare annual precipitation simulated with our numerical experiments with

precipitation-seasonality-sensitive sedimentological indicators previously compiled by

Parrish et al. (1982) and Ziegler et al. (2003), following a similar comparison provided for

the Eocene case by Huber and Goldner (2012). Coal deposits are preferably formed in

"ever-wet" conditions, whereas evaporites are closely associated with arid, or seasonally

arid conditions (Ziegler et al., 2003). Confrontation of data against the model provides a

possibility of qualitative comparison only, because the error bars on proxy estimates of

precipitation are large enough and the precipitation biases in models leave much to be

desired (Huber and Goldner, 2012).

In general, our model results and reconstructed patterns of precipitation are an about

to match for all time periods (Figure 6.5). For the Miocene case, simulated spatial pat-

terns of precipitation show the agreement with the data for RT15Ma1x and RT15Ma4x

experiments. For the Miocene experiment with reduced topography, arid conditions are

simulated over the northern India, while coals formation over this region for this period

of time indicates wet conditions. In addition, for the FT15Ma1x experiment, cumulative

precipitation is high at about 40◦ N, while multiple sites with evaporites are recorded in

this region in the Miocene. However, a northward shift of desert regions over the Central

Asia, associated with the HTP uplift (in tern, associated with the northward shift of a sub-

sidence zone), is in good agreement with the data (Figure 6.5 B, G, M). This model-data

comparison for the Eocene case could be an addition argument to already high Miocene

HTP elevations. For all Oligocene and Eocene simulations, cumulative annual precipi-

tation patterns are in a good agreement with the data (Figure 6.5 C, D, E, H, J, K, N, O,

P).
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Figure 6.4 – Evolution of IAM in time for 3 groups of experiments: RT1x (green), RT4x (black) and
LT1x (red) defined from A) regional ocean-continent temperature gradient, B) percentage of region
covered with monsoon (region with the ratio of MJJAS precipitation to annual mean precipitation
is greater than 60%), C) percentage of the surface of the region where precipitation is greater then
evaporation D) monsoon intensity index (MSW)
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Figure 6.5 – Cumulative annual precipitation for 3 groups of experiments: A,B,C,D,E) with reduced topography, F,G,H,J,K) 1x, L,M,N,O,P) 4x and for time periods
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circles), coals and peats (pink circles) from Parrish et al. (1982); Ziegler et al. (2003). Star show palinological data site from (Tang et al., 2011).
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6.5 Summary

• Monsoon-like patterns and wide-spread arid conditions are simulated for all pale-

ogergaphies uses, all elevation scenarios and both high and low pCO2 concentra-

tions;

• There are highly seasonal precipitation patterns over Asia for all experiments. On

the contrary, the spatial position of such patterns changes depending on the bound-

ary conditions used;

• The seasonal circle is strong for almost all simulation with an exception of LT15Ma1x

experiment, where even summer precipitation is very low, and RT0Ma4x experi-

ment, where precipitation is extremely strong all the year round;

• Maximum of precipitation for most simulations is August-September-October that

is in a good agreement with CRU dataset. Seasonality weaker for all paleogeogra-

phies when the topography is reduced, but it does not disappear completely;

• For 0 Ma and 15 Ma monsoonal area are the most sensitive to the change of all

parameters tested;

• In general, simulations show a good agreement with distribution of climate-sensitive

sediments
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Chapter 7

General conclusions and perspectives

In this final chapter we synthesize the results of 3 years of our work on the project. In

summary form we present our main conclusions and discuss them in wider context. We

also review uncertainties, limits and caveats of this study that are mainly associated with

the physical processes represented in the numerical models used and with the boundary

conditions applied for the numerical simulations (Section 7.1). Advances in our research

allow us to suggest directions for further investigations and possible ways for application

of our results in future studies (Section 7.2).
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7.1 Conclusions

In this study, first of all, we show that the δ18Op -elevation relationship is spatially in-

homogeneous. We highlight the importance of using different isotopic lapse rates for var-

ious regions of the Tibetan Plateau and Himalayas. Water tagging capabilities help to

quantify the contribution of different evaporation sources to the hydrological budget on

the Himalayas and Tibetan Plateau and thus to determine the initial condition for the

Rayleigh distillation. Comparison of our results with published data reveals possible un-

derestimation of Eocene elevation of the Tibetan Plateau up to 1200 meters that could be

a significant argument in the debate around the early Cenozoic “high” Tibetan Plateau.

