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Résumé

Francais

Le changement climatique peut influencer les précipitations moyennes et extrémes, avec des effets poten-
tiellement impactants pour les sociétés. La région méditerranéenne est particulierement touchée et est
considérée comme un “hot spot” du changement climatique, en termes de température, précipitations
et vulnérabilités des sociétés. En Méditerranée, on s’attend dans le futur & un “paradoxe du cycle de
leau”, c’est-a-dire une diminution des précipitations annuelles moyennes (“asséchement”) tandis que des
précipitations treés intenses s’intensifient sur sa rive nord. Cependant, ces signaux ne sont pas encore
clairs dans les observations. Bien que ces deux aspects de sécheresses et de précipitations extrémes soient
chacun cruciaux en termes d’impacts sur la société et les écosystemes, et aient été étudiés par deux
communautés de recherche, le potentiel lien entre les deux a rarement été exploré. De plus, 1’évolution
du reste de la distribution des précipitations a été relativement négligée dans la littérature, alors que
son étude pourrait aider a obtenir une vision plus large et plus cohérente de la réponse de la région au

changement climatique.

Dans ce travail, nous proposons un nouveau cadre théorique pour examiner comment la distribution
globale des précipitations évolue dans la région méditerranéenne au cours du passé récent et des projec-
tions futures. Nous utilisons des données de précipitations de la réanalyse ERA5 sur la période 1950-2020,
et des simulations Euro-CORDEX pour la période 1950-2100, toutes deux a une échelle de temps quo-
tidienne. Nous développons une méthodologie pour étudier les tendances temporelles des quantiles de

précipitations et leur signification statistique.

Nous nous concentrons d’abord sur la distribution des jours de pluie (jours avec plus de 1 mm/jour),
puis étudions comment le changement de la fréquence des jours secs peut impacter ces changements
d’intensité et donner des tendances différentes en distribution annuelle. Pour la distribution des jours
de pluie, a la fois les réanalyses ERA5 et les modeles Euro-CORDEX montrent quatre comportements
différents. Certaines régions ont une courbe de tendance des quantiles affichant une “forme en U”, avec des
quantiles de précipitations décroissants jusqu’a un seuil donné (“quantile d’inversion”) puis des extrémes
qui s’intensifient. Quelques points ont le comportement inverse (hausse des quantiles faibles et médians,
mais baisse des quantiles extrémes). Deux comportements supplémentaires sont souvent observés : des
régions ou tous les quantiles de précipitations des jours de pluie diminuent, et d’autres ou ils augmentent
tous.

Nous avons ensuite modélisé la distribution des jours de pluie avec une loi de Weibull simple (deux
parametres), permettant la définition analytique d’un critére pour déduire les régimes de tendance des
précipitations basés sur ces deux parametres. En étudiant la signification statistique des parametres de
Weibull dans la réanalyse ERA5, nous montrons que le comportement en U n’est pas significatif sur le

passé, tandis que le comportement en “Tous les quantiles augmentent” en Europe du Nord est significatif.



Dans un second temps, nous revenons a la distribution de I’ensemble des jours de ’année et examinons
comment ses tendances peuvent différer de celles de la distribution uniquement des jours de pluie, en raison
du changement de la fréquence des jours secs. Nous comparons également le poids relatif de 'occurrence
des précipitations et de leur intensité dans les changements de précipitations. Nos résultats montrent
qu’en Méditerranée, sur le passé, les changements de précipitations sont dominés par les changements de

la fréquence des jours secs plutdt que par les changements d’intensité des jours de pluie.

Nous appliquons enfin la méthodologie développée aux projections futures, en utilisant un sous-
ensemble de 15 modeéles Euro-CORDEX avec le scénario d’émissions le plus fort, RCP8.5. Nous comparons
d’abord les résultats sur la période passée (1950-2020) avec les données ERAS : le signal CORDEX n’est
pas aussi fort que dans cette réanalyse, mais globalement cohérent. Cela valide notre ensemble de modeles
sur le passé.

Nous étudions ensuite la période future 2070-2100, ot nous trouvons un trés bon accord multimodele
sur les comportements des tendances : la plupart des modeéles s’accordent sur un régime “Tous les
quantiles augmentent” sur I’Europe avec une augmentation de la fréquence des jours de pluie, tandis
qu’en Méditerranée les projections sont robustes sur une diminution de la fréquence des jours secs et
un signal plus faible d’augmentation de l'intensité des jours de pluie. La Méditerranée est également
contrastée en termes de régimes annuels, entre sa rive nord et sa rive sud, ce qui est cohérent avec la
littérature sur les différentes tendances projetées des extrémes de précipitations. En utilisant a nouveau
le modele de Weibull et I’approche analytique, nous montrons que le changement de distribution des
précipitations en Méditerranée est largement dominé par I’augmentation forte de la fréquence des jours
secs.

Nous analysons enfin ’émergence tout au long du 21eme siecle du signal sur les régimes annuels de
précipitations. Nous montrons que ces régimes deviennent de plus en plus robustes a mesure que le siécle
progresse, mais que le rythme de cette émergence varie selon les régions, avec quelques décennies d’avance
pour 'Europe du Nord par rapport a la Méditerranée, et une décennie d’avance pour la Méditerranée

sud par rapport a sa partie nord.

En résumé, cette theése a développé un cadre méthodologique original pour caractériser 1’évolution des
distributions de précipitations, qui permet de mettre en lumiére I'importance de I'augmentation des jours
secs en Méditerranée comparés aux changements d’intensité, que ce soit dans les données historiques ou

dans les projections futures.
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English

Climate change is known to have consequences on both mean and extreme precipitation, with potentially
threatening impacts on societies. The Mediterranean region is particularly affected, being a hotspot of cli-
mate change, in terms of temperatures, precipitation, and societies’ vulnerabilities. In the Mediterranean,
we commonly expect from the existing literature a “water cycle paradox” in the future, i.e. decreasing
mean annual precipitation (“drying”) while very heavy precipitation will intensify on its Northern shore.
Still, these signals are unclear in observations. Although these two extreme aspects of precipitation
(absence of rain - drought, dry spells etc. - and very heavy precipitation) are each crucial in terms of
impacts on society and ecosystems, and have been studied by two research communities, the potential
link between the two has rarely been looked at. Besides, the evolution of the rest of the precipitation
distribution has been quite overlooked in the literature, while its study might help to get a broader and

more coherent picture of the evolution of precipitation over the last decades.

In this work, we look at how the whole precipitation distribution changes in the Mediterranean region
over the recent past and the future projections. We use precipitation data from ERAD reanalysis data over
1950-2020, and from Euro-CORDEX simulations over 1950-2100, both at daily timescale. We develop a

methodology to study the temporal trends of the precipitation quantiles and their statistical significance.

We first focus on wet-days distribution (days with more than 1 mm/day), then study how the change
in dry-days frequency can impact these intensity changes and give the all-days distribution. For the
wet-days distribution, both ERA5 reanalysis and Euro-CORDEX models show four different behaviors.
Some places have a quantile trend curve displaying a “U-shape”, with decreasing precipitations quantiles
up to a given threshold (“inversion quantile”) and then intensifying extremes. A few places have the
opposite regime, with an intensification of low to medium quantiles, and a decrease of extremes. Two
additional behaviors are widely observed : regions where all wet-days precipitation quantiles decrease,
and others where they all increase.

We then model the wet-days distribution with a simple Weibull law (2-parameters), enabling the
analytical definition of a criterion to deduce the precipitation trend regimes based on these two param-
eters. By studying the statistical significance of the Weibull parameters, we show that the “U-shape”
behavior is not significant in ERA5 reanalysis, while the “all quantiles intensify” behavior is significant

over Northern Europe.

Still in the past period, we then come back to the all-days distribution and look how its trends can
differ from the wet-days distribution’s, due to the change of the dry-days frequency. We also compare the
relative weight of precipitation occurrence and intensity in precipitation changes. Our results show that
in the Mediterranean, the changes of precipitation appear dominated by changes in dry-days frequency

instead of wet-days intensity change.

We finally apply the developed methodology to future projections, using a subset of 15 Euro-CORDEX
models with the strongest emission scenario, RCP8.5. We first compare results on the past periods (1950
2020) with ERA5 data: the CORDEX signal is not as strong as in this reanalysis, but consistent overall.
This validates the selected dataset.

We then study the future period 2070-2100, where we find a very good multimodel agreement on
the trends behaviors: most models agree about an “all quantiles intensify” regime over Europe together
with an increase of the wet-days frequency, while over the Mediterranean the projections are robust on a
decrease of the dry-days frequency and a smaller signal of increased wet-days intensity. The Mediterranean
is also contrasted in terms of all-days regimes between its north and southern shore, consistent with

literature on the different trends in projected extremes. By using again the Weibull model and analytical
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approach, we show that the Mediterranean all-days precipitation is widely dominated by the strong
increase of the dry-days frequency.

We finally analyze the emergence of the signal on precipitation throughout the 21st century, in all-
days regimes. We show that all-days regimes become increasingly robust as the century progresses, but
the pace of this emergence varies by region, with a few decades of lead for northern Europe compared to

the Mediterranean, and a decade of lead for southern Mediterranean compared to the northern part.

In summary, this thesis develops an original methodological framework to characterize the evolution
of precipitation distributions, highlighting the importance of the increase in dry-days frequency in the

Mediterranean compared to changes in intensity, whether in historical data or future projections.
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Part 1

Introduction



Context and general aspects: climate change impacts and pre-

cipitation

Climate change is happening

Climate has naturally changed throughout the Quaternary period, i.e. in the last 2.6 million years.
For example, the Earth’s climate has been following the changes of solar radiative forcing due to the
variation of the elliptic orbit of the Earth around the Sun. This, for instance, has been giving regularly
spaced glacial-interglacial cycles, which have a period of about 100000 years since the middle Quaternary,
with short interglacial periods of about 20000 years. These can be observed in marine and terrestrial
paleoclimate records. As a reminder, the difference of averaged global temperatures between glacial and
interglacial periods was of “only” -5°C, and had major consequences (for instance, for the last glacial age,
the sea level was 100 meters lower than today, and a huge ice cap was covering the whole Scandinavia
up to UK and Ireland). The Earth entered its last interglacial period, called the Holocene Epoch, about
12000 years ago, and for the last 6500 years, the long term trend had been a slow cooling. Up to the mid
19th century.

The warming we observe since the preindustrial period in the mid 19th century is totally unprece-
dented. Between 1850-1900 and 2011-2020, the Earth global temperature is estimated to have warmed
by 1.1 °C (Intergovernmental Panel On Climate Change (IPCC), 2023), as illustrated on figure 1. As a
comparison, the natural warming which occurred at the end of each glacial period took about 5 thousand
years, with a maximum warming rate of about 1.5°C/1000 years. This is about 10 times less than what

we observe today, and it highlights how fast and intense the current global warming is.

In 1988, a new organization called the Intergovernmental Panel on Climate Change (IPCC) was
established by the United Nations General Assembly, with the mission to provide policymakers with
regular scientific assessments on the current scientific state of knowledge about climate change, both
concerning its causes and consequences. Since 1988, the IPCC has become worldly known for its work,
namely its six successive Assessment Reports (AR), in addition to special reports and technical papers
in response to requests from other international organizations. The IPCC work has greatly helped to
establish an extremely clear consensus in the scientific community, stating that current climate change
is solely due to human activities (illustration on the temperature curve in figure 1). For instance, the
Second Assessment, published in 1995, expressed a greater certainty that climate change was largely
caused by human activities. In the Fourth Assessment in 2007, the IPCC used words like “unequivocal”

to describe the consensus that human activities are the main cause of global warming.

The term of (anthropogenic) climate change in the following, will therefore describe the unequivocal
fact that the Earth’s climate is warming and changing at a rate that has never registered on Earth history,
and that it is due to the rapid increase of the atmospheric concentration of greenhouse gases caused by

human activities (transport, energy production, agriculture, deforestation, etc.).

Climate change consequences have already been observed in a number of striking ways. It does not
restrict to an atmospheric warming (though regular record-breaking hot temperatures are occurring year
after year) but also concerns many other aspects of the Earth components. For example, climate change
impacts consists in the surface ocean warming up, in sea level rising (with a current rate of about 4 cm
per decades), melting glaciers and sea ice caps, acidification of the oceans, disturbed carbon and nitrogen
cycle, disruption of the water cycle, and so on. Note that the effect of climate change on temperature

extremes is of much higher amplitude than the effect on precipitation extreme (figure 2), and is also
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Figure 1: (a) Observed increased of global temperature from 1850 to 2020, and (b) attribution of the
current temperature increase to human emissions, far before potential changes due to solar activity and
volcanic eruptions, with an offset of cooling aerosols. The subfigures were extracted from Figure 2.1 of
the synthesis report of the AR6 (Contribution of Working Groups I & to the Sixth Assessment Report
of the Intergovernmental Panel on Climate Change, 2023).
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Figure 2: Observed and projected change in terms of (a) extreme temperature (here, a 50-year event)
and (b) extreme precipitation (here, a 10-year event), at global warming levels of 1.5°C, 2°C, 3°C, and
4°C relative to 1850—1900. Figure extracted from the summary for policymakers of the IPCC’s 6th
Assessment Report, Working Group I, Intergovernmental Panel On Climate Change (IPCC), 2023



easier to observe on recent past climate. The precise impacts on the water cycle, in comparison, are more
difficult to study.

Climate change also has strong regional variations, with for example a clear land-sea contrast and
differences linked to latitudes. They can be due to complex phenomena and feedbacks such as land-
atmosphere interactions and changes in the regional or large-scale dynamics. For example, the air above
the continents are expected to warm about 1.5 time faster than above the oceans, and the high latitude
of Arctic region even faster (about twice as fast) due to an albedo feedback among other mechanisms.
Therefore, some regions with particular high projected changes are considered as hotspots of climate

change. The Mediterranean region, as we will detail later, is one of those climate change hotspots.

In the next section, we will describe briefly the modeling tools used to model and understand climate

change, both at global and regional scale.

Climate modelling

The study of climate change and its impacts on the water cycle greatly relies on our capacity to understand
and model the climate system. But what is a climate model? We will describe this tool briefly, both

concerning global and regional simulations.

Global models are generally used to derive climate information at global scale, for both past and
future climates. These types of models are called General Circulation Models (GCM). In meteorological
or climatic modeling, the set of conservation equations for momentum, energy, water and mass, are solved
numerically by the model, at each gridpoint, using spatial and temporal discretization. Therefore, the
atmosphere domain is divided into meshes, which can be simple latitude longitude meshes as visible
in figure 3, or more complex such as icosahedral meshes. In the solving of the equations, a part translates
the exchanges between meshes and is explicitly solved by discretizing the partial differential equations on
the meshes. This exchange part is identified in blue outline in figure 3.

The nominal horizontal resolution of models is typically 100 to 200 km, and has improved a lot since
the first IPCC report, thanks to the huge advances in computational power. The computation time
needed for a simulation is proportional to the number of years simulated, but it also increases as the
nominal resolution, usually to the power four (since there are three spatial dimensions, plus the temporal
one which is usually constrained by the spatial resolution for numerical stability reasons).

Sub-grid phenomena can not be explicitly resolved, and have to be parametrized. Parameterization
is a method of replacing, by a simplified description, processes that occur at a too small scale (compared
to the model’s grid) or which are too complex to be physically represented in a numerical model. In
global models, this is the case for the life cycle of convective clouds, the cloud microphysics leading to

precipitation, turbulence, surface-atmosphere exchanges such as evaporation, etc.

The effective resolution of a model is around three to five times greater than the grid resolution. This
severely limits the model’s ability to capture the effects of local forcing (e.g. complex topography and
land-surface characteristics) which modulate the climate signal at fine scales. Therefore, to have a more
accurate climate information at a regional level, different regionalization methods have been developed
in the last few decades, usually divided in either statistical “downscalling” or dynamical “downscalling”
methods. Very briefly, statistical downscalling methods estimate a link from the distribution of a large-
scale variable (produced by a GCM for example, on the historical period) and the same variable but at
a local scale (for example, station based precipitation). It then uses this relation to downscale the future
projections of the GCM at a finer scale. On the other hand, dynamical downscalling requires another

physically-based model to run, on the domain of interest: a Regional Climate Model.
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Figure 3: Illustration of a three-dimensional atmospheric mesh used in some climate models, to solve
the conservation equations listed on the right side. The part of the equations framed in blue represents
the transport of atmospheric variables between meshes, while the part of the equations framed in red
correspond to the terms of source or sink in the cell. These terms are called physical parameterization.
Source: Drobinski, 2020.

A Regional Climate Model (RCM) is a limited-area model which focuses on the climate of a specific
regional domain (for example, Europe), and uses the outputs from a Global Circulation Model at the
borders of the domain to get the information of the large-scale atmospheric dynamics. Because they do
not cover the whole globe, RCMs can have a higher spatial resolution than GCMs at a lower cost (usually
10 to 30 km for a RCM compared to 100 to 200 km for a GCM). Therefore, RCMs can better represent the
land-sea effects, the orography, etc. Regional simulations have been shown to improve the representation

of local climate, with for example better intensity and spatial patterns for extreme precipitation.

Outputs from climate models are a very useful tool for understanding the climate, quantifying the
effect of a mixture of complex phenomena, of feedbacks mechanisms, etc. But climate models also have
many limitations, and some of them impact the representation of precipitation. Climate models have
well-known biases, such as the ‘too few, too bright’ representation of clouds, or the “drizzle” issue, i.e.
the fact that they produce too often small quantities of rain (Bastin et al., 2019). Extreme precipitation
are often underestimated, especially when the spatial resolution of the model is coarser (Khodayar et al.,
2016). Besides, the parametrization brings a difficulty in itself, and it has been shown that the choice of
the parametrization scheme can greatly impact the resulting precipitation (Crétat et al., 2012; Di Luca
et al., 2014; Cavicchia et al., 2018).

Because of these limits, an ensemble approach is often used, i.e. studying a given phenomenon in
not only one model but an ensemble of models, which have different parametrization schemes, choices
of microphysics, etc. This enables to quantify the uncertainties of the modelling. Besides, an ensemble
approach also has the advantage to filter out natural variability, by averaging the different models results,
and to highlight the signal due to anthropogenic climate change. This is why prior to each of the IPCC
assessment reports, there has been a Coupled Model Intercomparison Project (CMIP), which is the
analysis of climate projections produced by climatology institutes worldwide (with two institute at the
French level, Météo-France and Institut Pierre Simon Laplace - IPSL) following a set of guidelines (e.g.
temporal period, aerosols or greenhouse gases forcing, availability of the output data, etc.).

An illustration of the multimodel approach of the 6th CMIP is shown in figure 4, where the projected
global temperature’s evolution is shown throughout the twenty-first century. On the figure, the five
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Figure 4: Projected global mean temperature in °C, relative to 1850-1900. It is obtained by using a
multimodel approach on the simulations done for 6th Coupled Model Intercomparison Project (CMIPG),
combined with observational constraints. Very likely ranges (colored area) are shown for the scenario
SSP1-2.6 and SSP3-7.0. For IPCC, Very likely designate an assessed result likelihood of 90-100%. The
figure was extracted from the AR6 Summary for Policymakers of Intergovernmental Panel On Climate
Change (IPCC), 2023, figure 8(a).

different scenarios for anthropogenic activities used for the 6th Assessment Report are displayed. They
are called SSP, for Shared Socio-economic Pathways, and the higher the number associated to the SSP,
the higher the greenhouse gases emissions and the resulting global warming.