Further, deeper investigations show that the isotopic composition of precipitation is

very sensitive to climate changes related to the growth of the Himalayas and Tibetan

Plateau. Topography is shown to be not an exclusive controlling δ18Op factor. The relative

contribution of other-than-topography controlling factors and their magnitude differs

depending on the uplift stage and the region considered. Notably, we show that changes

in relative humidity, precipitation amount and post-condensation processes over Asia has

considerable impact of δ18Op , however such an influence greatly depends on the stage of

uplift of the HTP. We highlight that future paleoaltimetry studies should take into account

constraints on climatic factors to avoid misestimating ancient altitudes.

When more realistic experiments (with varied paleogepgraphy and pCO2) have been

established, our modeling results show a significant influence of paleogeography changes

on the Asian climate and δ18Op . Our simulations with Eocene boundary conditions sug-

gest that topography change has a minor impact on HTP δ18Op . On the contrary, Eocene

δ18Op is primarily controlled by the atmosphere circulation and global temperature chan-

ges. Based on our numerical experiments, we show that despite persistence of large-scale

atmospheric flows such as the monsoons and westerlies, Eocene δ18Op over the HTP re-

gion is different from those of the present-day due to global higher temperatures, south-

ward shift to a zone of strong convection and increased role of westerlies moisture source.

We show that the Rayleigh distillation is not applicable for the Eocene Himalayas and con-

clude that the assumption about the stationarity of δ18O-elevation relationship through

geological time is inaccurate and misleading paleoelevation estimates.

A strong dependency of δ18Op on local surface temperatures, which, in turn, depends

on the elevation, makes the choice of carbonate formation temperature crucial. Our

Eocene modeling demonstrates that temperatures used in Eocene paleoelevation studies

are likely underestimated, resulting in a prediction of high Eocene elevation of the HTP.

We deduce that carbonates δ18Op are primarily recording large-scale atmospheric circu-

lation and local temperature. Our simulations highlight the limit of standard atmospheric

distillation models when they are applied to deep paleo.

Our climate simulations show that the retreat of the Paratethys ocean, the changes in

latitudinal position of India, and the height of the Tibetan Plateau control precipitation

patterns over Asia and cause the monsoon variability over Asia. Aridity patterns persist

through all the Cenozoic, however, lateral extent of deserts is controlled by topography,

paleogeography and CO2 concentration.

The results of our study allow us to provide some suggestions for improving paleoal-
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timetry estimates of the HTP. First, we conclude that present-day δ18O-elevation gradient

established for the Himalayas is not valid for other regions of the HTP. We suggest using

GCMs in addition to measurement of the surface waters δ18O in order to access spatial

variability of the isotopic lapse rates. More importantly, we show that present-day isotopic

lapse rates are not valid for the early times of the HTP. Isotopes-enabled GCMs provides a

unique opportunity to obtain an idea on paleo δ18Op distribution for specified boundary

conditions for deep paleo. On the other hand, acquirement of new data on paleo δ18Oc

requires physical bases for their interpretation. For this purpose we insist using modeling

approach in order to avoid considerable errors in data interpretation. However, climate

modeling method that is used in this study has its own limitation that we discuss in the

next section.

Our results allude to the necessity of reinterpretation of δ18O available from multiple

published sources given the results of numerical simulations enabled with the isotopes.

Such reinterpretation may have consequences for understanding climate and geodynam-

ical evolution of the HTP both. Summing up, our research appeals to a broad community

of geochemists, climatologists, but also to geologists and geophysicists interesting in el-

evation history of mountains belts as well as geodynamical evolution of the Himalayan

collision.

7.1.1 Uncertainties, limits and caveats of this study

In this study we use climate modeling approach and comparison of models results

with the proxy data. We are aware that this technique has its limitations and should be

applied with caution on those restrictions. Modeling uncertainties arise from fundamen-

tal choices made when a GCM is build - physical processes parameterization, grid reso-

lution, and from further choice of initial and boundary conditions. In addition, data used

in our study for model-data comparison brings its own uncertainty.