At the regional level, similar initiatives of models intercomparison have been done, such as the Co-
ordinated Regional Climate Downscalling Experiment (CORDEX), with for example Euro-CORDEX
focusing on Europe, MED-CORDEX on the Mediterranean region, CORDEX Africa on Africa, etc.

The present thesis focuses on the climate change’s consequences on regional precipitation, within the
Mediterranean region. Before going into the state of the art of the observed and projected changes of
diverse precipitation indices within the Mediterranean region, we would like to give some physical sense

of how global precipitation is impacted by climate change.

Main physical aspects of global precipitation changes

Precipitation is a paramount part of the water cycle. It designates both rain, snow, hail, or other mix
phases such as graupel. Precipitation is created by the condensation of water vapor in a saturated air,
forming micrometer droplets, which can merge due to microphysics phenomenon, giving finally birth to
large enough drops on which gravity is finally not negligible and make them fall. The precise formation
of water droplets and drops is a whole field of microphysics. The conditions favorable to the formation
of precipitation is usually an ascendance of moist air, in which the air parcel cools down and finally
saturates. How precisely convection favors precipitation and extreme precipitation is also a whole field
of research, that we won’t detail further in this introduction. We can still highlight that these conditions
are not even across the globe, as can be seen on figure 5. Indeed, due primarily to large scale circulation
patterns (caused by the difference of solar heat received between the equator and the poles), there exists a
tropical band with high values of annual precipitation, called the Inter-Tropical Convergence Zone, while

the subtropical zones have generally very low precipitation, as for example the Sahara desert.

In this section, we will focus on how climate change impacts precipitation at the global scale. We aim to
give the reader a rapid overview of the main mechanisms explaining how climate change can impact both
total and extreme precipitation. It is usually considered that there is a separation between scales larger
than about 4000 km, where the water cycle change is dominated by the thermodynamics and the energy
budget, and scales smaller than 4000 km, where the water cycle is dominated by transport of moisture,

influenced by both thermodynamic and dynamical aspects (Dagan et al., 2019; Intergovernmental Panel



Figure 5: Total annual mean precipitation (mm/year) computed over June 2000-May 2023, using data
from the satellite IMERG. This figure highlights the uneven character of total precipitation. Source:
NASA

On Climate Change (IPCC), 2023). We will first detail these thermodynamic aspects, coming from the

Clausius-Clapeyron law, and we will then see its consequences on precipitation changes.


https://gpm.nasa.gov/data/imerg/precipitation-climatology

Clausius-Clapeyron relationship

The Clausius-Clapeyron law is a thermodynamic relation, which states that the saturation vapor pressure
e* of a parcel of air is a function depending only on the air temperature T', and increases with temperature

following a precise rate:
1 de* L,

e dl  RI? 1)
with L, the specific latent heat of vaporization of water (which we consider as a constant for the range
of temperature at stakes) and R, the gas constant of water vapor, both positive. This rate of change
of the saturation vapor pressure (o = e%%) is equal to @ = 7%/°C for T = 0°C and o = 6%/°C for
T = 27°C, which are within the range of temperature of the lower troposphere. The rate can reach
12%/°C depending on latitude (O’Gorman & Muller, 2010).

Besides, we can integrate Clausius-Clapeyron between two temperatures, Ty and T, to get:

In a case of a warming 7' = Ty + 67T with §7 <« Ty, we can do a Taylor expansion, T% — % ~ ‘ST%, giving:

Ly 5T

e*(T) = e (Tp)e™ To

In other words, Clausius—Clapeyron states that the saturation vapor pressure increases quasi-exponentially

with warming.

From the saturation water vapor, we can come back to the specific humidity at saturation ¢ . Specific
humidity ¢, is defined as the ratio of the density, p,, in kg/m?, of water vapor contained in an air parcel
to the air parcel total density, p: g, = %”. Since the mass of an air parcel is largely dominated by the
mass of the dry air, pg, we can approximate: g, = 2—2. The ideal gas law gives, for respectively the dry

air and the water vapor partial pressures:

e = p,R,T
p—e=pgRyT

with R, the specific gas constant of dry air, and p the total pressure which, by Dalton’s law, is the sum
of the partial pressures of dry air and water vapor. Computing the ratio of the two equations above, and

neglecting the water vapor pressure compared to the total pressure, we get:

Py Rq e NRde

Pd R,p—e R,p

~ Bae

Thus, the specific humidity is directly linked to the vapor pressure, ¢, ~ & o

Finally, at saturation, we

get:
g~ 2D 2)
R, p
Therefore, Clausius-Clapeyron also implies that specific humidity at saturation increases quasi-exponentially
with temperature, at the same rate as the saturation vapor pressure.
In other words, air has the capacity to retain more water vapor at higher temperatures, and Clausius-
Clapeyron law tells us that this water retention capacity of the atmosphere increases by typically 6-7%

per degree Celsius.

Besides, relative humidity RH measures the distance to water vapor saturation, and is defined as:

RH = e/e*(T). It has been observed that the changes of relative humidity are small and negligible
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Figure 6: Scatter plot of the percentage change in (left) global mean column-integrated water vapor ¢
and (right) global mean change of precipitation P, with respect to change in surface air temperature, over
the twentieth century, as modeled by the 20C3M global simulations from the IPCC fourth Assessment
Report. The black line represents the Clausius—Clapeyron rate of about 7.5 %/K, while the dashed line
represents the linear fit between AP and AT, of 2.2 %/K. The figures were extracted from figures 2¢ and
2d of Held and Soden, 2006.

compared to the changes due to Clausius-Clapeyron (both empirically in global climate simulations and
theoretically in last saturation models). Therefore, supposing RH constant, both the water pressure e

and the specific humidity ¢, should also follow Clausius—Clapeyron rate.

This approximate rate of increase for specific humidity is very well verified in models (Trenberth,
1999; Allen & Ingram, 2002; Held & Soden, 2006; Intergovernmental Panel On Climate Change (IPCC),
2023), and is illustrated in the figure extracted from Held and Soden, 2006, in figure 6. This figure shows
that the changes of the global mean column-integrated water vapor (dominated by the lower atmosphere
water vapor, thus by specific humidity) of models from the IPCC AR4 show very good agreement with

the Clausius—Clapeyron law. It is therefore a very robust change.

This has implications for the response of the global hydrological cycle to climate change. We could
expect both total precipitation and extremes to follow Clausius-Clapeyron rate. Yet, as we discuss in
the next section, the global averaged total precipitation increases at a slower rate, due to energetic

constraints.

Global total precipitation and energetic constraint

It is important to stress that the global total precipitation, which quantifies the strength of the water
cycle, does not follow the Clausius—Clapeyron relationship. Instead, total precipitation increases with
temperature at a lower rate, of about 2-3 %/°C. Here, we will give the main ideas of how we can get to

this estimate.

We can first do a mass balance for the water fluxes, on the atmosphere as a whole. As there is no
water exchange with space, and as lateral transports of moisture stay within the atmosphere, the only
mass fluxes are the surface ones: a gain due to the evaporation E from the surface and a loss from
precipitation P, with P and E both in mm/day. The change of water content of the atmosphere, @,

will thus be determined by:
dQaq
dt

Since the lifetime of water in the atmosphere is very short (typically about 10 days), if we integrate over

=E-P (3)

a longer period, for example a year, the left term vanishes: dc%l ~ 0. Thus, we get that £ = P, i.e that




total evaporation and total precipitation exactly compensate each other at global scale.

This equivalence between total evaporation and total precipitation is well observed. For exam-
ple, L’Ecuyer et al., 2015 used satellite observations covering 2000-2009 to assess the water fluxes, which
gave L,P = 78 &7 W/m? for the energetic flux linked to precipitation, and L,E = 754+ 5 W/m? for
the evaporative flux (with L, the latent heat energy of vaporization), thus P and E values have indeed

almost identical values in observations.

Let’s now write the atmospheric energy budget at the global scale. Let’s note @44 the net energy
received by the atmosphere from shortwave and longwave radiation, SHF and LHF the sensible and
latent heat flux at the surface, with LHF = L,FE. Then, since the latent heat flux is an order of

magnitude larger than the sensible heat flux, we get:
Qrad = LHF + SHF ~ LHF = L,E.
Since from the global mass budget, we know that evaporation is equal to precipitation, we finally get:
Qrad = L, P

This balance between the net radiative cooling and the heating produced by water condensation in
clouds is called the radiative-convective equilibrium (RCE). The net radiative cooling Q44 is empirically
estimated to rise with temperature by about 2-3%/°C, through a set of complex mechanisms (see chapter
8 of Intergovernmental Panel On Climate Change (IPCC), 2023). Therefore, total precipitation and
evaporation are expected to increase slowly with warming, by about 2-3%/°C, constrained by this energy
budget.

This increase of 2-3%/°C of global total precipitation is well verified in climate models, for example
in previous generations of climate simulations (Trenberth, 1999; Allen & Ingram, 2002; Held & Soden,
2006) as illustrated on figure 6, and more recently in the climate simulation from CMIP5 and CMIP6, as

illustrated on figure 7.

Faster intensification of extreme precipitation

Extreme precipitation events are events that bring very large quantities of water over a short period
of time (of the order of an hour to a day) which may even represent the quantity usually received in
one month or sometimes a year. They are usually defined as an event corresponding to high percentile
ranks of precipitation occurrence. For instance, the 99.9th percentile corresponds to the amount of daily
precipitation exceeded with probability 1/1000, or in average once in 1000 days (thus 1000 days is called
the return period). They can also be defined as a block maximum with, for instance, the commonly used
maximum daily precipitation over a year. Note that an extreme is dependent on time and space, as it is

defined compared to the precipitation distribution of a specific region and on a given period.

Globally, extreme precipitation are expected to increase with climate change. The Clausius-Clapeyron
relationship is widely used to quantify the link between warming and the amplitude of extreme precipi-
tation, to first order. The main idea is that an extreme precipitation event occurs when all the moisture
contained in the air is precipitated out, thus extreme precipitation is expected to increase with warming
following atmospheric water vapor, at the Clausius-Clapeyron rate (Trenberth, 1999; Allen & Ingram,
2002).

More precisely, we can give a scaling for extreme precipitation, showing the contribution of thermo-

dynamics and of other factors, as introduced by Betts and Harshvardhan, 1987 and further developed
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Figure 7: Estimate (5-95% range) of the increase in total precipitation (left), daily (middle) and sub-
hourly extremes (right), with global mean surface warming. Daily extreme is defined as either the 99.9th
percentile or annual maximum extremes. The data comes either from observations (black bars), global
circulation models (GCM, yellow and red bars), or regional climate models and cloud-resolving models
(RCM / CRM, blue bars). GCM can decompose the effects in land (L) and ocean (O) components. The
figure was extracted from the chapter 8 of the IPCC ARG report (Intergovernmental Panel On Climate
Change (IPCC), 2023).

by O’Gorman and Schneider, 2009; C. J. Muller and O’Gorman, 2011; C. Muller and Takayabu, 2020.
It translates the fact that a precipitation event consists of air rising, cooling adiabatically, and when

saturation is reached, a certain amount of water vapor condenses as the air parcel continues to rise. The

H
d *
Pegmwe/ pw d dz
0 dZ

scaling is the following:

where P, is the extreme precipitation, € the precipitation efficiency (fraction of the condensed water
vapor which finally reaches the Earth’s surface), H the height of the ascent (typically the tropopause
for deep convection), p the air density, w the vertical velocity and ¢* the saturation specific humidity.
If there is no change in vertical velocity, precipitation efficiency nor atmosphere height, then extreme
precipitation change would be indeed governed by the saturation specific humidity and thus follow the
Clausius—Clapeyron rate. But changes in dynamics, or in microphysics (linked to the efficiency €), can
lead to departure from this scaling, for instance due to convective organization (C. Muller & Takayabu,
2020), as confirmed in idealized (Da Silva et al., 2021) and realistic (Bao et al., 2024) storm resolving
models.

We can keep in mind that the thermodynamic scaling of extreme precipitation of about 7%/°C is a
first order estimation, with which multimodel projections agree quite well, as illustrated on figure 2 for
a 10-years extreme precipitation (Held & Soden, 2006), though there can be a large dispersion between
models, as seen on figure 7.

Intensification of the water cycle

When we speak of water cycle here, we often refer to the local difference of precipitation P to evapora-
tion F, at a local scale. As mentioned before, at the global scale, the water mass balance forces total

evaporation and total precipitation to be equal. Yet, there is not such constraint locally.
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Theoretically, we expect from thermodynamics an intensification of the water cycle, defined as an
enhancement of the current spatial patterns of P — E. A simple scaling was proposed by Held and Soden,
2006. In this article, they considered the water mass balance at a local scale, integrated on the depth of
the atmosphere. Then, the divergence of the vertically integrated horizontal moisture fluxes, F', balances

the difference of evaporation and precipitation:
E— P =div(F)

The authors made the hypothesis that the changes in the moisture flux F' was dominated by the change
of air moisture, neglecting the changes in dynamics. Therefore, they applied a Clausius Clapeyron scaling
for F giving 0F = a 6T F, with « of about 6-7%/°C and 6T denoting global mean surface temperature
change. Therefore, the local water balance equation gives:

0(P—FE)

i.e. the patterns of P — F intensify with temperature, following the Clausius-Clapeyron rate.

This intensification of the P— E patterns is often referred to as the “wet get wetter” and “dry get drier”
phenomenon. It has been verified particularly well on global ocean observations in Durack et al., 2012
which used surface salinity data as a proxy for the surface fresh water change, on the period 1950-2000.
In this article, they proved that the patterns of precipitation minus evaporation over the oceans were
enhanced in observations at a rate of 8%/°C, therefore following very well the Clausius Clapeyron scaling
of Held and Soden, 2006. This mechanisms over the oceans can therefore be described as the “fresh gets
fresher, salty gets saltier” phenomenon, and is considered as a robust evidence and high agreement fact,
in the chapter 8 of Intergovernmental Panel On Climate Change (IPCC), 2023.

Nevertheless, this scaling has its limits, since it is based on thermodynamics solely. For example, there
is an amplification of this mechanism over the tropical ocean, which is partially due to the upper layer
warming faster, enhancing ocean stratification. Besides, the scaling is not adequate on land: usually P —
E > 0 on lands, as they receive more precipitation than the water lost through evaporation, but Southern
Chile and Argentina undergo a decrease in P — E (thus §(P — E) and P — E are of opposite signs). Large
departures from the thermodynamic scaling can be observed at regional scale on land, due to changes
in atmospheric circulation, oceanic moisture supply, or land-surface and vegetation feedbacks. Besides,
the change in soil moisture can impact the partitioning between evaporation and runoff, complicating
the P — E scaling. What is however robust over land, is an intensification of the very wet and very dry
seasons, such that wet spells become wetter and dry spells drier (chapter 8 of Intergovernmental Panel
On Climate Change (IPCC), 2023). The IPCC therefore concludes that the P — E response on land is

highly region and season dependent.

Uneven changes in precipitation at regional scale

What we presented in this introduction so far is that, when considering global scales, total and extreme
precipitation are both expected to increase with warming, with a higher rate for extreme precipitation

than total precipitation. But how do these global averages translate regionally?

The key message is that the changes of precipitation are not uniform at all. At regional scales, the
changes in local mean and extreme precipitation can indeed vary substantially from their global scale
values, due both to dynamical aspects and natural variability (Trenberth, 2011; Fischer et al., 2013;
Fischer & Knutti, 2014; Pendergrass & Hartmann, 2014; Pfahl et al., 2017). For instance, contrary to

temperature changes which are positive everywhere, there exist some regions such as the Mediterranean,
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Figure 8: Global maps of future changes in surface temperature (top panels) and precipitation (bottom
panels) for long-term average (left) and extreme conditions (right). Extreme temperatures here refer to
the hottest day in a year, and extreme precipitation to the largest daily precipitation in a year. Changes
are estimated from the Coupled Model Intercomparison Project Phase6 (CMIP6) ensemble median, at
global warming levels of 4°C relative to 1850—1900. The figure was extracted from Intergovernmental
Panel On Climate Change (IPCC), 2023 (FAQ 11.1, Figure 1).

where averaged precipitation and to a lesser degree the extremes, are projected to decrease, contrary to
their globally averaged values. This is well illustrated in figure 8, which displays the maps of projected
future changes in mean and extreme precipitation: these two patterns of change are not uniform around
the globe, and they differ from one another. The Mediterranean region is also one of the regions with
different trends in the mean precipitation compared to extreme precipitation, together with for instance
Northern US, Southern Africa, and Southeast-Asia.

We hope we have given the reader an overall view of the different impacts of climate change on the
global water cycle and that we provided some evidence that the story can be much different at the regional
scale, for the water cycle as for the precipitation. As the Mediterranean region is the focus of the thesis

work, we will now describe what the climate change effects on precipitation are within this region.
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Specific state of the art: Climate change’s impacts on precipita-

tion in the Mediterranean region

The Mediterranean is the first region worldwide where a local equivalent of the IPCC was created: the
Mediterranean Experts on Climate and environmental Change, MedECC, was indeed founded in 2015. It
aims to acquire an advanced scientific understanding of the issues related to climate change, in terms of
impact on populations, health, energy production, biodiversity, water resources and climate-related risks.
The MedECC published its first assessment report in 2020, and a few special reports on some specific
topics, such as climate change and coastal risks. Summaries for policymakers have been made available
in nine Mediterranean languages on the MedECC website. For French readers, an illustrated summary

is also available, aiming at a larger public: Résumé pour tous par le Collectif Citoyens pour le Climat.

In this section, we will describe the state of the art concerning climate change’s impacts on the
Mediterranean water cycle, with a focus on the precipitation change. In a nutshell, we’ll see that the
Mediterranean is a hotspot of climate change with a paradoxical change of its water cycle, due to a strong

drying and a projected intensification of precipitation extremes in the northern part of the region.

A hotspot of climate change, and the paradox of the Mediterranean water

cycle

In Giorgi, 2006, the author developed for the first time an indicator of regional sensitivity to climate
change based on four terms: the changes in mean and inter-annual variability of temperature and pre-
cipitation. The indicator was computed on the 20 climate projections produced for the IPCC fourth
assessment report. The Mediterranean region stood out with one of the largest indicators, along with
that for northeastern Europe, as visible on figure 9: hence the qualification of the region as “climate change
hotspot” (Giorgi, 2006). Multiple studies have since corroborated this qualification of the Mediterranean.
In its first report, the MedECC confirmed that the Mediterranean is indeed a climate change hotspot,
due to both the projected increase in climate hazards and the high vulnerability of the socioeconomic

sectors and natural ecosystems.

In the Mediterranean basin, the average annual temperatures have already risen by 1.5°C compared
to pre-industrial times, i.e. 0.4°C higher than the global average change, according to the first MedECC
report, Azzopardi et al., 2020. The region is projected to warm up faster than the global average, with
an annual temperature increase about 20% higher and a summer temperature increase about 50% higher.
The duration and intensity of heatwaves are also on the rise, with a recent absolute record for temperature
in France in June 2019 (46°C in the Hérault department), while the August 2003 European heatwave was
particularly memorable, both for the strong anomaly it displayed compared to the climatology, and for
the high number of deaths it caused in Europe. Note that urban populations, which account for almost
three-fourth of the Mediterranean basin’s inhabitants in 2020, are particularly hit by extreme heat, as

the urban heat island phenomenon exacerbate heatwaves temperature, especially at night.