Uncertainties linked with the processes representation in the model

In this study we use the AGCMs, in other words, the oceanic circulation is not pre-

sented in these models. A method of the model forcing with the SSTs (for more de-

tails see the Section 2.3.5) allows us to save some computation time, but brings an ad-

ditional uncertainty to the choice of the SSTs. Besides this, first order uncertainties of

our modeling approach are associated with the physical parametrization of climatic and

isotopic processes represented in the models used. Key uncertainties are linked to the

clouds parametrization, atmospheric convection, terrestrial surface processes represen-

tation and the isotopic exchange between the vapor and the rain.

In our work we show that the clouds cover may impact the δ18O in order of magnitude

of 2 %%, through the modification of the radiative and water budgets. However, clouds

parameterization is known to be complex in GCMs (Rio and Hourdin, 2015). In our study

we use a default version of the clouds scheme (the Emanuel’s scheme) (Hourdin et al.,

2006) and we are aware that the improvements in the clouds representation may impact

modeled isotopic distribution. For example, using of thermal plume model for the con-
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vective boundary layer (Rio and Hourdin, 2015) may improve the boundary layer repre-

sentation, particularly its progressive deepening during the day and the associated near-

surface drying. Alternatively, using “super-parameterized” GCMs (e.g. Li et al., 2012) may

allow to better reproduce the convection and clouds. The approach involves applying

a two-dimensional cloud-resolving model in each column of a three-dimensional large-

scale model, that constantly interact with the large-scale dynamics (Grabowski, 2001).

However, this technique requires increased computation capabilities.

In the tropics, the convective process is known to have a significant imprint on the

stable oxygen isotopes composition of precipitation (for example, through the amount

effect) (Risi et al., 2008). However, the convective processes in a GCM depends on the pa-

rameterization applied. The LMDZ version 4 uses the Emanuel’s convection scheme that

was shown to be reasonable in terms of representation of modern convective processes

(Hourdin et al., 2006). However, the known issue of this parameterization is an overes-

timated precipitation amount over the elevated topography (topography picks) and un-

derestimated precipitation on the topography foothills (Francis Codron and Camille Risi,

personal communication). This issue is translated in the precipitation field simulated in

our experiments at least for the pre-industrial simulation (for example, see Figure 3.6 A,

B) In order to avoid this limitation, we suggest using multi-models approach (models in-

tercomparison) or tuning the orographic precipitation in LMDZ.

The surface processes representation in the model brings an addition source of un-

certainties. We run the model version where the soil moisture is represented as a single

reservoir (called “bucket” scheme). This simplified version of the surface hydrology does

not allow the distinction between evaporation and transpiration. An absence of realistic

multi-level soil moisture schemes has an evident impact on representation of the conti-

nental moisture recycling and, thus, on the water stable isotopes in the hydrological cycle.

In addition, in the model version we use, the vegetation evolution is not solved ex-

plicitly, instead we use the vegetation distribution as a boundary condition (see Section

2.3.5). However, terrestrial vegetation cover has a potential impact on stable oxygen iso-

topes through modifying the surface albedo and thus the energy balance from one hand

and through the evapotranspiration variations from the other. In order to reduce the un-

certainty linked with the simplified representation of the surface processes and in order to

estimate the order of magnitude of this uncertainty LMDZ-iso should be coupled to the

ORCHIDEE land Surface Model of IPSL. However, this coupling increases exponentially

the computation time and was not possible in the framework of this thesis.

A large uncertainty in the representation of water stable isotopes in GCMs and in

LMDZ-iso in particular, is linked to the parametrization of the isotopic exchanges be-

tween vapor and rain droplets during their way to the surface and their partial reevapo-

ration (Lee and Fung, 2008; Risi et al., 2010). In LMDZ-iso, the relative effect of raindrop

evaporation rely on a tunable parameterφ, controlling the relative humidity at the droplet

contact (RHc ), and thus the intensity of kinetic effects (Risi et al., 2010): RHc =φ+(1−φ)·h,

where h is the relative humidity of the vapor reservoir in which droplets reevaporate.

Risi et al. (2010) show that the modeling results are very sensitive to this parameter,

especially in dry regions where the reevaporation is strong. In LMDZ-iso φ is set to 0.9

Bony et al. (2008). Risi et al. (2010) also indicate that if the coefficient φ is set to 0, the
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amount effect becomes stronger and the raindrop evaporation lower. In addition, the iso-

topic equilibration time of raindrops is drop-size dependent, with smaller equilibration

time for small raindrops (Lee and Fung, 2008), but, in the current version of LMDZ-iso

the raindrops size is not taken into account, that may results in underestimation of equi-

libration time for heavy rains with big raindrops. In further versions of LMDZ-iso the

parametrization of rain drop size should be added and modern and paleo climate ex-

periments should be set for testing the sensitivity of δ18O distribution (especially in arid

condition) to the variations of rain drop size.

Uncertainties linked with the model resolution

In this study we use LMDZ in different resolutions (see Section 2.3.3), with a minimum

size of cell obtained with a zoomed grid of ∼50 km. This resolution obtained for the Asian

region can be considered as very high, given modern computation resources and use of a

GCM and not a regional model. However, relief peculiarities such as narrow valleys or high

mountain pick could not be presented in this grid configuration but have possible impact

on the hydrological cycle through exchanging the air masses trajectories. In addition,

model-data comparison should be applied with caution, because in this case we compare

data in a point with simulated variable de facto averaged on a 50 x 50 km area. In order

to avoid this limitation, statistic downscaling methods should be applied to the model

outputs.

Uncertainties linked with the boundary condition used

Another group of uncertainties is associated with the boundary condition we use for

our paleo experiments (see Section 2.4). Except for the uncertainty linked to the choice of

the SSTs that we discussed earlier, important limitations of paleomodeling approach are

linked to the paleogepgraphies reconstructions used. Unfortunately, today consistent pa-

leogeographies for the Cenozoic that could be used for climate modeling are lacking. For

example, for paleogeographies used in this thesis, a large uncertainty is linked not only

to the mountains elevations, but also to the land-sea distribution (uncertainty in the sea-

lave), continental shelf extensions, ocean floor bathymetry (especially over areas where

simple time-depth relationship is not applicable) and even to the latitudinal position of

continents (e.g. India) which is associated to recent improvements in paleomagnetic data.

Further scientific efforts should be concentrated on creation of paleogeographical global

maps sets that covers the whole Phanerozoic and where the latest paleomagnetic, sedi-

mentological and paleoaltimetry data are incorporated.

Some projects are working on the improvement of present-day lack of consistent pa-

leogeographical sets, for example, PALEOMAP project of Christoper Scotese

(see http://www.scotese.com) or Deep Time Maps™ Paleogeography (paleogeographic

maps produced by Colorado Plateau Geosystems, Inc.) (see https://deeptimemaps.com).

However, these paleogeographies, besides some questionable decisions (e.g. elevation of

major orogens, sea-surface level that is linked with sea-land distribution, accretion timing

of the volcanic arcs in the Tethyan belt and so on), brings some technical difficulties asso-

ciated with adaptation of these kind of maps for numerical simulation. A new technical
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approach has been proposed recently for paleogeographies reconstructions by Baatsen

et al. (2016), that is based on the use of depth-age relationships for oceanic crust together

with adjusted present-day topography and allows to create Cenozoic paleogeographies

suitable for climate simulations. Authors indicate that this approach gives a first estimate

of the global geography at a chosen time frame. However, the resulting maps need to be

editing manually taking into account the geological data.

Uncertainties linked with the data used for the comparison

In a conclusion we want to stress that not only the modeling approach brings differ-

ent uncertainties to the results of our study, but also the data from the natural archives

should be considered with a caution. First of all, a large uncertainty is linked to the dating

of paleocarbonate samples. Second, alteration processes may completely overprint the

initial isotopic record. In the case of visible evidences of alteration, the data should not be

used for isotopic studies. However, altered samples sometimes have been used by some

authors (e.g. Kent-Corson et al., 2009) under the pretext of climate changes tracing. The

results of these measurements should be considered with additional caution.

For the precipitation data that are used for the model validation a caution should be

also applied, because the samples were not collected every day and might thus not be

representative of monthly averages, given the significant variability observed in the vapor

at the daily time scale.