The water cycle in the Mediterranean is following a seemingly paradoxical course. On the one hand,
water resources are declining overall, with hotter and drier conditions, and more frequent and intense
droughts, as explained later on. On the other hand, there is a change in precipitation variability, with
an increase in the intensity of intense rainfall events in certain regions around the Mediterranean. This
simultaneous decrease in water resources and increase in extreme precipitation is sometimes called a
“paradox in the water cycle change” (Brunetti et al., 2000; Alpert et al., 2002; Brunetti, 2004; Zittis

et al., 2021). On the contrary, northern western and central Europe are expected to undergo an increase
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Figure 9: Regional Climate Change Index computed for different continental regions (with the acronym
MED for the Mediterranean), by Giorgi, 2006, for 20 global climate projections with three different
emission scenari.

of both total precipitation and extreme precipitation (Zittis et al., 2021; Intergovernmental Panel On
Climate Change (IPCC), 2023).

This paradoxical change in the Mediterranean can have considerable impacts, for instance on the water
resources. There is already a considerable pressure on the Mediterranean water resources, especially on so-
called “renewable” water (groundwater which can be recovered in a short period of time on a human scale),
in Spain and on the southern Mediterranean coast, particularly in Libya and Egypt (figure 10). In several
southern Mediterranean countries, water is drawn from “fossil” sources that are non-renewable. With
climate change, the net loss of freshwater observed in the Mediterranean, combined with demographic
and socio-economic factors (such as a growing population, urbanization, change of life-style, development

of intensive agriculture, etc.) are further reducing groundwater recharge. The region is particularly
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Figure 10: Representation of the level of pressure on water resources in the Mediterranean region, in

2012. Source: UNEP/MAP, 2012
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vulnerable to a limited water security as some of its major economics sectors, intensive agriculture and
tourism development, are highly dependent on water availability (Sabater & Barceld, 2010). Besides,
with a lower quantity of water in rivers or groundwater, pollutants tend to concentrate, impacting the
quality of the water resources. Therefore, climate change impacts on the scarcity of freshwater resources
increase the risk of conflict in the Mediterranean, for example between countries or between different

types of users.

Mediterranean land ecosystems are also impacted by climate change drier conditions. The drying im-
pacts negatively forest ecosystems, with smaller growth rate and health of trees, and an increased wildfire
risk in the region. Climate change is also projected to increase soil erosion in semiarid areas (Jiménez
Cisneros et al., 2014; on Climate Change (IPCC), 2014b).

In the following subsections, we describe more precisely what are the observed and projected changes

for precipitation in the Mediterranean, both mean and extreme.

A future decrease in mean precipitation

The past trends of mean annual precipitation in the Mediterranean are subject to debate, and are unclear
when looking at historical observations on long-term periods. A significant decline in mean annual precip-
itation on both the northern and southern Mediterranean has been found in multiple studies (Tanarhte
et al., 2012; Tramblay, El Adlouni, et al., 2013; Mariotti et al., 2015; Caloiero et al., 2018; Zittis, 2018;
Azzopardi et al., 2020), with for instance Mariotti et al., 2015 finding a significant diminution of about
-0,65 mm/day/decades on Mediterranean lands, between 1902 and 2005. However, these different trends,
derived on time periods of the order of a few decades or on Mediterranean sub-regions, seem actually to

be driven mainly by natural variability and not by climate change (Pena-Angulo et al., 2020).

More precisely, in Pefia-Angulo et al., 2020, the authors collected daily precipitation time series
from 58 stations in Southwestern Europe, which they checked for quality and temporal homogeneity.
They combined them with different precipitation rain-gauges based gridded datasets (CRU, EOBS and
GPCC) to create a long time series, covering more than 150 years (1850-2018). They performed different
trend analyses on this series by varying the time period considered for the trends. This enabled them
to show that there is no significant trend in annual rainfall change in observations over a long-term
period over Southern Europe. On the other hand, they have shown that over shorter periods (typically
1950-2018) significant trends can be detected. They therefore deduced that these mean precipitation
trends are probably due only to natural variability, rather than climate change. Since this article, several
publications confirmed this stationary condition in the observations (Lionello & Scarascia, 2018; Vicente-
Serrano et al., 2021) and the IPCC concluded in the AR6 that there is no long-term trend of the mean
precipitation for the whole Mediterranean region since the pre-industrial era (Intergovernmental Panel
On Climate Change (IPCC), 2023).

What is however robust for total precipitation in the past observations is the decrease of winter
precipitation, especially since 1950 (Intergovernmental Panel On Climate Change (IPCC), 2023). For
instance, Hoerling et al., 2012 found a change of between -5% and -10%, depending on the observation
dataset, for the cold season (defined as from November to April) precipitation in the Mediterranean land,
over 1971-2005 compared to 1902-1970. Figure 11, extracted from the later paper, shows this decrease
tendency but also highlights the large decadal variability of precipitation in the Mediterranean, and
the uncertainties due to the observational sources themselves. As the period from September to April
concentrates most of the annual total precipitation for the Mediterranean, between 50-60% for western
and northern regions and 70-90% for southern and eastern regions, this period is essential for replenishing

water resources in most of the Mediterranean countries.
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Figure 11: Time series of the Mediterranean region (30°-45°N, 10°W—40°E) cold season (November to
April) cumulated precipitation over land, for the period 1902-2010, for four different observation datasets:
GPCC, GHCN, UDEL, and CRU. Anomalies (in mm) are referenced to the whole period (1902-2010)
and are smoothed with a nine-point Gaussian filter. Figure extracted from figure 1(a) of Hoerling et al.,
2012

In the future, the signal of a decrease in mean annual precipitation is much clearer and more robust,
with an average rate of about -20 mm/°C or -4%/K (Giorgi & Lionello, 2008; Lionello & Scarascia, 2018;
Ali et al., 2022). Note that this projected decrease of mean precipitation characterizes the Mediterranean
in contrast with the global average of +2-3%/°C, and even with the average behavior of the other regions
of the same latitudes (between 30°N and 45°N) where precipitation is projected to increase (see figure 8).
Some parts of the Mediterranean will be particularly stricken, such as large parts of the Iberian, the
Balkan, and the Anatolian Peninsula, with a reduction larger than 40 mm/°C on an annual basis, i.e.
twice as large as the average value for the Mediterranean (Lionello & Scarascia, 2018).

In terms of seasonal analysis, the climate projections show a pronounced decrease in precipitation
in the warm season over the whole region, while the decrease in the cold season only concerns southern
Mediterranean. For the Northern Mediterranean, the precipitation decrease will be concentrated in
summer -with up to a decrease of 20% for a +2°C global warming level (Vautard et al., 2014)- while
there is no robust trends in winter precipitation, or even positive trends at the very northern border of

Mediterranean region (transition to central Europe where precipitation does increase).

The absence of precipitation can also play an important role for the Mediterranean. Despite being
a very simple variable, the dry-days frequency and its trends have not been studied in details in the
Mediterranean region, especially in observations. Only a few studies point to an observed increase in
the dry-days frequency in Italy (Brunetti et al., 2000; Brunetti, 2004), over Southern Europe (Benestad
et al., 2019), and in the northern Maghreb (Tramblay, El Adlouni, et al., 2013). Note that the reverse
trend is observed in Northern Europe, i.e. a decrease of dry-days frequency. In the future, the global
climate projections of CMIP5 studied by Polade et al., 2014 showed that the reduction in the number of
wet-days in the southern Mediterranean region would be mainly responsible for the drop in mean winter
precipitation. Similarly, Pichelli et al., 2021, which studied the results of kilometer scales projections,
showed that the future annual precipitation decrease over the greater Alpine region will be driven by the

reduction in the frequency of rainfall events.

Looking for a clearer signal on precipitation on the observations, some studies have turned to the
evolution of rain-free periods in the cold season. The term “dry spell” refers to a series of consecutive days
with no precipitation, or less than 1 mm/day. As explained ealier, there is a high agreement that globally
on lands, dry spells will become drier. In the Mediterranean, various studies have sought to quantify the
evolution in dry spells length, their return frequency, etc., based on both available observations (Tramblay,
El Adlouni, et al., 2013; Raymond et al., 2016) and simulations (see Raymond et al., 2019 as illustrated
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on figure 12), where for example they showed that these rain-free periods will become increasingly long

with climate change.
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Figure 12: Evolution of very long dry spells (VLDS) in number of additional days per wet season (Septem-
ber to April) in the Mediterranean region, over the period 2066-2100 compared to 1971-2005, according
to two emission scenarios, RCP 4.5 (medium emissions) and RCP 8.5 (high emissions). Figure extracted
from Raymond et al., 2019.

Drying of the region

Concerning the water cycle, one of the biggest signal of climate change for the Mediterranean is actually
a drying of this region. The drying of a region is not only driven by the decrease of the incoming water

(precipitation) but also by the outgoing fluxes (evaporation, runoff, etc.).

A warmer climate contributes to an increased atmospheric evaporative demand. This is expected from
the Clausius-Clapeyron relation, presented in equation (1), which implies that as the temperature rises,
air can contain more moisture before saturation, and that the potential evaporation increases. Thus, if
enough moisture is available in the soil, or if vegetation have enough water available to transpire, rising
temperatures can lead to an increase of evapotranspiration, drying out the soil. This thermodynamic
scaling is quite well verified in observations and models. For example, Tramblay et al., 2018 estimated
on CMIP5 models an increase of potential evapotranspiration of about 7% to 14% in Northern Africa,
between 1976-2005 and 2066—2095 under the scenario of medium emissions RCP4.5.

Actual evaporation is very difficult to measure, with only a few stations in the region and short time
series, while this physical quantity is highly spatially variable and depends on many factors (temperature,
wind, solar radiation, soil moisture, vegetation, etc.). Therefore, evaporation is often studied by modeling,
either by land-surface models or using empirical formula such as the Penman-Monteith equation.

The Mediterranean is a water-limited region (compared to Northern Europe which is energy-limited)
and about 90% of the precipitation received by the Mediterranean region is estimated to be lost through
evaporation (Wilcox et al., 2003). Therefore, despite the strong increase in potential evaporation, the
actual evaporation doesn’t necessarily follow the atmospheric evaporative demand, due to water limita-
tion. In past data, the trends in evapotranspiration are not so clear over the Mediterranean. Some global
studies did find a decrease in soil evaporation (Y. Zhang et al., 2016), counterbalanced by an increase in
plant transpiration, giving a total increase in evapotranspiration (Miralles et al., 2014; Y. Zhang et al.,
2016; Y. Zhang et al., 2019). In future projections, the signal is clearer, with for instance Tramblay and
Somot, 2018 showing a projected decrease of actual evapotranspiration by 10% to 25%, in the Maghreb
region under the scenario RCP4.5. The authors showed that this decrease seems correlated with the

decrease in total precipitation, in this water-limited region.
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Soil moisture is one of the most important water resources for agriculture during the summer, and it
also plays a role in the moderation of the temperature variability (d’Andrea et al., 2006). Soil moisture
is defined as the water contained in unsaturated soil surfaces, in either the first centimeters or the first
2 meters, depending on the definition. Numerous articles noted a sharp decline in soil moisture in the
Mediterranean in observations (Sheffield & Wood, 2008; Mariotti et al., 2015). For instance, Sheffield
and Wood, 2012 showed that beyond the annual variations, there is a long-term drying trend in the

Mediterranean over the course of the 20th century (figure 13).
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Figure 13: Changes over the 20th century in the surface area of soils considered to be suffering from
drought in the Mediterranean region, and in the “soil moisture percentile” index, representing one of the
driest soil moisture value (Sheffield & Wood, 2012).

In the future, soil moisture drought areas are expected to increase in the European Mediterranean, by
about 15% to 35% for a global warming of 1.5°C and 2°C, depending on the studies. This is consistent
with the results of Sousa et al., 2011, which found a clear trend toward drier conditions during the
twentieth century for most western and central Mediterranean region.In addition, groundwater recharge
and soil water content are projected to decline in Southern Europe and North Africa, especially during
summer (on Climate Change (IPCC), 2014a, 2014b). This can lead to longer hydrological droughts,
defined as the effects of periods of precipitation deficiency on the surface and groundwater supplies.
The MedECC highlighted in its first assessment report that the likelihood of more extreme and frequent
meteorological, hydrological and agricultural drought events is likely to increase considerably in the future,

with droughts 5 to 10 times more frequent in many Mediterranean regions.

As an aside, the change in large-scale circulation can amplify the drying in some parts of the Mediter-
ranean. Facing the fact that some hotspot regions, such as the Iberian Peninsula, the Arabian Peninsula
and the Sahara, will dry out even more than their surrounding regions, Drobinski et al., 2020 proposed
an explanation by studying the advection of moisture by the atmosphere over the whole Mediterranean.
The paper tracked the trajectories and water content of air parcels: the absolute humidity of the parcel is
highest when over the ocean or sea (water saturation), then decreases as it travels over land. The paper
observed that in future projections, these hotspot regions find themselves isolated from the oceanic or sea
moisture advection, due to a type of cyclonic circulation, a heat low, which will tend to settle more often
over these areas. With climate change, the heat low phenomenon is favored, due to an increased tem-
perature gradient between land and ocean. This atmospheric blockage, limiting the supply of moisture
and precipitation, should further exacerbate the drying of soils on these hotspot regions. In conclusion,
in addition to the regional aridification mentioned above, moisture transport by large-scale atmospheric

circulation also plays a major role in the local drying of subregions within the Mediterranean.
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Extreme precipitation intensification on the northern basin

Similarly to mean precipitation, significant trends of extreme precipitation over the past are challenging
to discern, due to the large variability and the very local characteristic of extreme precipitation. Besides,
extreme events are, by definition, rare events, so they are sampled at a low rate in the observations. There
is an additional difficulty when assessing the literature of extreme precipitation trends, which comes from
the variety of indices used: annual maximal daily precipitation, event more intense than a given threshold
(e.g. 20 mm/day, 50 mm/day), precipitation above a given percentile intensity (e.g. the 99th percentile)

which can defined either in all-days distribution or considering wet-days only, and so on.

There is little literature about past extreme precipitation trends in the Southern Mediterranean, where
long time series for precipitation are scarce. For the Maghreb region, there seems to be no significant
trends, or only a few negative ones (Tramblay, El Adlouni, et al., 2013; Zittis, 2018). Concerning the
Eastern Mediterranean — Greece, Anatolian Peninsula, the Levant region — an increase of extreme
precipitation was found in most of the domain for extreme precipitation (defined as event larger than 10
mm/day or 20 mm/day, as well as annual daily maximum), with a trend of about -1.3 to -3.5 mm/decades
for annual maximum (Mathbout et al., 20a18). This was in contradiction with Zittis, 2018 which found

no significant trends over the Levant and the Anatolian Peninsula.

The signal is clearer for the changes in the European Mediterranean, with mainly positive trends (Ben-
estad et al., 2019; Myhre et al., 2019), though some discrepancies subsist. Indeed, in Southern France,
several papers found an intensification of extremes for annual maxima, with different rates depending on
the domain: +22% in 1961-2015 in Ribes et al., 2019 for the large French Mediterranean, +40% in 2
decades for the Cevennes mountainous region in Blanchet et al., 2018, a trend of +4%/decades in the
Cevennes for autumnal maxima in Vautard et al., 2015. Another paper however found no significant
trend in Southern France, highlighting the difficulty of having consistent results between studies, even
in countries with long time series observations (Tramblay, Neppel, et al., 2013). Besides, the signal is
mainly an increase of extremes for Italy, especially for its northern part (Alpert et al., 2002; Brunetti,
2004), as well as in the Balkans (Nastos & Zerefos, 2008; Bocheva et al., 2009; Zittis, 2018). Finally,
the Iberian Peninsula is one of the few regions in Northern Mediterranean with decreasing (and robust)
trends in extreme precipitations (Benestad et al., 2019; Myhre et al., 2019), except for its northern part
where some positive trends were found (Alpert et al., 2002; Bartolomeu et al., 2016).

The TPCC concluded that in the observations, there exists a positive trend of extreme precipitation
in the Northern Mediterranean (but with low confidence), while the signal is considered as mixed and

too uncertain in the Southern Mediterranean (Ali et al., 2022).

In the future, however, the signal becomes increasingly robust with higher levels of global warming.
Climate projections predict with high confidence that the Mediterranean region will experience more
extreme precipitation on the northern shore, while a tendency toward a decrease of extremes is considered
in the southern shore but with low confidence (Giorgi et al., 2014; Vautard et al., 2014; Drobinski et
al., 2018; Myhre et al., 2019; Pichelli et al., 2021; Ali et al., 2022). We therefore expect a North-
South dipole of extreme precipitation changes, as illustrated in figure 14 by Tramblay and Somot, 2018.
This article also showed that the time of emergence of the extreme precipitation positive trends in the
northern Mediterranean was around the year 2000 (i.e. the signal would already have emerged), while
for the southern Mediterranean, the emergence would occur only around the years 2050, thus much
later. In Pichelli et al., 2021, the analysis of an ensemble of downscaled simulations over the greater

Alpine region, using convection-permitting models at 1 km resolution, showed an increase of extreme
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precipitation, both at daily and hourly resolution (defined as a precipitation event above the 99th wet-
days percentile or the 99.9th wet-hour percentile). Interestingly, they found a rate of increase slower than

the Clausius-Clapeyron thermodynamics scaling, for both daily and hourly extremes.
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Figure 14: Mean change in 20-year extreme precipitation for 102 Mediterranean basin, on a selection of
Euro-CORDEX models, under the high emission scenario RCP8.5. Figure extracted from Tramblay and
Somot, 2018.

Concerning the rate of increase for northern Mediterranean extreme precipitation, an original approach
was proposed in Drobinski et al., 2018. This article did not study temporal trends of heavy precipitation,
but the shape of the heavy precipitation-local temperature relation, in a “stationary” climate. They
compared the slope of this curve with the Clausius-Clapeyron thermodynamic scaling (+7%/°C), on
rain gauges data in the French Mediterranean. They showed that Clausius-Clapeyron scaling was well
verified for low to medium temperature (i.e. winter and spring), while summer precipitation extremes
had a sub-Clausius-Clapeyron rate. According to the article, this smaller rate could be due to a drop
in precipitation efficiency in summer conditions, because of the very dry environment and insufficient
sources of humidity in the French Mediterranean. These results demonstrate the importance of soil
aridification and atmosphere-surface interaction in the response of rainfall extremes to climate change in

the Mediterranean.

A remaining gap of knowledge

To sum up, numerous studies have been carried out on the evolution of different precipitation indices in
the past and future in the Mediterranean, with less literature on the Southern part. They have shown
that there is a downward trend in the future for total precipitation over most of the Mediterranean
basin, while in the recent past the signal is highly dependent on the region studied and the time period
considered, due to high decadal natural variability. Other studies have focused on the changes in the
length of dry spells or the decrease of soil moisture, and showed that there is a strong and robust signal
of land drying in Med. Yet another branch of the literature has been focusing on the change of extreme
rainfall in the Mediterranean, which is not so clear on past observations, while in the future a robust
North-South dipole appears, with intensification of extremes for the Northern part of the region and
decreasing extremes in the Southern part. These key elements of the Mediterranean water cycle change

and their associated uncertainties are summed up in figure 15.