Finally, we want to discuss the uncertainty linked with the choice of carbonate for-

mation temperatures. It is commonly assumed that pedogenic carbonates are forming

during the summer period (Quade et al., 2013), however few works are available on this

subject. Some questions are arising: is the carbonates formation period the same for

warmer (e.g. Eocene) climates? Is there a kind of "closing" temperature above/below

which the carbonates are not forming? In this case, what is the threshold? Answering

these questions is crucial for relevant reconstruction of δ18Op δ
18Oc and thus paleoeleva-

tion estimates.

7.2 Perspectives

7.2.1 Short-term perspectives

Review of the recent progress in the surface elevation reconstruction of the HTP through
the Cenozoic and its reinterpretation taking into account our modeling results

In the introductory chapter we provide a compilation of available paleoaltimetry stud-

ies for the HTP which are based on different proxies including stable oxygen isotopes evi-

dences, paleobotanical data, biomarkers and others (see Section 1.3.6). To our knowledge,

today there are no published works that summarize the elevation history of the HTP using

all available data. For example, in the work of Rowley and Garzione (2007) the Cenozoic

elevation scenario of the HTP has been suggested using only 6 published quantitative es-

timates. Jiang et al. (2015) provide a summary of 23 studies in a form of a table, but the
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discussion is lacking. Form the other hand, the results of our study shows that the δ18Oc

measure from the natural archives is not only a record of the surface elevation, like it was

hypothesized before, thus this measurements should be reinterpreted taking into account

the climatic imprint on δ18Oc . A comprehensive review of the elevation history of the HTP

may become a logic accomplishment of this thesis.

Study of the contribution of the Paratethys See retreat to the isotopic composition of
the HTP

In this study we have used paleogeographies where a large Paratethys Sea is presented.

In this manuscript we discuss several times the role of the Paratethys Sea retreat of Asian

climate. Despite the Eocene experiment with "closed" Paratethys (Section 4.4.2), the con-

tribution of moisture that evaporates over the Paratethys to the hydrological budget of

the HTP is still barely estimated. In order to estimate this contribution, additional exper-

iments should be set. We suggest following experiment design: sea water δ18O should be

increased locally over the Paratethys Sea. A comparison of simulated δ18O over the HTP

of such an experiment with control experiment outputs may show if Paratethys moisture

contributes to the isotopic shift over Asia or not.

Study of the impact of the latitudinal position of India to the isotopic composition of
precipitation

One of the main conclusions of the Chapter 4 is that the southward position of the

HTP for the Early Cenozoic brings the region of interest to the convection zone that re-

sults in more enriched δ18O. However, available paleogeography reconstructions do not

allow follow the impact of gradual shift of the India and the HTP northward during the col-

lision between India and Asia. A discussion of the results of our experiments with Christo-

pher Poulsen, encouraged us to provide additional sensitivity experiments with artificially

changed position of the India continent and the HTP. These experiments could become

a nice illustration of the impact of convection/subsidence zones position to the isotopic

composition over elevated topography.

Vegetation reconstructions through the Cenozoic and implications for biodiversifica-
tion

Major biodiversification events, hot spots generation and evolutionary transitions (e.g.

C3/C4 transition) that took place during the Cenozoic over Asia are reconstructed us-

ing different evidences (Favre et al., 2014; Wen et al., 2014). However, their causes are

poorly understood. Some hypotheses indicate that besides global temperature changes

(associated with CO2 drop), the uplift of major orogens (including the HTP) through the

Cenozoic as well as continents movements may have contributed to this biodiversifica-

tion (Favre et al., 2014). Multiple paleo-archives allowed to reconstruct paleo-vegetation

changes through the Cenozoic, however a consistent history is lacking. Monsoon changes

are also extremely important (Favre et al., 2014), since the changes of the hydrological

cycle, in particular, the precipitation seasonality variations have direct impact on plants.
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Implication of climate models with interactive vegetation modules may also allow to infer

the vegetation changes at various time scale consistent with the simulated climate varia-

tions. A modeling approach may help to provide a new global database of the potential

vegetation and to entail many prospects in paleoclimatology.

During this thesis we have run LPJ vegetation model in order to create realistic bound-

ary conditions for our paleo experiments. However, these results have never been ana-

lyzed as an independent topic. A first step forward has been undertaken by Inès Mangolte

during her internship at LSCE. Based on our FOAM and LMDZ simulation presented in

Chapter 6, she has studied the linkage between the monsoon onset during the Cenozoic

and associated vegetation response.