Nevertheless, as we have seen above, the three different aspects of the Mediterranean precipitation
changes (dry conditions, total precipitation, extreme precipitation) are mostly dealt with separately and
by distinct research communities. However, these aspects are not strictly independent, as was illustrated
for example with the sub-Clausius-Clapeyron rates of summer extreme precipitation in Mediterranean

France (Drobinski et al., 2018). A comprehensive vision of the evolution of the entire precipitation
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Synthesis of observed and projected (1.5°C and 4.0°C global warming levels) changes in climate drivers
affecting the Mediterranean region
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Figure 15: Observed and projected (at global warming levels of 1.5°C and 4°C) direction of change of
climate drivers and confidence levels for Mediterranean land sub-regions. Figure extracted from the IPCC
ARG, Ali et al., 2022, figure CCP4.3. For this thesis, the three most important variables are the ones
which we squared in red: mean precipitation, heavy precipitation and dry conditions.

distribution in the Mediterranean, which would cover both the drying out of the region, the signal on
total precipitation and the presumed intensification of extremes, is lacking (besides a few studies as

discussed in chapter 1). This is what this thesis aims to bring.

Thesis objectives and outline

As we have seen in this introduction, when it comes to the impact of climate change on the Mediterranean
water cycle, one of the main challenges is to understand the changes in the overall precipitation, which
in this region can be very different from the global mean. The problem is that the trends detected in the
observations show different and sometime contradictory results depending on the subregions, the time
periods and the precipitation indices used. It can also differ due to the focus of a study, with some studies
looking at all-days precipitation, while others focuse on precipitating events; two approaches that we will
compare in this thesis. All these aspects make it difficult to compare different observed or projected
trend analyses. As a result, it is still difficult to give a clear message to public policy-makers, in order to
take appropriate measures to adapt to future risks induced by changes in precipitation (droughts, water

resources, etc.).

The present thesis tries to make a step forward a better understanding of the changes of precipitation
as a whole, in the Mediterranean region. We aim at characterizing the past and future changes in the
whole distribution of daily precipitation in the Mediterranean with climate change, considering both
extreme precipitation and dry-days frequency change, by proposing a statistical diagnostic. Although
the focus is statistic, the aim is to inform our physical understanding of the Mediterranean region. We
build our analysis on daily precipitation, as it is at the intersection of the temporal scales of meteorological
droughts (usually studied at annual or monthly scale, or with accumulation of dry-days) and of extreme
precipitations (usually studied at daily, hourly or sub-hourly time scales). Note that looking at higher
frequency precipitation, e.g. hourly, and their distribution change, would be interesting to better link the

extreme events with the clouds’ convective life cycle, yet it is out of the scope of this thesis.
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Thesis outline

The present thesis is constructed around three main chapters, which progressively build up the statistical
framework for studying the whole precipitation distribution change, and apply it to past data and future

projections.

The aim of chapter 1 is to characterize the evolution of the entire wet-days precipitation distribution,
over the Mediterranean and in the past, in order to gain a coherent view of the change in precipitation
intensity. Dry-days were therefore temporarily set aside. To achieve this, the idea was first to classify
past trends in Mediterranean for wet-days quantiles into several regimes, as the literature had highlighted
the existence of different behaviors within Mediterranean. This was done by grouping wet-days quantiles
trend curves of the same shape, to highlight similar behaviors. The aim was then to reduce the information
contained in the different regimes to a few simple parameters, to enable a more quantitative analysis of
the trends in the different regimes. To do this, we selected from among distribution laws used in the
literature, the one that gave the best score on daily precipitation in Mediterranean while having a reduced
number of parameters. We were then able to develop a redefinition of the patterns based on this model
parameters. Finally, we wanted to study the robustness of the Euro-Mediterranean trend regimes over
the past, to see if the observed trends are statistically significant over the past. This was done by means
of a statistical test on the trends in the model parameters. This chapter was featured in the first half
of André et al., 2024.

The aim of chapter 2 is to extend the methodology developed in chapter 1 to take into account the
influence of dry-days frequency changes on the overall precipitation distribution. We began by studying
the relative contributions of changes in dry-days compared with those of the wet-days distribution on a
case study, the changes in total precipitation. Total precipitation is indeed a much-studied variable in the
literature, and several papers have already mentioned the potentially important role of dry-day frequency
in certain regions (Pierce, Cayan, Das, Maurer, Miller, Bao, Kanamitsu, Yoshimura, Snyder, Sloan, et al.,
2013a; Polade et al., 2014), although this has not been studied in details for the Mediterranean. The
idea was then to generalize by analytically studying the effect of the change in dry-days on the trends
of the all-days distribution. To do so, we took up the framework proposed by Schér et al., 2016, which
compares all-days and wet-days quantile trends, and applied it to a Weibull distribution for wet-days
precipitation. Finally, we wanted to assess the importance of changes in dry-days frequency for the
overall all-days distribution in the Mediterranean in the past. To do so, we deduced from the above
analysis and precipitation data which parts of the Mediterranean all-days distribution are affected by the
change in dry-days, and which part are essentially concerned by a change in wet-days intensity. This
made it possible to see whether the all-days change categories differ from the wet-days ones due to the

occurrence aspect. This chapter was featured in the second half of André et al., 2024.

The aim of chapter 3 is to apply the methodology developed in this thesis, to study the regimes of
precipitation distribution change with future global warming. As it is known that the climate signal
on precipitation is much stronger in climate projections than in observations and reanalyses, we expect
a clearer signal in the Mediterranean region. The idea was first to choose a representative selection of
Euro-Cordex projections and validate them over the past period. Indeed, it is necessary to check whether
the models are consistent with our previous results for the past, in order to give them confidence in
future trends. Next, the aim was to study future wet and all-days regimes as well as their multimodel
robustness by applying our framework to projections to the end of the 21st century. To this end, we
applied our classification into wet-days and all-days regimes to the selected simulations, and assessed
the future relative contributions of the change in dry-days frequency compared with the intensity’s, in

the Mediterranean region and in Europe. Finally, the idea was to study the temporal emergence of the
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all-days distribution change signal during the 21st century. Indeed, the question of when a clear and
robust signal on precipitation distribution will emerge is indeed a preoccupation for climate adaptation.
We apply two complementary metrics, to assess when the all-days precipitation regimes become robust

within the Mediterranean.

The conclusions and perspectives from this work are then given, in part III.
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Part 11

Thesis’s results
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The following two chapters are essentially the work published in an article to the Journal of Geophys-
ical Research Atmospheres (André et al., 2024). We restructured the article’s content into two chapters,
to enhance the two different steps in the developpement of the methodology. In the first chapter, we
first focus on the wet-days distribution. In the second chapter, we develop further the previous work to

incorporate the effects of dry-days frequency change in the all-days distribution.

Compared to the version of the published article, we also added three supplementary materials: an
appendix about the discontinuities found in EOBS precipitation dataset (section 1.E), one about the
seasonality of the changes of precipitation distribution (section 2.A), and another about the theoretical

separation between the all-days precipitation regimes and their inversion percentile (section 2.B).

The methodology developed and applied to past precipitation in these two chapters will then be used
on future projections in chapter 3.
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Chapter 1

Regimes of precipitation distribution
change in the past climate - focus on

wet-days

1.1 Justification of the study

In this chapter, we want to study the whole precipitation distribution over the Mediterranean region.
Compared to droughts and extreme precipitation, which have been extensively studied, the research on
the whole precipitation distribution is relatively less developed. In the few papers that do study the
whole range of the precipitation distribution, two main approaches can be distinguished: non-parametric
and parametric studies. Non-parametric studies focus on the changes of frequency of fixed precipitation
intensity amounts or on the changes of intensity for fixed percentile ranks or on the change of contribution
from given precipitation amounts to the total precipitation (Alpert et al., 2002; Brunetti, 2004; Klingaman
et al., 2017; Berthou et al., 2019; Berthou et al., 2020). These methods are interesting, but when one
wants to allow diagnostics or interpretation in terms of a few key parameters, parametric studies are

needed.

Still, very few parametric studies consider the whole precipitation distribution and do not focus
only on extreme precipitation. One of these few studies took a simple exponential law with a single
parameter (Benestad et al., 2019) while another study took a gamma law, which was shown to perform
quite well for the low to medium precipitation (Ben-Gai et al., 1998; Groisman et al., 1999). A more
complex model, tailored for wet-days precipitation, has been recently proposed by Naveau et al., 2016 and
gives very good results for both the low precipitation and the extremes (Tencaliec et al., 2020; Rivoire
et al., 2022), still with a little more complexity (it has three parameters compared to two for the gamma
law or one for the exponential). In this work, we choose the intermediate approach of a Weibull law
with two parameters, which, as will be shown below, represents a minimal framework to model wet-days

distribution and its quantile trends regimes.

In this work, we propose a framework which describes the change over time of the whole distribution
of precipitation: from absence of precipitation to low and moderate precipitation, up to extreme events.
We first perform a description of the wet-days trends, quantile by quantile. As underlined by Schar
et al., 2016, such a method should consider the change in frequency of non-precipitating days (or “dry-
days”). Therefore, we also study how the wet-days quantile trends can be influenced by the change in

dry-days frequency. We illustrate this methodological framework on the recent past in Europe and the
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Mediterranean. The main question addressed here is the following: how does the whole precipitation

distribution change across Europe and the Mediterranean region?

The outline of the chapter is as follows: Section 1.2 presents the data set used, then Section 1.3 presents
the different kinds of regimes that can be observed over Europe and the Mediterranean concerning the
wet-days quantile trends. Section 1.4 proposes the Weibull law as a wet-days distribution to represent

the observed regimes, and analyze them more thoroughly.

1.2 Precipitation data set

We chose to use a single data set in this study to focus on the development of a methodological framework.
Yet, we would like to highlight that the methodology we present in this chapter can be applied to any
other precipitation data sets.

The choice of the data set was driven by the need for a data covering the whole Euro-Mediterranean
region, with spatially and temporally homogeneous precipitation, as well as covering a period of time

long enough to help detect small changes in the precipitation distribution out of the natural variability.

We choose not to use EOBS gridded data, although it is considered as the reference of its kind for
Europe and covers a long enough period (since 1950) at 0.25° resolution, because it suffers temporal
and spatial inconsistencies (Cornes et al., 2018). Indeed, EOBS precipitation data set is based on the
spatial interpolation of precipitation gauge data from stations which number and density have changed
significantly over time, therefore one is advised not to use it for the analysis of long-term trends. Since
most of the over available observational data sets cover either a smaller domain (IBERIAO1 in Portugal
and Spain (Herrera et al., 2019), or CARPATCLIM covering the Carpathians), a shorter period of time
(the IMERG reanalysis product starts in 2000, the FROGS product in the 1970s), or have a coarser
temporal or spatial resolution (CRU starts is a monthly data set, while REGEN is daily but at 1°), we
turned to ERAD reanalysis.

We used ERAS reanalysis, the latest global reanalysis provided by the European Center for Medium-
Range Weather Forecasts (Hersbach et al., 2020) at a resolution of 0.25°, on the period 1950-2020. We
computed the daily accumulated precipitation from ERA5 hourly variable “total precipitation”, which
incorporates both convective and large-scale precipitation. Our domain covers the area between 25°W and
45°F in longitude, and between 25°N and 71°N in latitude, enabling the study of both the Mediterranean

and Europe.

ERAS5 assimilates observations which constrain properties like large scale moisture convergence, and
the model is run at an improved resolution compared to the previous version, ERA-Interim. Thus it
has been argued that ERA5 shows reduced uncertainty in its representation of the convective environ-
ment (Taszarek, Allen, et al., 2021; Taszarek, Pilguj, et al., 2021) and of heavy precipitation (Chinita
et al., 2021). ERA5 reanalysis has been shown to be of very good quality on the pan-European domain,
with a wet-days frequency spatial pattern well represented, though it overestimates this frequency, by
about 10 to 20% over land, and thus the mean precipitation (Rivoire et al., 2021; Bandhauer et al.,
2022). ERA5 wet-days precipitation intensity has been shown to be in very good agreement with the
reference European station-based gridded data set EOBS (Cornes et al., 2018) over European lands, espe-
cially where EOBS is most trusted, i.e. where its station density is high (especially in Germany, Ireland,

Sweden, and Finland).

As our results are derived from ERAS reanalysis only, we are aware of potential temporal inhomo-

geneities in the precipitation data: trends might be susceptible to time-dependent biases, for example due
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to the change of assimilated observations in the reanalysis. Yet, temporal inhomogenities in reanalyses
have been mainly noticed in region with sparse data, such as Africa and more generally the southern
hemisphere (Kistler et al., 2001; Ambrosino & Chandler, 2013), usually due to the addition of satellite
data (for example Krueger et al., 2013 on storms, or Shangguan et al., 2019 on ozone data), or to an
increase in station density mainly before the 1950s (Pohlmann & Greatbatch, 2006; Ferguson & Villarini,
2012). Therefore, we expect the ERA5 data in Europe and the Mediterranean to be much less prone to
temporal inhomogenities. Besides, we compared trends in precipitation standard deviation in ERA5 and
in EOBS gridded data set, and while we noticed strong temporal biases on EOBS - with very strong non-
physical differences between neighbor countries - such biases were not visible at all in ERA5 precipitation
data.

1.3 Observed regimes for the change of the wet-days distribu-
tion

One way to study the changes of distribution of precipitation is to look at the evolution of the cumulative
distribution function, or equivalently its inverse function, the quantile curve, on which we will focus in
this study. In the following, we designate as trend the absolute change of a given variable between two
periods of 31 years, 1950-1980 and 1990-2020. We choose to take periods of three decades to smooth out
the natural variability within those periods when taking the mean statistics. The impact of the choice of
the dates on our results is negligible (see Section 1.A). To study the evolution of the quantile curve with
time, we thus computed the trends between the quantile curves of the two time periods: we thus obtain
the curve of the intensity change for each wet-days percentiles.

A precipitation distribution usually has a high probability of the event 0 mm, corresponding to the
many dry-days, i.e. days with no to very low precipitation accumulation. In this chapter, we will look at
both the change of precipitation occurrence and intensity of precipitation (i.e. wet-days distribution) but
also the all-days distribution. For methodological issues, it is indeed handy to set aside the dry-days and
fit a model on the wet-days distribution only (which will be done in the next section). We are conscious
that a quantile trend defined on a wet-days distribution may be influenced by a change in the frequency
of dry-days, f4, as discussed in detail in Schér et al., 2016: this aspect will be further developed in
Section 2.2.

We followed the work from Expert Team on Climate Change Detection and Indices, which recommends
the use of 1 mm/day as the threshold for the definition of dry and wet-days. This value enables to better
deal with both the issues of under-reporting of small precipitation amounts in observations and the “drizzle
problem” of models and reanalyses - which usually have too many days with weak precipitation (Karl
et al., 1999; X. Zhang et al., 2011). The frequency of dry-days (days with less than 1 mm/day) is far from
being negligible in our domain, and can vary from 20% in northern Europe up to 90% in the Maghreb
(and almost 100% in the desert).

We illustrate in Figure 1.1(a) the four main qualitatively different regimes which can be found on the

domain, depending on the shape of the wet-days precipitation quantiles trend curve :
 a regime where nearly all quantiles intensify (for ex. in the UK),

o aregime where nearly all quantiles decrease (for ex. in the North of Portugal, although a few of the

most extremes may have a slightly positive trend),

¢ a U-shape regime, consisting in negative trends for low to medium quantiles but positive trends on

extremes, with a certain inversion percentile in between (for ex. in the North of Italy),
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Figure 1.1: (a) Illustration of the four types of behaviors for wet-days quantile trend curve (between
1950-1980 and 1990-2020), at four chosen locations. The quantile trends AQ(p) are plotted in mm/-
day/decades. (b) Wet-days category map obtained from the classification algorithm, applied on the
trends between 1950-1980 and 1990-2020, with a sliding window of nine grid-points. Green corresponds
to “nearly all quantiles intensify” category, red to “nearly all quantiles decrease”, orange to “U-shape”

and blue to “reversed U-shape”. Gray means the category is unclear. White designates desert location
(less than 2% of wet-days). (c) Relative change of Weibull parameters (%, %) for the wet-days precip-

itation distribution, plotted for the whole domain. This Weibull model is defined in 1.4. Colors indicate
as before the category detected by the classification algorithm. The black thick lines are the theoretic
limits between the influence zones of the two Weibull parameters.

o areversed U-shape regime, with increasing low to medium percentiles with decreasing extremes (for

ex. in the Mediterranean Sea just North of Libyan coast).

Note that by construction, the trend of the 0% wet-days percentile will always be zero, as its intensity
is by definition fixed to 1 mm/day.
Note that a regime comparable to this “U-shape”, with a “crossover” or “inversion percentile”, was

already mentioned in literature for the Mediterranean region (Boberg et al., 2010; Colin, 2011).

In order to quantitatively distinguish between those regimes of trends, we developed a simple classi-
fication algorithm, which takes in input a list of percentiles and associated quantile trends, looks at the
shape of the trend curve and assesses in which of the four categories it falls into. It uses the signs of the
trends for both low to medium ranks (the “belly” of the curve, for percentiles p € [10%,60%]) as well as
for extreme high ranks (the “tail” of the curve, for percentiles p € [85%,99%)]). It also uses the slope of
the linear regression for percentiles p € [60%, 99%.

More precisely, the algorithm is the following:
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1. If the means of the belly is positive, and the tail has a positive mean and slope, then the category

is defined as “all quantiles intensify”.

2. If the mean of the belly is negative, but the tail has a positive mean and slope, then the category
is defined as “U-shape”.

3. If the mean of the belly is negative and the tail has a negative mean and slope, then the category

is defined as “all quantiles decrease”.

4. If the mean of the belly is positive while the tail has a negative mean and slope, then the category

is defined as “reversed U-shape”.

Finally, if the curve doesn’t fall into any of these four categories, it is set into the “unknown” category.

This classification algorithm was applied over the whole Mediterranean and European domain, be-
tween 1950-1980 and 19902020, giving the category map shown in Figure 1.1. Note that this map was
obtained by applying the algorithm on a sliding window of nine pixels (which for each grid-point merges

together the quantiles trends of its eight neighboring grid-points) to smooth out very local irregularities.

The first thing that becomes manifest on the category map in Figure 1.1(b) is a clear North/South
pattern: a large majority of North-West Europe as well as subtropical Atlantic Ocean belongs to the same
regime (“all quantiles intensify”), while the Mediterranean region is mainly in the “U-shape” regime (i.e.,
decreasing low to medium quantiles but increasing extremes) with also a certain amount of “all precipi-
tation quantiles decrease” regime. This is consistent with what one would expect from a Mediterranean
type behavior, with both drying and extreme precipitation events intensification. In the southern part of
the Mediterranean basin, the “all decrease” regime is more predominant. We remind that the differences
between the “all-decrease” and “U-shape” categories are mainly due to their opposite trend signs for very
heavy precipitation. We can also observe that for the Mediterranean Sea far from the coasts (about 200
km away), the dominant category is the “all quantiles intensify” one. As for African land equatorward
of 30°N, the category map becomes extremely spotty, which could be due to a higher natural variability
in the wet-days distribution, mainly due to the very small number of wet-days. Therefore, we won’t look

at desert regions, where there is less than 2% of wet-days.