Apart from this, based on our Cenozoic climate simulations we have built vegetation

maps using Köppen-Geiger climate classification (Peel et al., 2007) (Figure 7.1). South-

ward shift of the Tibetan Plateau in the early Cenozoic together with higher CO2 concen-

trations results in predominance of temperate and savannah vegetation over the Tibet.

Highly seasonal precipitation is simulated for all studied time periods over the south-

ern Asia and India that results in wide distribution of monsoon and rainforest vegetation.

However, a deep analysis of this paleovegetation distribution is out of scope of this present

study and may be a subject of future research. In addition we may suggest providing inde-

pendent simulation with the interactive vegetation simulations using the same boundary

conditions as in this study in order to compare the results of the both techniques.

ET
Cf
BS
BW
Cs
EF
Dw
Ds
Df
Cw
Aw
Am
Af

Miocene Oligocene

Middle Eocene Early Eocene

Figure 7.1 – Preliminary results of paleovegatation modeling (of-line, based on LMDZ-iso outputs)
using Köppen-Geiger climate classification (Peel et al., 2007). Climate symbols used in the legend:
ET - tundra; Cf - Temparate without dry season; BS - steppe; BW - Desert; Cs - temperate with
dry summer; EF - frost; Dw - cold with dry winter; Ds - cold with dry summer; Df - cold without
dry season; Cw - cold with dry winter; Aw - savannah; Am - monsoon; Af - rainforest. For detail
description of Köppen climate definition criteria see Peel et al. (2007).
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Modeling of climate and stable oxygen isotopes in Miocene

In this thesis we have presented climate model experiments with boundary conditions

for whole Cenozoic period. However, a detailed analysis and full model-data comparison

has been applied for the Eocene period only.

Miocene is the period in Cenozoic that started ∼ 23 Myr and finished ∼ 5 Myr. Num-

ber of preserved evidences of paleoelevations increases for more recent time periods and

a lot of (about 30 measurements from different publications) Miocene paleoelevations

estimates from geological, paleontological, and of course, from carbonate δ18O are avail-

able. However, despite high abundance of paleoelevations evidences, consistent history

of HTP uplift in the Miocene is lacking and paleoelevation estimates ranging from 1000 -

1500 m (Chen et al., 2002; Hoke et al., 2014; Murphy et al., 2009) to > 5000 m (e.g. Currie

et al., 2016) (see Section 1.3.6).

In current study we reconstruct Miocene climates and stable isotopes in precipita-

tion using only one paleogeography reconstruction. Results of additional simulations

(with multiple paleogeographical and topographical scenarios) confronted against avail-

able carbonate archives may help to quantitatively reconstruct the Miocene HTP topog-

raphy elevation and, consequently may have implications for reinterpretation of climatic

and geodynamical evolution over the region.

7.2.2 Long-term perspectives

Paleogeographical maps building

In this work we have used the paleogeography maps for several time periods through

the Cenozoic, that comes from different authors and, thus, does not provide consistent

evolution of the continents configuration and topography elevation (see Section 7.1.1). In

addition, the time step between the paleogeographies used is too big. Today few sets of

paleogeographical maps are open for scientific non-commercial use and even fewer are

adopted for climate modeling needs. However, paleomodeling community needs modern

reconstructions that incorporates geological data acquired during the last years, since the

paleogeography appears to be a crucial factor controlling paleoclimate.

The impact of HTP uplift on oceanic circulation and ocean - atmosphere feedback

Uplift of major orogens, such as the Andes, has been shown to impact oceanic circula-

tion (e.g. Sepulchre et al., 2009a). However, with few exceptions (e.g. studies of Abe et al.,

2003; Kitoh, 2004), the influence of HTP uplift on oceanic circulation, sea surface temper-

ature and ocean-atmosphere feedback is unknown. Recently, a modeling effort has been

undertaken by our colleagues (Baohuang et al. in prep.) from Key Laboratory of Ceno-

zoic Geology and Environment (China) to investigate the linkage between HTP uplift and

meridional overturning circulation (MOC) in the North Atlantic and North Pacific oceans.

For this purpose these authors use ocean-atmosphere GCM (the work is in preparation for

a publication). However, in this study present-day geography with varied HTP topogra-

phy has been used. Here we stress a necessity of realistic paleogeographies in such kind of
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works in order to better constrain oceanic circulation through the past, that may become

a subject of our further investigations. Moreover, in order to avoid model-dependent es-

timates, models intercomparison approaches should be applied.

Paleo-monsoon reconstructions using multiple high-resolution models

Modeling of the monsoons systems is known to be dependent on representation of

the atmospheric dynamics and the hydrological cycle in a particular model (Kripalani

et al., 2007). Our current research may be completed by intercomparison of outputs of

different models. In these models high-resolution (at least over Asia) may allow more

representative comparison with different geological records on the monsoonal signal.

Modeling of hydrogen isotopes in precipitation and deuterium excess

The deuterium excess (or d-excess), defined by d(%%) ≡ δ2H - 8 · δ18O (Dansgaard,

1964), where δ2H and δ18O are deuterium and oxygen-18 composition of water. The cli-

matological significance of the deuterium excess parameter for tracing precipitation pro-

cesses is very high as it reflects the prevailing conditions during evolution and mixing of

air masses en route to the precipitation site (Benetti et al., 2014; Froehlich et al., 2001).

d-excess of paleo precipitation can be inferred from leaf wax, which persists in sediments

over geological timescales and has been measured in modern studies over Asian region

(e.g. van der Veen et al., 2015; Zhuang et al., 2014). LMDZ-iso allows tracing the stable

hydrogen isotopes in a hydrological cycle and to investigate the physical basics for the

controlling factors of hydrogen isotopes in paleoprecipitation. We do not trace δD in our

simulations in order to reduce the computation time, however, such simulations together

with model-data comparison approach may be promising as may provide additional in-

strument to infer the moisture source conditions (Benetti et al., 2014; Pfahl and Sode-

mann, 2014) and the continental recycling rate (Liu et al., 2008).

Cenozoic erosion rate modeling using GCM-generated precipitation patterns and cre-
ation of "Fully Coupled Earth System Models"

Erosion is a crucial link between internal geodynamics and climate. However, long

term (> 1 Ma) erosion rates remain poorly constrained (e.g. Charreau et al., 2011; Molnar,

2004). Climate (e.g. precipitation rate) is an important element for understanding paleo

erosion rate and thus, paleoclimate reconstructions are indispensable for erosion mod-

eling. In this thesis we have shown how the uplift of vast mountain belts like the HTP as

well as changes in paleogeography and atmospheric CO2 concentration have an impact

on atmospheric dynamics and precipitation patters. Precipitation rates over the Asian re-

gion have been significantly changed through the Cenozoic. We may suggest two possible

solutions for relating paleoprecipitation rates and the erosion rates through the Cenozoic,

that may shade some light to the uplift rates of major orogens consistent to the climate

evolution:

• Using of precipitation rate patterns generated with high resolution global climate

models as external forcings for erosion models in order to reproduce realistic ero-
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sion through time. For this purpose the simulation that we have already done may

be used as well as additional simulations with various boundary conditions;

• Creation of "Fully Coupled Earth System Models" - a new types of models, that

couple solid Earth dynamics model (e.g. visco-elasto-plastic code of Taras Gerya

(Gerya, 2010)), landscape models (exhumation and erosion rate model of Jean Braun

(Braun, 2003)) and a climate model (probably a simplified version). Such models

should become a powerful instrument for studding the interactions between the

solid Earth and the climate. However, several caveats of such approach are evident.

First, different time scales of acting of geological and climatic processes may have

result in either increase in computation time or simplification of several compo-

nents (it depends on what component the focus will be done). Second, the vertical

scale of the Earth interior is several times larger than the vertical scale of the atmo-

sphere. Finally, such models may be very expensive in terms of computation time.