We also note that the map of categories is much spottier within the Mediterranean region than in
northern Europe. This spottiness seems to stem primarily from a strong natural variability, which may
have prevented a clear long-term climate change pattern from emerging in the distribution of wet-days
in the Mediterranean. Indeed, as shown in Section 1.A, the agreement between wet-days category maps
computed for different time periods over 1950-2020 is much lower for the Mediterranean than for northern

Europe.

Section sum up: Observed regimes for the change of the wet-days distribution

In this section, four types of behavior in terms of wet-days quantile trends were found in ERA5
reanalysis precipitation data. The four regimes are called “all quantiles intensify”, “all quantiles
decrease”, “U-shape” and “reversed U-shape”, and are detected by an algorithm based on the
form of the quantile trend curve. The “all quantiles intensify” regime is predominant over most
of northern and central Europe, signaling an intensification of all quantiles of the wet-days pre-
cipitations. In opposition, the Mediterranean region displays a patchwork of regimes, thus does
not seem to have yet a signal strong enough to overcome the noise of natural variability. This is a
motivation to try to assess more quantitatively the significance of a signal by taking a parametric

approach.
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1.4 Analytical model for the wet-days precipitation distribution

In order to synthesize the information on each and every quantile trends into a smaller number of param-
eters, we turn to a parametric approach. We first focus on finding a model for the wet-days distribution.
Then in Section 2.2 we will see how all-days quantiles trends can be influenced by the changes of both

the wet-days distribution and the dry-days frequency.

1.4.1 Choice of a distribution model

There is no standard model for precipitation’s annual distribution in the literature, but different choices

depending on the aim of the study and the data considered.For example, Benestad et al., 2019 used an

exponential law for the wet-days precipitation distribution, which worked well on their observational data
and gave a good “rule of thumbs” to relate extremes probability or quantile trends to the wet-days mean.
However, since this wet-days model has a single parameter (the wet-days mean), it can only represent a
shift of all quantiles to higher (resp. lower) intensities if the parameter increase (resp. decrease). Thus
this exponential model can not represent the two other quantile trends regimes we observe, the “U-shape”
and “reversed U-shape”, which have opposite trends for low and high percentiles. We need at least two

parameters in the wet-days distribution in order to represent the four regimes presented in 1.3.

We compared different models with two or three parameters, among some usually-used models for
precipitation distribution (Gamma, Weibull, Lognormal, Pearson, etc.) on ERA5 precipitation data, us-
ing the maximum likelihood estimation method and two goodness-of-fit estimators (Kolmogorov-Smirnov
and Cramer von Mises). See Section 1.B for more details. From this comparison of the different models
fitted on ERAD precipitation data, we showed that the best model was the 3-parameters so-called Naveau
distribution (Naveau et al., 2016) seconded by the 2-parameters Weibull distribution. For this study, we
preferred to work with the Weibull distribution, as its two parameters are in theory already sufficient to

describe the four quantiles regimes, as we show in the following.

1.4.2 Expression of the four regimes through a Weibull model

A Weibull distribution is defined by two parameters: a shape parameter (called «) and a scale parameter

(called $3). The cumulative distribution function of a Weibull law is expressed as:
glz) =1—¢ @A

where x is the intensity of precipitation (x > 1 mm/day by definition of wet-days), and g(z) = p € [0, 1]
is the probability of having a wet-day with a precipitation inferior or equal to z. Note that p is also
the percentile rank corresponding to an event of precipitation intensity x. Note that o and § are both
stricly positive, and o < 1. The scale parameter 5 can be thought of as representative of the distribution
median and has a unit of mm/day, while the shape parameter « is linked to the precipitation variance
(though it is dimensionless). For a given percentile p, the quantile intensity Q(p) in mm/day is obtained

as the inverse of the cumulative distribution function:

Qp) =z =7 [ln (ﬁﬂ " (1.1)

p

In Equation (1.1) it becomes clear that 3 is also the intensity of the quantile of rank p =1 — e~ ~ 0.63,
giving 8 ~ Q(63%). We can thus think of the scale parameter S as (quite close to) the wet-days
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precipitation median. We finally note that when o — 1, the Weibull model simplifies to an exponential
distribution, giving the same expressions as in Benestad et al., 2019, with the parameter 8 becoming
the wet-days mean. The values of the Weibull parameters for ERA5 precipitation data are provided in

Section 1.C, as well as their trends and the fit uncertainties.

Quantile trend curves like the ones shown in Figure 1.1 can be expressed analytically as AQ(p), A

denoting the change between two periods of time (denoted by the subscripts 1 and 2):

AQ() = Qa(p) — @1 (p) = B> [m (;p)] R [m (ﬁp)] o (12)

This expression is simple and depends on only four parameters: (a1, 81, ag, 82), or equivalently (a1, 51, Aa, AS).

We observed (not shown here) that a change in the scale parameter 3, keeping « fixed, gives the
category “all precipitation quantiles intensify” for A > 0 and “all precipitation quantiles decrease” for
ApB < 0. In opposition, a change in the shape parameter o while keeping ( fixed gives either a U-shape
for Aa < 0 and a reversed U-shape category for Aa > 0. Note that when f is fixed, then the percentile

of inversion is also fixed, at a precise rank, pin, = 1 — e~ =~ 63%.

When both parameters change at the same time, their two effects will add up, with a weight depending
on the relative change of a and 5. Considering small relative changes, i.e. % < 1 and % < 1, the

quantile trends for a Weibull law can be written, at the first order, as:

%0 1) a0+ 92 () ap (1.3

W e (0,1), AQ(p) > 5

with the following expressions for the partial derivatives:

Q. . B 1 1\
90 =2l (m 1 p) (ln 1 p)
8Q 1 1/«

0= (nit,)

The sensitivity of the trend curve to the two parameters « and 3 can be expressed as a simple ratio:

In (m 11]9)‘ (1.4)

The change in a@ dominates the trend curve if it dominates the trends of at least the low percentiles

Aa

_ B |Aa
Ap

%< (p)Aa
0 =2

L (p)As

and the tail. When plotting the logarithmic function p — |In(In ﬁ)\ on p € [0,1], we can show that
this term is of order unity (except in the very near vicinity of the extremes percentiles 0 and 1 and of
the inversion percentile p = 1 — e~!). Thus, we will take the approximation that the logarithmic term
is of order unity on the ranks that are of interest for distinguishing between the four different regimes.
Finally, we come to the following result: the change in o dominates over § in the quantile trend curve

when:
Aa

> ‘ (1.5)

This means that knowing which of the changes of o or S dominates the trend curve boils down to

comparing their normalized changes.

Therefore, in the space (M Aa) the two diagonals ‘ ’ = | theoretically set the approximate

B a2

limits between the four precipitation quantile trend regimes. More precisely, we expect:
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e a U-shape for

%‘ < |%| and Aa <0

o a reversed U-shape for

87| <« |2%| and Aa >0

all quantiles intensify for

%’ > |%’ and A >0

all quantiles decrease for %‘ > ’%‘ and A <0

Thus, the 2-parameters Weibull model seems a very pertinent representation of the four regimes.

We can validate this theoretical result on ERA5 precipitation data by comparing the theoretical
limits from the Weibull model between the four regimes with the classification obtained by the detection
algorithm (which doesn’t make any assumption about a distribution model). In Figure 1.1(c), we plotted
all grid-points of the domain in the normalized Weibull phase space, and colored them by their category
as detected by the classification algorithm. The bottom quadrant of the plot is mainly occupied by
“U-shape” gridpoints (orange), the left quadrant mainly “all decrease” category (red) and the right one

mainly “all quantiles intensify” (green) points.

Note that the inference uncertainties on « and 8 parameters have little influence on these results.
Indeed, the only locations which regimes deduced from Weibull parameters can be impacted by the fit
errors are those near the diagonals and the center of the Weibull phase plot, i.e. points which lie at the
limits between two categories (see 1.C). Furthermore, these points are at the same geographical locations
where both A« and Af are small and not significant, therefore where the wet-days regimes are considered

as not robust.

1.4.3 Analytical expression of the inversion percentile

When the regime is a “U-shape”, the quantile curve has negative trends up to a certain percentile rank,
which we will define as the “inversion percentile”. After that rank, almost all the following percentiles have
a positive trend. We can get an analytical expression for the inversion percentile p;,, with the Weibull

model, by solving the equations AQ(piny) = 0 for p;n, > 0. This results in the following expression:

DPinv = 1- exp <_ (gi) ag_al) (16)

Since the changes of a and 8 are small for precipitation in ERA5 data (about a few percents), we can

simplify this expression. Let’s write Aa = as — a3 and @ = (a2 + @1)/2, and similarly for 3, then we

have % ~1+ % and % =~ K—i, and we can simplify the exponent:

N T GF o (1+27)~ o Af
B g — o b1 Ao B Aa B

where the last approximation is done by taking the development at the first order in Ag/S3. We finally

get this expression for the inversion percentile:

A 2
Pinv = 1-— €xXp <_ eXp(;ZQ)) (17)

Geometrically speaking, this means that at first approximation, the angle in the Weibull parameter space

(X,Y) = (%, %) gives the value for the inversion percentile p;,,.
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We can also derive a lower and upper limit for the inversion percentile. Indeed, the inversion percentile
is properly defined only in the case where the change of o dominates (U-shape or reversed U-shape), i.e.
%ALB’ > 1. The limit cases for this to be true would be when the change in o doesn’t dominate
anymore, i.e. when % Aﬁﬁ is close to —1 or 1. Those two cases give the minimal and maximal values of p;,,
'~ 30% and P0.max & 1 — e~ 93%.

These values are consistent with the range of inversion percentile observed on the reanalysis (not shown).

when ‘

for a U-shape according to the Weibull law are: pomin & 1 —e™¢

1.4.4 Consequences for the wet-days categories

Since the Weibull distribution enables a description of the four regimes by the relative change of the
models’ two parameters « and 3, we can obtain information on the significance of the regimes from «
and 3. We assimilate the robustness of the wet-days categories to the statistical significance of Weibull
parameters change: a “all quantiles intensify” and “all quantiles decrease” regimes are considered as
robust if A is statistically significant. Similarly, the “U-shape” and “reverse U-shape” regimes are
considered as robust if A« is statistically significant.

The results of the significant test are shown in figure 2.5 (more details about the test in 1.D). It shows
that the Mediterranean region doesn’t have a significant signal on wet-days categories, while in most
parts of northern Europe, the “All quantiles intensify” regime is statistically significant. This result is
consistent with our intuition we had, which was based on the stronger dependence of the Mediterranean

regimes with the definition of the two time periods.

Section sum up: Analytical model for the wet-days precipitation distribution

In this section, we have used a Weibull model on the wet-days precipitation distribution to reduce
the information of the quantile trend curve to only two parameters and their changes. These
parameters are enough to separate between the four observed wet-days regimes, based on the
competition of the two parameters’ relative changes. From this analytical description, we can
also easily deduce some quantities of interest, such as the percentile of inversion for a “U-shape”
regime. Finally, the statistical significance of Aa and AfS indicate whether the of the wet-days
regimes are considered as robust. We found that the “all quantiles intensify” regime of northern

and central Europe is the only statistically robust regime.
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1.5 Conclusion of the chapter

In this chapter, we developped a methodoly to caracterise the change of the whole wet-days distribution,
looking at both low, medium and extreme quantiles. Using the ERAS reanalysis, we studied the evo-
lution of the wet-days precipitation distribution in the recent past, since the 1950s. We showed that it
could evolve in four different regimes, defined on the quantiles trends curves: “all precipitation quantiles
intensify”, “all precipitation quantiles decrease”, “U-shape” and “reversed U-shape”. The map of the four
regimes computed over Europe and the Mediterranean shows a strong contrast between these two regions.
While in northern Europe all quantiles are intensifying with a clear and robust signal, the Mediterranean’s
regimes are shared between a dominant “U-shape” regime mixed with “all quantiles decrease”, but are
overall more spotty due to strong natural variability. This suggests that a climate change signal and its
impact on the wet-days precipitation distribution, shift or distortion, have not (or not yet) emerged in
the Mediterranean region, contrary to northern Europe.

By modeling the wet-days distribution with a Weibull law, we were able to reduce the information of
the quantile trends to just two parameters, a scale and shape parameters, and their changes (representative
of the precipitation distribution shift and distortion respectively). We showed that the categorization in
four regimes can be estimated directly from the ratio and signs of the relative changes of the two Weibull
parameters, as can be done for the percentile of inversion, when it exists. A statistical significance
test on the change of the Weibull parameters confirmed that a signal has emerged in Europe, with a
strong increase of the scale parameter, i.e a shift of the whole distribution to more intense precipitation,
without distortion. In the Mediterranean, only a few small regions had significant change of scale or
shape parameter, reinforcing the argument that a climate change signal on wet-days has not yet emerged

from natural variability.
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1.A Influence of the time period

In Figure 1.2, we can see the wet-days category maps computed for different time periods, covering the
1950-2020 periods:

e 1950-1970 vs 2000-2020

e 1950-1975 vs 1995-2020

1950-1980 vs 1990-2020
o 1950-1985 vs 1985-2020

At a given location, the category of the reference period is considered as robust if at least three of the
four pairs of periods give the same category. This criterion is used to define both for wet-days and all-
days category’s robustness, which is represented by the gray hatches on Figure 1.3. For all-days regimes’
definition, please refer to chapter 2.

On Figure 1.3 we see that both the wet-days and all-days category map are very robust with the
time periods, over the northern part of Europe. However, in the Mediterranean, most places’ categories
are not as robust, especially when at the frontier between different categories. Overall, the North-South

pattern of all-days and wet-days categories is robust to the time periods considered.
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(a) 1950-1970 vs 2000-2020 (b) 1950-1975 vs 1995-2020
T =4 = . = '”_w

-

|

Figure 1.2: Category maps for wet-days quantile trends computed for different couples of time periods
over 1950-2020. The quantile trends values leading to this map have been processed by a smoothing
window of nine points. As before, green color corresponds to “all quantiles intensify” category, red to
“all quantiles decrease”, orange to “U-shape” and blue to “reversed U-shape”.

(a) Wet-days categories (b) All-days categorics
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Figure 1.3: Category maps for the 1950-1980 and 1990-2020 periods. As before, green corresponds to “all
quantiles intensify” category, red to “all quantiles decrease”, orange to “U-shape” and blue to “reversed
U-shape”, while points whose category was unclear are in gray. White designates desert location (less
than 2% of wet-days). The gray hatches denote places where the category detection is not very robust
with regard to changes in the periods considered (cf Section 1.A).
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1.B Comparison of distribution models for ERA5 precipitation

There is no a priory clear choice for a parametric model for the whole wet-days distribution of daily
precipitation (above threshold, here 1 mm/day). The choice of a particular model may depend a lot
on the region considered, on the origin of the data (station data, spatial interpolation from stations,
satellite data, reanalysis, or climate projections), on its spatial and temporal resolution, etc. We have
therefore tested on ERA5 daily precipitation data, a list of the most common models (as well as the
distribution from (Naveau et al., 2016), called Naveau in the following). To compare the quality of the
different models, we used two goodness-of-fit estimators, computed on cumulative distribution functions:
Kolmogorov-Smirnov (a L1 distance) and Cramer von Mises (a L2 distance). When a location parameter
was needed, we set it at the wet-days threshold (1 mm/day).

The inference is done on the period 1950-1980, pulling all wet-days of a given location together,
irrespective of their seasonal occurrence. We do not make the assumption of equal distribution of wet-

days precipitation across season; we simply disregard the potential seasonal variation of the parameters.

We found that in average, the best distribution for the Mediterranean region was the Naveau law,
followed by the Weibull law and the Gamma law (Figure 1.4). As the Naveau model has more complexity
(three parameters) than what we need to capture the quantile trends regimes, we decided not to select this
model. We compared Weibull and Gamma laws pixel-wise across the whole Europe and Mediterranean.
The ratio of the fitting error of Weibull vs. Gamma laws shows that the Weibull model is more suitable
than Gamma law, in most of the Mediterranean domain. We therefore choose the Weibull law for our

model.

Once we fitted the Weibull law on a time series and that we got its optimal fit parameters, we used the
usual Kolmogorov-Smirnov distance as an adjustment test: if this distance is “small enough”, the fit is
accepted. According to empirical tables, for a confidence level of 95%, the Kolmogorov-Smirnov distance
is considered small enough if falling below 1.36/ V'N, where N is the number of data points, as far as
N > 35 (which is largely the case since we fit Weibull on daily data on several decades). The mask of
where the Weibull fit doesn’t pass the adjustment test is shown by hatches on Figure 1.4. It shows that
Weibull is indeed an acceptable model for most of the domain (except for some Mediterranean coastal

areas and sea area in the Atlantic west of Portugal).
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(a) Comparison of distribution models (MED region, 1950-1980) (b) Error Gamma
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Figure 1.4: (a) Goodness-of-fit estimator for different wet-days distribution models in the Mediter-
ranean region (as defined by the IPCC) on 1950-1980. Note that we used a scale factor for the Kol-
mogorov—Smirnov estimator, which was much smaller than Cramer von Mises estimator. In the x-axis,
the number in parentheses is the number of parameters of the fit. (b) Map of the ratio of errors (here
Cramer von Mises goodness-of-fit) between Gamma and Weibull models, across the whole domain, for
the same period. In green are all the location where Weibull model is better suited for the data than
Gamma. Black hatches show the locations where the adjustment test of the Weibull model fails, with a
confidence level of 95%.

1.C Weibull parameters values and uncertainties

Figure 1.5 shows the values of the Weibull parameters for the wet-days distribution of ERA5 precipitation
data, their trends and statistical significance (computed by a bootstrap test, as explained in Section 1.D)
and the uncertainties of the fit.

The uncertainties on the fit were quantified by the standard errors of each parameter, estimated
through the approximate normality of the log-likelihood function, as presented in Coles et al., 2001,
chapter 2.6. Though the values of a precipitation time series are not independent and identically dis-
tributed, this method gives us an order of magnitude of the fit uncertainties. In practice, we used the
Python package Reliability Reid, 2022 to compute the standard error of each parameter.

We then checked if the standard errors on « and § parameters could change the category deduced

by diagonal separation. More precisely, we looked at whether the four points around (%, %) i.e.

AB Ao + 204 AB £ 2 A
(Tﬁa < as = ) and ( B Uﬁ =
make the quadrant change, then we consider that the diagonal categorization is not robust to the inference

=¢), lie in the same quadrant of the Weibull phase space. If the fit errors

uncertainty, for this location.

This happens for pixels which lie close to the diagonals and the center on the Weibull space, as shown
in 1.6. When this figure is compared to 2.5, it becomes clear that the places where the uncertainty on
fit parameters interfere with the diagonal category detection are the places where neither Aa nor Ag is
significant, i.e. the locations where the wet-days categories are considered are not significant. Therefore,

the fit uncertainties do not impact the results presented in this article.