General perspectives

Methodology developed in this study with an example of the HTP, may be applied

for other major orogens all over the world. For example, it can be used for revealing the

main controls of δ18O over Andes, Cordillera Mountains, Caucasus, etc. and together with

model-data approach may significantly contribute to understanding of the vertical move-

ments of the Earth surface. Finally, paleoclimate simulation presented in this thesis are

global and may be used for studying the global monsoon as well as other regional mon-

soon systems.
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Titre : Modélisation de l’impact de l’évolution tectonique himalayennes et tibétaines sur le
climat et les isotopes stable de l’oxygène au Cénozoïque

Mots-Clés : climat, plateau tibétain, paléo élévation, modélisation climatique, isotopes stable
de l’oxygène, Himalaya

Résumé : La vitesse de surrection de l’Himalaya et du plateau tibétain tout au long du Céno-
zoïque reste encore aujourd’hui largement débattue. L’analyse des isotopes stables de l’oxygène
pour reconstruire les paléo-altitudes est considérée comme une technique très efficace et a été
largement utilisée. Néanmoins, cette méthode a deux limites principales: 1) les relations entre
δ18O et le climat ne sont pas bien établies et 2) le climat Cénozoïque en Asie est mal contraint.
Dans le cadre de cette thèse, nous avons étudié le lien entre la surrection des montagnes, les
changements climatiques associés et le δ18O dans les paléo-précipitations. Nous utilisons le mod-
èle de circulation générale atmosphérique isotopique nommé LMDZ-iso. Avec une expression
théorique de la composition isotopique des précipitations fondée sur la distillation de Rayleigh,
nous avons montré que seulement 40 % des sites échantillonnés de l’Himalaya et du plateau tibé-
tain contiennent une signature isotopique qui enregistrent des informations sur la topographie.
L’utilisation de conditions aux limites réalistes nous permettent de reconstruire le δ18O des paléo-
précipitations pour quatre époques du Cénozoïque (55, 42, 30 et 15 Ma). Dans la mesure où les re-
constructions des paléo-altitudes sont particulièrement controversées pour les premières étapes
de l’évolution du plateau tibétain, nous avons ensuite approfondi notre étude en nous focalisant
sur l’Eocène (en utilisant une paléogéographie qui correspond à 42 Ma). Pour ce cas, nous mon-
trons que le δ18O des précipitations est insensible à l’altitude en Asie, tandis que le δ18O dans
les archives naturelles (carbonates) enregistre le signal de la paléo-élévation puisque le fraction-
nement entre la calcite et l’eau est sensible à la température, qui elle-même dépend en partie de
l’altitude. La comparaison du δ18O simulé pour l’Eocène avec les données du δ18O mesuré dans
les carbonates suggère que, pendant l’Eocène, l’Himalaya et le plateau tibétain n’avaient pas en-
core atteint leur élévation actuelle (> 3000 m).

Title: Modeling the response of climate and precipitation δ18O to the Cenozoic tectonic evo-
lution of the Himalayas and the Tibetan Plateau

Keywords: climate, Tibetan Plateau, paleoelevation, climate modeling, stable oxygen isotopes,
Himalayas

Summary: The timing and rate of surface elevations of the Himalayas and the Tibetan Plateau
remain controversial and their impact on Asian climate and the onset of monsoon systems in this
area is highly debated. Stable oxygen paleoaltimetry is considered to be a very efficient and widely
applied technique, but has limitations from two sides: 1) the link between stable oxygen compo-
sition of precipitation and climate is not well established, 2) Cenozoic climate over Asia is poorly
reconstructed. With a purpose of filling the gap in our knowledge of climate variability over Asia
during the Cenozoic, we use the isotope-enabled atmospheric general circulation model LMDZ-
iso to understand the links between the growth of mountains, associated climate changes and
δ18O in paleo-precipitation. Our results show a significant influence of the Paratethys retreat, the
latitudinal displacement of India and the height of the Tibetan Plateau on Asian hydrological cy-
cle. We develop a theoretical expression for the precipitation composition based on the Rayleigh
distillation and show that only 40% of sampled sites for paleoaltimetry depict signal attributed to
topography changes. Realistic boundary conditions allow us reconstructing δ18O for several pe-
riods during the Cenozoic (for 55 Ma, 42 Ma, 30 Ma and 15 Ma). The focus has been put on the
Eocene (42 Ma), since paleoelevation reconstructions are particularly controversial for this time.
We show that Eocene precipitation δ18O is rather insensitive to topographic height in Asia. How-
ever, carbonate δ18O still records paleo-elevation because the fractionation between calcite and
water is sensitive to temperature, which partly depends on altitude. Comparison of simulated
Eocene δ18O patterns with data from the carbonate archives suggest that the Himalayas and the
Tibetan Plateau did not reach present-day (> 3000 m) elevations during the Eocene.
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