1.D Statistical significance test

We are interested in their statistical significance of different statistics computed on the data, such as the
quantile trends or the Weibull parameters trends. As the precipitation data in the Mediterranean region
is spatially and temporally correlated, we perform a bootstrap test. It consists in comparing the trend of
the real data with the trends that would be obtained on a large number (typically a hundred) of artificial

samples presenting a spatial and temporal variability similar to our original data. Each sample is an
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Figure 1.5: Results for the Weibull parameters fitted on ERA5 wet-days precipitation distribution. Top
row: Weibull shape parameter @ and scale parameter 8 on the period 1950-1980. Middle row: absolute
changes between 1950-1980 and 1990-2020. The hatches denote the location where the change is not
significant through a bootstrap test, at a confidence level of 90%. Bottom row: standard error of the
Weibull parameters, on the period 1950-1980, estimated through the approximate normality of the log
likelihood.
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Figure 1.6: (a) Categories plotted for locations where diagonal separation method is robust with regard
to the inference uncertainties. (b) These locations are plotted in the Weibull phase space.

artificial time series created by pulling random days (and the corresponding precipitation map over the
domain) from our 1950-2020 original data. The random pulling is done with replacement. The artificial
time series created have the same length as the original one.

Since the dates have been mixed in the artificial samples, their average linear trends are zero, but
their variability gives us an estimation of the noise in our original data. The trend of the original data is
said significant at a given level, for example 90%, if the original data lies within the 10% more extreme
values of the bootstrap distribution, meaning that we could have the original data “by chance” from this

random distribution only with low probability (less than 10%).

1.E Discontinuities in EOBS precipitations

As we started my work for this PhD, we began to work on EOBS gridded dataset, EOBS being seen as a
reference for observation dataset based on station data in Europe. However, we realized that there were
unfortunately spatial jumps in this precipitation data (version 23.1 at the time). For example, spatial
jumps at the administrative borders between countries are clearly visible on the map of the change of the
variance of daily precipitation intensity, between 1950-1980 and 1990-2020, as shown in figure 1.7.

After discussing with the ECAD project team, it became clear that the causes of these discontinuities
could be quite diverse:

One possibility is the changes in station density (spatially and with time). This density can vary
significantly between neighboring countries or regions (with for example a very denser network in Germany
and Catalonia). The total station number also greatly changes over time, as is illustrated by the red curve
in figure 1.8. Although a given gridpoint might be complete over later periods, its value in the earlier
past may be derived using fewer stations, which might result in underestimating extreme events.

Another reason might be the differences in the type of the rain gauges. Unfortunately, the ECAD
project team does not have information about the instruments that each data provider is using. Some
gauges might be more precise than others: for example, the automatic rain gauges measure about 5-8%
less precipitation than manual rain gauges in the Netherlands in annual totals, according to the ECAD
responder. Besides, the change from manual rain gauges to automatic rain gauges in the last decades
may have occurred at different time between the European countries, giving artificial trends.

A third possibility is the definition of the ‘day’ that is used between countries: some measure pre-
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Figure 1.7: Change of the variance of daily precipitation between 1950-1980 and 1990-2020, on EOBS
precipitation dataset, version 23.1. Location with less than 90% of days with valid value on the two
considered time periods are removed. The red ellipses highlight several jumps between countries, which
are not physical.
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Figure 1.8: Left: map of all the stations which are used for the daily precipitation gridded dataset
produced by ECAD. Right: evolution over time of the number of stations used for the daily gridded
dataset produced by ECAD. rr designate the precipitation variable, while tn, tg and tx are respectively
the daily minimum, mean, and maximum temperatures.

cipitation from midnight to midnight, while others measure from morning to morning (6AM usually).
Depending on the timing of heavy rain events, this could impact the reported daily amount, especially
for a rain event split between two days.

It is difficult to pinpoint the exact cause of these discrepancies.

As these spatial discontinuities make it difficult to have an homogenized view of the situation over

the whole Mediterranean and European region, we stopped working with EOBS precipitation dataset.
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Chapter 2

Regimes of precipitation distribution
change in the past climate - impact

of the dry-days frequency change

In this chapter, we develop further the methodological framework on the change of precipitation distri-

bution, by incorporating the effects of dry-days frequency change in the all-days distribution.

This chapter essentially corresponds to the last section of the article published in JGR-~Atmosphere.
Note that the appendix corresponding to this article section was reintroduced within the text, for improved
fluidity. At the end of this chapter, we also added supplementary materials, one about the seasonality of

the changes, and another about the theoretical separation between the four all-days precipitation regimes.

2.1 Impact of dry-days frequency change on precipitation an-

nual mean

In order to illustrate the importance of taking into account not only the wet-days distribution but also the
change of the dry-days frequency, we study their relative contributions to the all-days mean precipitation
(i.e., total annual precipitation), which is one of the most studied parameters in climate change studies.

The all-days mean z is the mean of the daily precipitation intensity, and can be equivalently computed

as the product of the wet-days frequency f,, =1 — f; with the wet-days precipitation mean u:
T=1-fa)p

The change of the all-days mean is due both to the change of dry-days frequency fq =1 — fi, and to the

change of wet-days mean:
Az Afq Ap
—_— =+ —
z (I-fa) n

Those two terms can either be of the same sign and add up to each other, or be of opposite signs and

(2.1)

tend to cancel each other out. Indeed, there could be more wet-days but with less intense precipitation,
which could result in an almost zero trend on the mean precipitation. Conversely, there could be regions
with fewer wet-days but with higher precipitation intensity, as was shown in future projections by Pierce,
Cayan, Das, Maurer, Miller, Bao, Kanamitsu, Yoshimura, Snyder, Sloan, et al., 2013b for California and
by Polade et al., 2014 for Mediterranean type climates. The relative weight of the two terms is also

important to study. For future projections, Polade et al., 2014 showed that the change in the occurrence
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Figure 2.1: Relative change of all-days mean 22 between 1950-1980 and 1990-2020, computed directly

x
on data, compared to estimated from the Weibull model, i.e the three contributions from fg, o and S.

term will dominate the change in intensity for the all-days mean, in most of the subtropics. However,

there is very little literature on the behavior of these two terms in past data.

For a Weibull distribution, we can further detail the dependency of the wet-days mean on the shape
and scale parameters. The expression of the Weibull mean is p = 8 I' (1 4+ 1/«), where I denotes the
Gamma function. Taking the logarithmic derivative of the mean, and using the definition of the Digamma

function (usually noted ) as the derivative of the log of the Gamma function, we get:

jz g a?

Ap BB _ Ao <d§;F> - % _ %@m +1/a) (2.2)

z=1+1/a
Note that the Digamma function is strictly positive for the typical range of the shape parameter for ERA5
precipitation, thus the sign of the shape parameter contribution is given by —Aa«. Its typical values are
Y(1+1/a) € [0.4,1], for « € [0.5,1], which is the typical range for Europe and the Mediterranean. Thus,
even in regions with a U-shape categories, where A« dominates the wet-days trend curve as |A‘%ﬂ < ﬁ—?‘,
the change in wet-days mean is not necessarily dominated by Ac, since the Digamma factor is smaller
than 1.

Note that the first order approximation and the use of the Weibull model capture most of the signal
of the relative change of mean precipitation, with an error of less than 1% on most parts of the domain,
aside from desert. Indeed, we can compare the all-days mean (computed directly from data) to the sum
of the f4, a and 8 terms in Equation (2.3). Figure 2.1 shows that the Weibull model for the intensity
plus the precipitation occurrence capture most of the features of the all-days mean. Except for the lower
latitudes where the error can reach 10%, the difference between the direct computation and the sum term

is indeed only of a few percent, in Europe and the Mediterranean.

Finally, the relative change of the all-days mean can be decomposed in three contributions, from the

relative changes of fy, @ and 3:

51

izuf%+%ﬂi‘jw(1+ua) (2.3)
Figure 2.2 shows the relative contributions of those terms to the all-days mean change, and the
significance of these changes. We have a clear North-South pattern for the change of total precipitation
and of dry-days occurrence.
For northern Europe, the contributions of occurrence and intensity changes are of same sign (decrease
of dry-days frequency and more intense precipitation in average), but the all-days mean change is mainly

due to the increase of the wet-days mean (the latter being mainly due to the increase of the Weibull scale
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Figure 2.2: The relative change between 1950-1980 and 1990-2020 of the all-days precipitation mean
Zz, decomposed in its different contributions, from the changes of dry days frequency f; and the wet-
days mean u, the latter further decomposed into contributions from Weibull two parameters, o and 3.
Every map has the same scale for the color-map. The hatches show the zones where the changes are not
significant, with bootstrap test at 90% confidence level.

parameter ). We see also that the intensity change is significant over a larger region than the occurrence
change, in Northern Europe.

For the Mediterranean region, on the contrary, the intensity change is mainly not significant, while
the increase of dry-days frequency is homogeneous and significant, leading to a significant decrease of
all-days mean. In a central European band between East France and Poland, the change of occurrence
is close to zero, and the change in wet-days intensity is the sole contributor to the all-days mean.

Both in northern Europe and in the Mediterranean (even in U-shape regions), the changes of the
wet-days mean are mainly due to the significant change of the scale parameter 3, while the term due to

the change of the scale parameter « is smaller in intensity and not significant.

Section sum up: Impact of dry-days frequency change on precipitation annual mean

In this section, we illustrated the importance of taking into account the change of dry-days fre-
quency by decomposing the change of total precipitation into a term of the change of the wet-days
mean and a term of the change of occurrence (wet-days frequency). ERA5 reanalysis displayed
a statistically significant North-South dipole of the total precipitation change (decrease over the
Mediterranean, increase in Northern Europe), which is due to a similar dipole of wet-days fre-
quency change, amplified in Northern Europe by an increase of the wet-days mean precipitation.
The Mediterranean signal for total precipitation is dominated by the increase of dry-days fre-

quency.

We further decomposed the changed of wet-days mean into a contribution of the Weibull scale

and the shape parameter, showing that the shape parameter’s change had negligible contribution.
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2.2 Influence on all-days quantiles trends of the dry-days fre-

quency

In this section, we investigate in more detail the link between all- and wet-days precipitation quantiles.
In order to understand and quantify how looking only at wet-days can impact the values of the trends for
all-days quantiles, we follow the framework proposed by Schér et al., 2016, more precisely the derivation
made in their first appendix.

The all-days precipitation distribution is linked to the wet-days’ one by the dry-days frequency fy.
More precisely, the wet-days percentile p, which denotes the probability of having an event of intensity
smaller or equal than z mm/day, and the all-days percentile p, for the same precipitation intensity, are
linearly linked by f; :

pa= (1= fa)p+ fa (2.4)

Note that this formula is valid for any percentile rank as far as p, > f4. It gives indeed that for p = 0
we have p, = fq and that the probability of the maximum precipitation value is the same (p = 1
when p, = 1). This simple formula shows that a wet-days percentile p is linearly linked to the all-days

percentiles p,.

By definition, the wet-days quantile () is equal to the all-days quantile ), for percentiles where they
are both defined:

Vpa € [fda 1]’ Q(p) = Qa(pa) (25)

We now consider a change between the two time periods, 1 and 2, of the wet-days precipitation distribution
and its quantiles @Q: AQ = Q2 — @1, where A denotes again the change. For a fixed wet-days percentile p,
AQ is related to the change of the all-days rank and quantile intensity, but also to the change in dry-days

frequency. Rewriting with our notations the equation A7 from the appendix of Schér et al., 2016 gives:

Afa
1— fq

aQa,Q
Opa

AQ(p) = AQa(pa) + (1= pa) (2.6)

We would like to express analytically the slope of the quantile curve 8%;’2, with the Weibull model

developed earlier. Thus, we come back to the slope of the wet-days quantiles, by using Equation (2.5)

and the chain rule:

3Qa,2(l7a) _ 0Q2(p) _ 0Q2(p) Op

OPa OPa dp  Opa
Since the percentiles p and p, are linearly linked, aan = 1} = 117%, e get the following relationship
between the two quantiles slopes:
aQa 2 aQQ
1- = =(1—-p)—
(1-p)He2 = (-0

Thus, Equation (2.6) becomes:

Afq
1—fa

1-n52 (2.7)

AQ(p) = AQa(pa) +

Finally, we can apply the general formula in Equation (2.7) to a Weibull distribution of shape param-
eter o and scale parameter $. Putting all the terms depending on the wet-days percentile p on the same

side, it yields:

AQu(m) = AQ() ~ =14 ()t (2.9

distorting term
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This equation shows that the quantile trends in all-days can differ from the wet-days trends due to
the change of precipitation occurrence, which acts as a weight in front of a distorting term (underlined
by a curly brace in equation Equation (2.8)). Note that the distorting term is growing with p and its
form changes with the shape parameter «, giving even larger additive trends for the heavy precipitation
percentiles as « is small. Note that in the limit case where a — 1, this distorting term becomes a shift

of constant value s: it is not anymore distorting the wet-days trend curve.

Section sum up: Influence on all-days quantiles trends of the dry-days frequency

In this section, we quantified analytically the influence of a dry-days frequency change on the
quantile trends, by applying the framework from Schéar et al., 2016 to a Weibull distribution
model. We obtained a simple equation linking the all-days and wet-days quantile trends, where

the dry-days frequency change plays the role of a distorting term.

2.3 Modified regimes for all-days quantile trends

On historical data, it is important to quantify when and where the change of occurrence is large enough,
compared to the wet-days quantile trends, to create relevant changes on the all-days quantile curves. We
also want to analyze which percentiles’ all-days trends will be the most impacted by A f;. We thus need
to compare the A fy term to the AQ(p) term, in Equation (2.7).

The all-days trend is given by the wet-days trend if and only if, AQ.(p,) =~ AQ(p) i.e. |AQ(p)| >

A 1/0(271
%@ [ln (f)} . To first order, this is true if and only if :
Ja o2 p

Afd é . 1 1/a—1
1—faa 1-p

where we noted a = (a1 + a2)/2 ~ a2 and similarly for 5. Let’s look whether at least one of the two

et G5 >

left-hand side terms is dominant over the term in A f;. The term due to the change of the scale parameter
9
Z(p)As

1 Afs B 1
1n(1p>‘>>’1fdMOé

This is verified at least for rank a rank p < 1 since lim,_,; In (ﬁ) = +400. This independence of the

maximum precipitation event trend from the precipitation occurrence was to be expected from Equa-

of the wet-days distribution, , dominates over the change of occurrence term for percentiles p

such as:
. (2.9)

tion (2.4): p =1 and p, = 1 both describe the same event in wet-days and all-days. In addition, since the

function p — In (ﬁ) is strictly growing on [0, 1] up to infinity, there exists a percentile piim apg above

which the function becomes larger than | ﬁ’;dd Aiﬁ%

()| = [ R
n = —
1 — Piim,AB 1-faAB

Thus, all quantiles of ranks p € [piim,ag, 1] can be considered as not impacted by the change of dry-days

Ipiim,ap € [0, 1] . (2.10)

frequency.

As for the term due to the change of the shape of the wet-days distribution, it is only dominant over

the change of occurrence term for percentiles p such as:

1 1 Afd «
m(l—p)ln (lnl—p)‘ >>'1—fdAa
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Figure 2.3: Limit percentiles pjim ag after which the impact of the precipitation occurrence trend can be
neglected for a wet-days quantile trends, thanks to the large trend of Weibull parameter 8. The thin red
contour denotes the value of 50%.

The left-hand side function is strictly growing on [1 —e™!,1] and tends to infinity at 1, thus there also
Afa o .

exists a percentile rank pji, Ao above which this term becomes larger than | i/ Aa

These two limit percentiles, which we will call piim A« and piim,ag, can be inverted either analytically
or numerically (for example using the segment or tangent methods).

On ERAS5 precipitation data, the resulting percentile piim aq is very high in both Europe and the
Mediterranean (mostly above 95%, not shown) which means that the term in A« is almost never dominant
compared to the one in Afy for the all-days trend AQ.(pa)-

On the other hand, the limit percentile pjim ag can reach lower values and has more spatial variability
(see Figure 2.3). For the Mediterranean, pim ag is very large (close to 100%). Thus, for the great
majority of percentile ranks in the Mediterranean, the all-days trends are mainly due to the decrease
of dry-days frequency and not to a change of intensity when it rains. This is consistent with the low
statistical significance of Aa and Af over the Mediterranean on ERA5 data, while Afy is strong and
significant.

For most of central and north Europe (aside of the Scandinavia), piim,ag reaches much lower values: it
is below 50% on about half of these regions’ surface, and can go as low as 10%. Thus, in these regions, the
influence of the change of dry-days frequency can be neglected compared to the change of the wet-days

scale parameter, for wet-days percentiles larger than piim ag =~ 50%.

Let us now study the all-days trend curves, and how the all-days categories can differ from the wet-
days’ in the case of a strong change of occurrence. Figure 2.4 displays three typical cases, depending on
the sign of the occurrence change.

It shows that in regions where the precipitation occurrence increases strongly enough, some locations
with U-shape wet-days regime can become “all-increase” all-days regime (provided that the Afy term is
large enough), while the wet-days “all-increase” trends can be even stronger. Similarly, wet-days “all-
decrease” will merge with “reversed U-shape” to give a new all-days “reversed U-shape”. Thus, only two
main regimes could exist for such regions in all-days distribution: “all-increase” and “reversed U-shape”.

In regions where the precipitation occurrence decreases strongly (like in the Mediterranean), the
opposite occurs: the “all-increase” wet-days regime will disappear in favor of an all-days “U-shape”
regime, while wet-days U-shape’s inversion percentile will become even larger in all-days. Similarly, the
“reversed U-shape” will merge with the “all-decrease” category. Thus, only two all-days regimes would

be expected in regions with a strong decrease of fy: “U-shape” and “all-decrease”.
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Figure 2.4: Illustration of the influence of the dry-days frequency term on the all-days quantile trend
curves, for the four categories, for different values of the dry-days frequency change Afy: Afy = —5%
(a), Afs = 0% (b), Afy = 5% (c). The values of the wet-days Weibull parameters (a, 8, Aa and Ap)
are the same for all the subplots and are given on the top row, and are synthetic.
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Figure 2.5: Category maps for the 1950-1980 and 19902020 periods. As before, green corresponds to “all
quantiles intensify” category, red to “all quantiles decrease”, orange to “U-shape” and blue to “reversed
U-shape”, while points whose category was unclear are in gray. White designates desert location (less
than 2% of wet-days). The hatches on the left figure (resp. right figure) denote the location where neither
Aa nor AS (resp. neither Aa nor A nor Af, ) are significant through a bootstrap test, at a confidence
level of 90%.

Therefore, we expect that the Mediterranean all-days quantile trend curves will be mainly due to
the increase of dry-days frequency, leading to a “all-decrease” category, different from the wet-days non-
significant categories.

In opposition, for most of northern Europe, all-days quantile trend curves are expected to be very

similar to the wet-days’, as the influence of AS is dominant over the change of dry-days there.

We can check this theoretical conclusion again on the all-days categories maps. We can naturally
define an extension of the detection algorithm from wet-days quantile curves (as presented in Section 1.3)
to all-days quantiles curves. It consists in computing the all-days quantile trends (from percentiles
Pa € [0,1]) and then applying the algorithm only the right part of the curve: only on the equivalent wet-
days percentiles p corresponding to p, € [f4,1], with f; the dry-days frequency of the reference period
(1950-1980). This all-days detection algorithm enables to focus on the rainy quantiles, nevertheless
incorporating the change of dry-days frequency.

Figure 2.5 shows the results for the all-days category map, and the already shown wet-days category
map. The maps are put side by side to better highlight the differences due to the change of dry-days
frequency, which are as we predicted above. In terms of spatial pattern, the overall North-South pattern
of all-days category map is even clearer than the wet-days’, and the map is overall smoother. In all-
days categories, there is a continuous transition in latitude, from “all increase” in the North to “all
decrease” in the South, and “U-shape” or “Mediterranean paradox” transition zone in between. Thus,
the Mediterranean paradox is found in this transitional zone between the wetting in northern Europe (due
to the increase of both precipitation intensity and occurrence) and the strong drying in the Mediterranean
(due to the decrease of occurrence).

The significance of the wet-days categories is associated to the one of the Weibull scale parameter
change Af, while we consider all-days categories as significant when either AS or Afy are significant.
The significance results in Figure 2.5 highlight the fact that the signal of precipitation change in the
Mediterranean in the last 70 years is not due to the change in wet-days distribution, but to the decrease

of the dry-days frequency (which impacts the whole all-days distribution).
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Section sum up: Consequences for the wet-days categories

In this section, we build further from the equation of all-days quantile trend, and showed that the
dry-days frequency change had an influence on all-days quantiles up to a given percentile, which
depends on the ratio of occurrence and intensity change. For most of central and north Europe,
the influence of the change of dry-days frequency can be neglected compared to the change of the
wet-days scale parameter, for wet-days percentiles larger than about 50%. For the Mediterranean,
on the contrary, the dry-days frequency change is dominant for almost all quantiles (except the

very extreme ones).

In the Mediterranean, this resulted in different all-days regimes compared to the wet-days one. We
found a clear and robust North-South pattern for all-days regimes, with “all quantiles intensify”
in northern Europe, mainly “all quantiles decrease” in the Mediterranean, and a small transition
zone with a “U-shape” regime in between. In the Mediterranean, we showed that these all-days

regimes were significant due to the strong change of the dry-days frequency.
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2.4 Conclusion of the chapter

In this chapter, we aimed at better understanding how the strong trends of drying of the Mediterranean
can influence the distribution of precipitation, all-together with the change of the whole wet-days dis-
tribution itself (from the low and medium percentiles to the most extreme precipitation). Using the
ERAS5 reanalysis, we studied the different contributions of dry-days frequency and wet-days distribution
in the recent past, since the 1950s. Similarly to the wet-days regimes defined in chapter 1, we show that
we could define all-days quantile change regimes, i.e. on the whole distribution, keeping the dry-days
events in the distribution. The resulting all-days category map shows a clearer signal with latitude, from
the Mediterranean (mainly “all decrease”) with a smooth transition (through a “U-shape” regime) to
northern Europe (“all increase” regime). The greater spatial uniformity of the all-day regime map in
the Mediterranean comes from the stronger and more robust signal of dry-days frequency change, which
dominates the all-day distribution trends.

We quantified how much some all-days important variables, such as the trends of the annual mean or
of quantiles, are influenced by both the change of wet-days distribution and of dry-days frequency (the
latter significantly increases in the Mediterranean but decreases in northern Europe). The two effects
can add up (as for the all-days mean in most of northern Europe) or counterbalance each other (as in
southern Italy or in Poland).

One of the key findings of this work is that the change of dry-days frequency is predominant for
the all-days trends of most quantiles in the Mediterranean, while in northern Europe its effect can be
neglected compared to the strong increase of the Weibull scale parameter, for all quantiles with wet-days
rank above about 50%.

In a nutshell, the framework developed in this study establishes a connection between changes in wet-
days precipitation and a few critical parameters that capture the shift and distortion of the precipitation
distribution, as well as changes in precipitation occurrence. It has the potential to be employed in different
geographical regions and time spans.

In chapter 3, we will apply this framework to the future climate projections for the 21st century, in

order to have a stronger and more robust signal over the Mediterranean.
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Figure 2.6: Maps of the parameters of the precipitation distribution, for period 1950-1980. First row:
frequency of dry-days (days with more than 1 mm/day); Second row: Weibull scale parameter ; Third
row: Weibull shape parameter a.

2.A Seasonality of the climate change signal on precipitation

The annual analysis of wet-days and all-days distribution which we performed in the preceding chapter
can be completed at seasonal scale. It will have the advantage of separating the different types of
precipitation: large-scale stratiform precipitation occurring mainly in winter, and local-scale convective
precipitation occurring mainly with warmer temperatures in an unstable atmosphere. Thus, looking
separately at the seasons can give us more insights on the physical mechanisms which could explain parts
of the trends observed.

As we focus mainly on the Mediterranean region, we decided to study two extended seasons: an
extended summer (from May to October) and an extensive winter (from November to April). These

correspond to a wetter and a drier season in the Mediterranean region.

Seasonality of the distribution parameters

We see in figure 2.6 the values of the dry-days frequency and Weibull parameters for wet-days, for the
two extended seasons. The figures display known pattern of precipitation climatology.

The frequency of dry-days fg has a strong latitudinal component, with an almost continuous decrease
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from South to North, from about 95% in the Sahara to about 30% in the ocean off Norway (winter’
values). fy is higher in extended summer than winter over most of the domain, which is well-known: in
the Mediterranean specifically, most of the precipitation days occur in the extended winter season, while
the summer is much drier. Note that the only places where there are less dry-days in extended summer
than in extended winter are the Alps. This may be due to the higher proportion of precipitation due to
convection favored by the orography of the Alpine area in extended summer.

The scale parameter 8, which can be associated to the median of wet-days precipitation (it is more
precisely the quantile of rank 63%), is also higher in winter than in summer. This shows that the median
intensity of precipitation is higher within the extended winter. We also observe a stronger East-West
B contrast during winter in coastal areas such as Portugal, western Norway, the Balkan or south-west
Turkey. This is consistent with the westerlies transporting humidity (from the Atlantic Ocean and even

from the Mediterranean), which leads to more precipitation on the western coasts in winter.

Seasonality of the distribution parameter’s changes

In figure 2.7, we show the changes between 1950-1980 and 1990-2020 in the dry-days frequency and in
the two Weibull parameters for the wet-days precipitation.

The annual North-South pattern of the dry-days frequency change, previously described in chapter 2,
is very similar to what we observe for the changes in extended winter: a large and significance zone with
more dry-days in the Mediterranean region, and a significant increase of wet-days frequency over the
United Kingdom, Iceland, the Scandinavia. Therefore, it appears that the dry-days frequency changes at
the annual scale are driven by the extended winter.

There are also significant changes of dry-days frequency during extended summer:

o like in the annual case, there is a significant decrease of occurrence in summer for the Mediterranean,

but this time with a lesser spatial extension, with signal only over the Mediterranean Sea.

e like in the annual case, an increase in wet-days frequency over Scandinavia and around Britain.
However, we also find a significant increase of occurrence in a large region in the east Atlantic

Ocean, in the Alpine region, and over Turkey.

In a nutshell, we can say that the results in summer occurrence changes differ from winter and the annual
analysis mainly with a signal of increase occurrence on the east Atlantic waters, and with a smaller

extension of the drying in the Mediterranean region, restricted to precipitation above the sea.

As for the seasonal changes in the Weibull parameters, we see that the changes in the shape param-
eter, Aq, are overall much smaller than the scale parameter, A3, and they are not significant almost
anywhere. In winter, AfS is positive over most of Western, Central and Northern Europe and in parts
of the Mediterranean, at the exception to a few areas such as the Maghreb and the Western Iberian
Peninsula. In summer, again the main trend for AS is an increase, except for the Mediterranean Sea and
most of its coastal regions, where it decreases. However, most of the A5 Mediterranean changes are not
statistically significant. In the contrary, its increase signal is significant in Northern Europe in winter,

and in the Atlantic in summer.

Seasonality of the decomposition of total precipitation change

We show in figure 2.8 the decomposition of the total mean precipitation into a change of occurrence and
of intensity, with an annual and seasonal analysis.
Note that the relative change of the wet-days mean precipitation u is expected to be approximately

equal to the relative change of the Weibull scale parameter 3, as the changes in « are negligible: % R
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Figure 2.7: Maps of the relative changes of the precipitation distribution parameters, for periods 1950-
1980 vs 1990-2020. First row: change in frequency of dry-days (days with more than 1 mm/day). Second
row: change in Weibull scale parameter 5. Third row: change in Weibull shape parameter a. We used
Aa/a? instead of Aa/a because this term is more comparable in terms of impacts with A3/, as seen
from the equations before. The hatches show where the changes are not significant by Bootstrap test of
confidence level 90% (except for Ac«, where it’s always all not significant, therefore we did not plot the
hatches at all).
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Figure 2.8: Decomposition of the total precipitation relative change in an occurrence term and an intensity
term. The changes are between 1950-1980 and 1990-2020. Analysis is made at the annual scale (upper
row), extended winter (middle row) and extended summer (lower row). Hatches show the area where the
change of the relevant parameters are not significant by Bootstrap test, at a 90% confidence level.
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% - % (1+1/a) = %. Thus, we are not surprised to find the same map structure and significance
areas as in figure 2.7.

Concerning total precipitation changes, the winter and annual patterns are very similar to each other,
thus again we can say that the winter precipitation are leading the changes.

We see that, like at the annual scale, the leading term within the Mediterranean is not the intensity
change but the occurrence change. There is one exception for this statement, which is Portugal and
the ocean off Portugal, where the intensity change in summer is responsible for an increase of total

precipitation in summer (contrary to winter).

Still, it is interesting that the signal in summer differs from the one in winter, mainly by:

o the position of the zone of increasing total precipitation, shifted more to the south in summer, up
to Portugal coasts. Therefore, in the Eastern Atlantic (off Portugal and African coasts), the change
of total precipitation is positive in summer but negative in winter, resulting in a negative trend at

the annual scale.

e the smaller extent of the Mediterranean zone with decrease of mean precipitation, restricted in

summer to the sea and the eastern part of Spain.

Seasonality of the wet-days and all-days categories

Maps of the precipitation quantile trend regimes at the annual, extended winter and summer scales are
shown on figure 2.9. We find again very clearly the North-South pattern of increase dry-days frequency
in the all-days categories, with mainly “all quantiles intensify” in Northern Europe and “all quantiles
decrease” in the Mediterranean. For the summer all-days map, the main difference with the annual map
is the regimes of the Easter Atlantic Ocean and parts of the Mediterranean coast: they are not anymore
in the “all quantiles decrease” regime but mostly in the “all quantiles intensify” regime. Once again, the

winter categories are leading the largest part of the annual maps, both in all-days and wet-days.

In terms of statistical significance, there is no large gain to be at seasonal scale. Actually, the annual
significant masks seem to be the combination of the extended winter and summer ones. This is logical,
since a strong and significant signal in one season, while no large change is registered in the other season,

leads the annual signal and its significance.
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Figure 2.9: Wet-day categories (left) and all-days categories (right) for the periods 1950-1980 vs 1990-
2020. Analysis is made at the annual scale (upper row), extended winter (middle row) and extended
summer (lower row). On wet-days regimes, hatches show the area where neither A nor A« are significant
by Bootstrap test, at a 90% confidence level. Similarly, on the all-days regimes, hatches show the area
where neither AS nor Aa, nor Afy, are significant.
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Physical explanation - hypotheses

It would be interesting to understand the physical processes leading to these seasonal patterns and
explaining these two main differences in total precipitation change between extended summer and winter.

More precisely, we would like to explain:

1. the increase of wet-days intensity over northern Europe and Atlantic Ocean, which location and

extent can vary between winter and summer seasons.

2. the large scale North-South pattern of the annual dry-days frequency change, with significant in-
crease over the whole Mediterranean region (latitudes between 30° and 45°) while there is a increase

of wet-days over some parts of northern Europe.

3. the smaller extent of this increasing dry-days frequency over the Mediterranean region in summer
compared to winter (restricted to the Mediterranean Sea in summer), while there is a summer

increase of wet-days frequency over the eastern Atlantic Ocean.

During my PhD, we didn’t have the time to investigate these questions more thoroughly, but we can

propose a few hypotheses.

e Hypothesis for item 1: the expected increase of humidity and extreme precipitation with Clausius
Clapeyron relationship (as explained in the introduction), with a surface temperature, consistent
with “all quantiles intensify” and “U-shape” regimes, and with the increase of wet-days mean

intensity.

e Hypothesis for item 2: the decrease in precipitation occurrence could be due to the poleward
expansion of the Hadley cell, which limits are different between summer and winter. As the subsiding
branch of the Hadley cell reaches the Southern Mediterranean, it would inhibit convective updrafts

and precipitation.

e Hypothesis for item 3: the Mediterranean land in summer is very dry, but also warmer than the
sea, favoring atmospheric instability, which could tend to enhance convection processes on land,

and could slightly counterbalance larger scale effects.

e Hypothesis for item 3: this could be due to an increased occurrence of a heat low phenomenon over
the Iberian Peninsula (Drobinski et al., 2020), i.e. a cyclonic blocking, which also advects dry air

from the Sahara to Mediterranean Sea.

o Hypothesis for item 3: it has been shown that there is an increase in the last decades of the
frequency of occurrence of summer atmospheric lows (high troposphere) over the Atlantic Ocean
off the European coast (D’Andrea et al., 2024). These lows could be associated with more frequent

summer rainfall over this part of the Atlantic.

Delving into these different hypotheses could be the focus of future work related to this PhD thesis,

as discussed further in part III.

2.B Separation between all-days regimes and value of the inver-

sion percentile

This section comes in complement to the methodology described in the first two chapters of this manuscript.

We can go one step further in the analytical analysis of all-days regimes.
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The main question is: can we deduce the all-days regime from the analytical link between all-days
and wet-days quantile trends, given by equation (2.12)?
Afw B I /e
AQ.(p) = A = D (——)]/e !
Qa(p) = AQ(p) + 7 a[n(l_p)]

distorting term

(2.12)

Yes, and it is actually quite simple. Let us be in the case where the changes in the scale parameter 3

are dominant over those of the shape parameter . Then equation (2.12) simplifies to:

1 Afy, B 1 _
AQ.(p) = AB[In(— )|V 4 2w D= yt/e-t 2.13
Qu(p) = Asln( e+ S B Ly (213)
Note that, as the wet-days percentile p € [0, 1], ln(ﬁ) is positive. Therefore, if A and Af,, are both
positive, so will be AQq(pa), thus giving a “all quantiles intensify” regime. Likewise, if AS and Af,, are

both negative, it will give a “all quantiles decrease” regime.

It becomes slightly more complicated if AS and A f,, are of opposite signs, as it leads to an inversion

percentile, as we will see just below.

All-days inversion percentile

Let’s take for instance, A > 0 and Af,, < 0, which is the very common case found in our data, where
there are more numerous dry-days, while wet-days precipitation get more intense. The sign of the change
of all-days precipitation quantile AQ,(p) can be computed easily:
A —Afuw 1 L
A >0 &= — > —[In(——
Qa(p) B fu) OL[ (17p)]
L, A 51

= W) 2 75 Ada
“Af,
<:)p>1—exp( fwf &i)

= pz Pinv,all—days

Therefore, in this case, the quantile trend curve is positive for percentiles larger than what we define
as the inversion percentile, piny aii—days, and negative below this percentile. This describes a “U-shape”

all-days regime.

We thus also found the expression for the inversion percentile of all-days “U-shape” regime, which

happens to be the same as the limit percentile presented previously in chapter 2:

—Afy 1
Pinv,all—days = 1—exp ( f f Aﬂﬁa) = Plim,AB (214)

The inversion percentile decreases with 7?10“’ Aiﬁ’ i.e. on the ratio of the change of the wet-days

frequency and median intensity. If the change of frequency dominates, i.e |%| > \%\, the expression
boils down t0 Pinv,aii—days = 1 consistent with an “all quantiles decrease” regime, while if the increase
of intensity dominates, it leads to Diney,ali—days = 0, consistent with an “all quantiles intensify” regime.
This highlights that the “U-shape” regime is a transition between the “all quantiles decrease” and “all
quantiles intensify” regimes. Note that the inversion percentile does depend also on the value of «, but

not on its change.

As before, the expression of the inversion regime piny ali—days 1S given here in wet-days percentile,
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while some application may require an expression in all-days, for example to come back to the return
period of an event. We can easily translate this inversion percentile to its corresponding all-days percentile
Pa,inv,ali—days, thanks to equation (2.4), which gives:

Pa,inv,all—days = (1 - fd) Pinv,all—days + fd (215)

In this section, we had taken the common case where A > 0 and Af,, < 0. In the opposite case,
when AS < 0 and Af,, > 0, we understand through the same reasoning that we get a “reversed U-shape”

regime, and the expression for the inversion percentile given in equation (2.14) is still valid.

Adapted phase space for the all-days regimes
To sum up, we have identified the link between the signs of A and Af,, and the all-days regimes:
e When Af,, and AS are both positive, the all-days regime is “all quantiles intensify”;
e When Af,, and AS are both negative, the all-days regime is “all quantiles decrease”;
e When Af,, < 0 and AS > 0, the all-days regime is “U-shape”;
e When Af,, >0 and A < 0, the all-days regime is “reversed U-shape”.

Therefore, we have the theoretical all-days regimes given by the x and y axis of a new phase space,

(%, %) This is illustrated in the left plot of figure 2.10.

Af, Af,
fo Ju

Figure 2.10: Schematic view of the separation of all-days regimes in the phase space (Af]; w M). Green

corresponds to “all quantiles intensify” category, red to “all quantiles decrease”, orange to “U-shape” and
blue to “reversed U-shape”.

Left: the most theoretical expectation, if one could detect a U-shape regime with an inversion percentile
very close to p = 0% and p = 100%. Right: expectation with a detection of a U-shape only for percentile
not too close to p = 0% and p = 100%.

However, this theoretical phase space has to be slightly corrected. Indeed, when we are in the orange
corner but close to the x axis, % < %, thus the percentile of inversion is almost Piny, ali—days = 0,
with negative trends only for a very small range of percentiles. Our algorithm cannot detect that on a
quantile trend curve (neither can our eyes). Therefore, a more practical regime distinction is illustrated

in the right plot of figure 2.10, with smaller “U-shape” and “reversed U-shape” zones.

The precise limit between a “U-shape” and its two neighboring regimes can be roughly assessed, by

looking back at the definition of our algorithm. For “belly” of the quantile trend curve was defined as
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Figure 2.11: All-days regimes detected over the whole domain, plotted on the phase space (% a8 ).
Trends are computed between 1950-1980 and 1990-2020 for ERA5, and between 1970-2000 and 20707
2100 for Euro-CORDEX (more details about the selection of models and their bias-correction in chap-
ter 3).

Green corresponds to “all quantiles intensify” category, red to “all quantiles decrease”, orange to “U-
shape” and blue to “reversed U-shape”. Note that there are very few blue points for ERA5, and not any
for multimodel CORDEX.

p € [10%, 60%)] and the “tail” as p € [80%, 99%], and the regime is detected as “U-shape” if, basically, the
“belly” and the “tail” are of opposite signs. If we imagine a “U-shape” regime with a very small inversion
percentile (for instance smaller than 10%), then the “belly” will be of positive sign, and our algorithm
will wrongly classify as a “all quantiles intensify”. We can therefore estimate that our algorithm can only
detect “U-shape” regime if the inversion percentile is larger than about 30% and smaller than about 95%
(i.e. taking the middle of the “belly” range, and slightly more for the “tail” as the slope can be much
larger at the tail). This was sufficient to detect correctly the wet-days “U-shape” regimes, which inversion
percentile is theoretically bounded, between 30% and 93%. For all-days “U-shape” regime, there is no
such bound as we’ve seen.

This simple analysis gives us the limit values of the ratio Aff = Aﬁ 3 which can be detected as a “U-shape”
regime: two practical limits expected from our algorithm classification, one close to the y axis, with a
slope of %Aiﬁ ~ —élnﬁi%) ~ —1—3 , the second close to the z axis : %Aiﬁ ~ 1ln T 104) ~ %.
Note that the frontier depends on the value «; for an order of magnitude, we’ll take its value in the
Mediterranean region, with « between 0.7 and 0.9. Therefore, the first slope of separation of the “U-
shape” regime is around -0.3 and -0.4, and the second between -2.1 and -2.7. In terms of angle from the

horizontal, this gives a first limit around -20° and the second around -67°.

We have plotted the all-days categories detected on ERAS precipitation in this (Af w A8 )

phase space,
as well as for the future on a selection of Euro-CORDEX projections (more details about the selection of
models and their bias-correction in chapter 3). The results show indeed a cloud with colors very similar
to the right plot of figure 2.11, with separations between “all quantiles decrease”, “U-shape” and “all

quantiles intensify” which are consistent with the -20° and -67° limits that we estimated above.

Therefore, the (Af w L}f ) phase space can be a visual way to separate between all-days regime. Note
that this phase space is valid when the relative changes in (f,, 5) are much larger than those in «, which

is the case for ERA5 reanalysis and in past and future CORDEX simulations.
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Chapter 3

Regimes of precipitation distribution

change with future global warming

The objective of this chapter is to apply the methodology, which we developed in the two previous
chapters, to future projections, where the level of global warming and its consequences on the water
cycles are much higher than in the recent past (Ali et al., 2022). Parts of this work have implied Nicolas

Chiabrando, who we supervised during his master internship.

In section 3.1, we select and bias-correct a subset of projections to perform a multimodel analysis.
In section 3.2, we apply the methodology to the past period of the models, to compare the CORDEX
selection to the ERAD reanalysis. This enables a validation of the selected dataset. Besides, thanks to
the multimodel approach, depending on the robustness of the changes between projections, we can rule

out the internal multi-decadal variability as a cause of the changes in the past periods.

Then, we turn to future projections. In section 3.3, we aim at characterizing the future evolution
of the whole precipitation distribution, taking into account both wet-days distribution change and dry-
days frequency change. As we have seen in previous chapters, for the Mediterranean and the recent
past, the significant precipitation change signal was restricted to a dry-days frequency change only. We
are therefore interested in whether the future projections provide a robust signal in the change in both
the occurrence and the intensity of precipitation, especially for the Mediterranean. We are also curious
about the evolution of the contribution of dry-days frequency and wet-days intensity changes to the whole

distribution. Finally, in section 3.4, we study the emergence of these potential future signals with time.

Key points

¢ In future climate projections, there is a robust signal on wet-days rain distribution change: it shifts
toward more intense rainfall, in both Northern Europe up to northern Mediterranean. No robust

signal is found on the southern Mediterranean in the wet-days distribution.

e In the past and the future, the evolution of precipitation distribution in the Mediterranean is
essentially dominated by the dry-days frequency change, which affects wet-days quantile up to rank
80% at least.

o The climate change signal in all-days distribution changes emerges sooner for Europe than for the

Mediterranean, with a few decades of lead for Northern and Central Europe.
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3.1 Selection and correction of a multimodel projection datasets

The aim of this section is to explain the choices we made on the selection and bias-correction of a set of
future projections. We also explain the choices made in terms of multimodel analysis and define what we

call the robustness between models.

3.1.1 Selection of a dataset of climate projections

In the following, we use the daily accumulated surface precipitation variable from climate simulations from
the Euro-CORDEX experiment (“EURO-CORDEX: new high-resolution climate change projections for
European impact research”, 2014). Euro-CORDEX is part of the international effort of the Coordinated
Regional Climate Downscaling Experiment (Giorgi et al., 2009; Gutowski Jr et al., 2016). It aims of
at providing high resolution projections for regional analysis, by dynamical downscalling some of the
Global Climate Models (GCM) of the CMIP5 project, using Regional Climate Models (RCM). In the
high resolution runs of Euro-CORDEX, data is available over an European domain at 0.11° of horizontal
resolution, on a rotated grid. The runs span the period from 1950 (or 1970 depending on the RCMs) to
2100.

We use projections with the future emissions’ scenario representative concentration pathway (RCP)
8.5, considering a continuing rise of greenhouse gas emissions during the twenty-first century, and reaching
an additional global forcing due to human emissions of 8.5 W/m? by 2100, compared to pre-industrial
levels. The RCP8.5 scenario projections give a global average increase of about 4.5°C by 2080-2100,
compared to 1850-1900 (very likely values of 2.6°C and 4.8°C). We choose the RCP8.5 scenario as with
a higher level of global warming, we expect to see a stronger and clearer signal on precipitation changes,

as was shown for extreme precipitation in Tramblay and Somot, 2018.

As precipitation projections are greatly affected by inter-model spread and internal variability, an
ensemble of models is needed to assess uncertainties. More than 70 simulations are available in Euro-
CORDEX for scenario RCP8.5; using all of them would be computationally costly and would not nec-
essarily result in an improvement compared to a smaller selection. As adviced by Pierce et al., 2009,
we prefered using a large model ensembles rather than what could be defined as the best-performing

simulations on observed climate.

For this study, a sub-ensemble of 15 regional climate simulations from the Euro-CORDEX have been
selected: figure 3.1. Note that the six GCMs used in Euro-CORDEX were found to be realistic over
Europe in terms of circulation patterns, and suitable to capture the maximum possible range of changes
in temperature and precipitation (McSweeney et al., 2015). We did not choose the GCM/RCM couples
in function of the RCMs’ parametrization schemes, though it is known that the schemes used to represent
convection can induce large uncertainties in precipitation extremes (Beranové et al., 2018). Instead, we
constructed the selection to allow i) considering all the six general circulation models (GCM) included in
Euro-CORDEX, and ii) offering a large diversity of regional climate models (RCM), with in our selection
each of the six GCMs forcing at least two RCMs.

3.1.2 Bias-correction of the models

The quality of the Euro-CORDEX simulations has been discussed in literature, for example in Vautard
et al., 2021, or with a focus on daily precipitation in Stephens et al., 2010; Casanueva et al., 2016.

In Vautard et al., 2021, 55 Euro-CORDEX simulations from a matrix of 8 GCMs x 11 RCMs were
evaluated over the 1981-2000 period, where they were found to perform relatively well in terms of classical

variables, with yet some systematic biases. For example, the simulations compared to observations or
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RCM -GCM |[CNRM |[EC-EARTH |[HADGEM |IPSL  |MPI NORESM
ALADIN53 | rlilpl

ALADING3 rlilpl

CCLM rlilpl | rl2ilpl rlilpl

HIRHAM rlilpl rlilpl
RACMO rlilpl rlilpl | rlilpl

RCA rlilpl | rl2ilpl

REMO rlilpl | rlilpl | rlilpl

Figure 3.1: Table of the different runs selected from Euro-CORDEX, from different General Circulation
Models (GCMs) and Regional Climate Models (RCMs). The emission scenario used is RCP8.5. We use
only daily precipitation.

reanalyses, were found to be overall too cold and too windy. Compared to EOBS precipitation (a dataset
based on the interpolation of rain gauges), simulations were also found to be too wet, with up to a factor
1.5 in total winter precipitation in some part of Europe (Central France, the Alps, Eastern Europe).
These biases were shown to have shared responsibilities among RCMs and GCMs.

Another common bias in climate models is the overestimation of wet-days frequency, and the wet-days
precipitation is predicted too lightly. This is known as the “drizzle problem” in climate modeling Polade
et al., 2014; Casanueva et al., 2016; Bastin et al., 2019; Pichelli et al., 2021. Biases on precipitation also

concern all quantiles up to the extremes: actually, the whole distribution of precipitation.

Considering the biases in climate simulations, bias adjustment methods are often used for climate
studies, especially for impacts study, of for evaluation of the climate models on th epast periods. A list
of some of the correction methods used by studies on Euro-CORDEX runs can be read in Summary of

bias adjustment methods applied to CORDEX simulations.

We performed a bias-correction of the daily precipitation with the now commonly used Cumulative
Density Function Transform method (called also CDF-t), developed by Michelangeli et al., 2009. The
CDF-transform is based on quantile mapping, a method based on the correction of the whole distribution.
Quantile mapping bias-correction algorithms have been reviewed in the context of hydrological impacts
studies and have been found to outperform the simpler bias-correction method that corrects only the
mean of the precipitation series (Teutschbein & Seibert, 2012; Chen et al., 2013). Compared to quantile
mapping, CDF-t has the advantage of allowing the CDF of the model to evolve in time, between the
historical period and the future one (see more detailed explanation in section 3.A.1).

Besides, as precipitation is a variable which distribution has a strong discontinuity in 0 (there are
many dry-days), the classical bias-correction methods must be adapted. We therefore applied the CDF-t
method through the Singularity Stochastic Removal (SSR) method developed by Vrac et al., 2016, which
aim to correct precipitation (or any other variable with a singularity), wether the model predicts too
few or too many dry-days. The SSR method has been shown to provide improved results for both the
precipitation occurrence and intensity compared to the classical application of CDF-t (Vrac et al., 2016),
and to provide a good compromise between the correction of occurrence and intensity. Compared to other
methods to take into account the singularity (such as threshold adaptation or positive approach), SSR
allows dealing in the same way with the situations where the precipitation model has too many wet-days

or not compared to the reference data.

We used daily precipitation data from ERAS reanalysis (Hersbach et al., 2018) as the reference for
past precipitations. The choice not to use EOBS gridded dataset (used for example in Vautard et al.,
2021) was driven by the temporal and spatial inhomogeneities that we observed in this precipitation
dataset over 1950-2020 (more details in section 3.A).
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For the bias-correction, we chose 1971-2005 as the reference period, which corresponds to the last
35 years of the historical runs of CORDEX, and to a period with a better quality of observations as-
similated in the ERA5S reanalysis. The models were projected on ERA5 coarser grid (0.25° horizontal
resolution) through bilinear interpolation, with the package Climate Data Operators (CDO) developed
by the Max Planck Institute for Meteorology (Schulzweida, 2023). Note that the influence of the in-
terpolation method is negligible on the results (not shown here). Then the CDF-t-SSR, bias-correction
was applied on each individual Euro-CORDEX model’s precipitation data, using the python Statistical
Statistical Bias Correction Kit (“SBCK: Statistical Bias Correction Kit”, 2023). Note that we performed
the bias-correction without separating between seasons, for simplicity’s sake. Besides, we did not remove
the potential trends in precipitation in the period 19712005, neither in the reference reanalysis nor in
the Euro-CORDEX models. We checked that the changes in precipitation distribution are small during
the period 1971-2005 (usually of a few percents for Weibull parameters and the dry-days frequency), thus

we neglected them in the bias-correction procedure.

Note that we studied the effect of the bias-correction (and of the reference dataset) on the distribu-
tion regimes, in section 3.A. Using EOBS gridded dataset indeed gives slightly different results for our

methodology, especially on wet-days regimes. Still, the main messages of our work remain valid.

3.1.3 Choices made in the multimodel analysis

We present here the choices we made for the multimodel analysis and give a definition of what is the

robustness between models.

For a continuous variable, such as the change of wet-days frequency, we simply perform a multimodel
mean. We use the standard deviation to assess the uncertainties between models. To quantify the
robustness between models on a given trend, we compute the Signal-to-Noise Ratio (SNR), as presented
in Kendon et al., 2008; Laux et al., 2017; Christensen et al., 2019; Matte et al., 2019. It is defined as the
ratio of the multimodel mean (considered as the signal) divided by the inter-model standard deviation
(considered as the noise). We considered a trend robust between models if the SNR, value is larger than
1 (as usually done in the papers using SNR). On our results, we observed that the criteria of SNR > 1

gave very similar results than the agreement on the sign of the trends by at least 12 out of the 15 models.

However, as the quantile trends classification is not a continuous variable (the category is for example
“all quantiles intensify” or “all quantiles decrease”), we need to use another framework to assess multi-
model values and robustness. We choose to define a multimodel category value, in each location, as the
main category found in the different models if at least 10 out of the 15 models agree on the category. If
less than 10 models agree on the category, then the category is defined as none, as we consider that in

this case, the models have a too large spread in their results.

3.2 Validation of the selected projections on the past period for

wet-days and all-days distribution changes

As a first step, we will apply most of the methodology presented in chapter 1 and chapter 2 to Euro-
CORDEX models on the same past periods as previously, 1950-1980 vs 1990-2020. It will enable the
comparison of the methodology’s result between the selected models with ERAS reanalysis. It is a way
to check whether the selected Euro-CORDEX simulations give consistent results with ERA5 on the past
period, and thus to validate our selection. We will study both the wet-days and all-days category maps,

as well as the amplitude of the relative changes between wet-days frequency and intensity.
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3.2.1 Analysis of the wet-days category maps in Euro-CORDEX and com-
parison with ERA5

We applied the classification algorithm to each model separately, giving 15 different wet-days category
maps, shown in figure 3.2, for period 1950-1980 compared to 1990-2020. Note that the two simulations
with SMHI-RCA4 as a RCM were not available from 1950 on but from 1970. Therefore, the trend analysis
is done by comparing the shorter period 1970-1980 with 1990-2020.

A large variation between the different models is visible in the results of the classification, both for
Europe and the Mediterranean. The difference seems larger between simulations with different forcing
GCMs than for different RCMs sharing the same forcing GCM. For example, the two runs forced by the
MOHC-HadGEM2 model both display a higher homogeneity of category than the other models, with a
dominant “all quantiles intensify” regime in most of Europe. On the contrary, the three runs forced by
the CNRM-CERFACS model each have much more spotty wet-days category maps, with a larger fraction
of “U-shape” and “reversed U-shape” regimes in Northern Europe.

This strong dependency on the forcing GCM would mean that the wet-days category, i.e. the change
in the wet-days distribution, is more strongly linked to the changes in the large-scale dynamics than
to regional and local processes represented by the RCM. Indeed, large-scale atmospheric dynamics in
a GCM/RCM simulation is mainly given by the GCM, for midlatitude regions such as the European
domain of CORDEX (Demory et al., 2020).

The multimodel category map on the past periods is shown in figure 3.4. It shows that there is some
robustness, though not very strong, between the 15 models. At least 10 out of 15 models agree that
the regime “all quantiles intensify” is present in parts of Northern Europe, while there is no agreement
on which regimes are dominant in the Mediterranean. As a reminder, in ERA5 reanalysis, we found
the same regime “all quantiles intensify” to be statistically significant in Northern Europe, while in the
Mediterranean region, the different regimes detected were proven to be not significant. Therefore, on the
past periods, the wet-days regime maps of ERA5 and multimodel Euro-CORDEX are overall consistent

with each other.

Besides, the agreement between models for Northern Europe enables us to attribute the “all quantiles
intensify” signal in ERAS5 to climate change. Indeed, in our multimodel approach, the regional climate
models are forced by different Global Circulation Model (GCM) runs, which all have their own internal
variability, such as the North Atlantic Oscillation (NAO) or the Atlantic multidecadal oscillation. While
these natural variability modes can have influence on European precipitation, their oscillations in each
GCM can be different, and are a priori disconnected from those of the reanalysis. Therefore, a common
signal between the 6 different GCMs and ERA5 reanalysis cannot be due to internal variability (or with
only an extremely low probability). Thus, this common signal can be attributed to the climate change
signal due to anthropogenic forcing.

With the same reasoning, we deduce that for the Mediterranean, the lack of robustness in the wet-
days maps in the historical runs of Euro-CORDEX confirms our hypothesis that the noisy wet-days

precipitation distribution changes in this region were not due to climate change, but to natural variability.

3.2.2 Analysis of the all-days category maps in Euro-CORDEX and compar-
ison with ERA5

In figure 3.3, are shown the all-days categories for each CORDEX model, over the same past periods
(19501980 vs 1990-2020). We observe that, similar to the wet-days categories, the variation between the
different models is quite substantial. Again, stronger differences appear for runs with different forcing

Global Circulation Models, suggesting major effects of the large-scale dynamics. In the Mediterranean,
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Figure 3.2: Wet-days category map for the 15 selected Euro-CORDEX models, for quantile trends com-
puted between 1950-1980 and 1990-2020, with a sliding window of nine grid-points. Green corresponds
to “all quantiles intensify” category, red to “all quantiles decrease”, orange to “U-shape” and blue to
“reversed U-shape”. The white color displays the borders of the Euro-CORDEX simulation domain, and
desert areas (defined as where the wet-days frequenﬂ/ in 1950-1980 is less than 2%).
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Figure 3.3: Like in figure 3.2 but for all-days category maps.
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Figure 3.4: Category map for wet-days trends or all-days trends computed on ERA5 data or the selection
of 15 Euro-CORDEX models, between 1950-1980 and 1990-2020. On ERAS5 figures, the hatches show
the places where neither the change of AS nor A« are statistical significant (with a bootstrap test of
confidence level 90%). On the CORDEX figures, the gray color shows the places where less than 10 out
of the 15 models agree on the regime, while white color displays desert areas, or for CORDEX the border
of the regional simulation domain. The green, red, orange and blue colors are the same as in figure 3.2.
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most models display some part of the region in the “all quantiles decrease” category, though the position
of this regime is changing from model to model (for example, this regime concerns mainly the Eastern
Mediterranean according to CNRM-CERFACS, while it touches most of the Mediterranean basin accord-
ing to MPI, NCC or IPSL). When comparing the all-days category maps with the wet-days frequency
change maps in figure 3.6, it becomes clear that the spatial patterns of all-days categories in the Mediter-
ranean are highly correlated to the models’ representation of the wet-days frequency change’s spatial
pattern. This already gives the intuition that the dry-days frequency change dominates the distribution

change in the Mediterranean.

The multimodel category map is presented in figure 3.4 and compared with the results on ERA5
reanalysis. Despite the significant inter-model variation, a common pattern emerges in the multimodel
all-days category map shown in figure 3.4: most models agree on the presence of an “all quantiles
intensify” regime in parts of Northern Europe and over the Northern Atlantic, which is consistent with
ERA5 results. However, contrary to ERA5, Euro-CORDEX doesn’t show any robust signal on a “all
quantiles decrease” regime in the Mediterranean, neither on a “U-shape” as a transition regime.

As a sum up, the all-days categories map of multimodel CORDEX is broadly consistent with ERA5’s,
but with less signal on the Mediterranean, probably due to a lower agreement between the models,

especially the GCMs, on the amplitude and location of the reduction in wet-days frequency.

3.2.3 Why is there less robust signal in Euro-CORDEX models, for the

Mediterranean in the past, in all-days regimes?

One hypothesis is that the categories, especially the all-days categories, are very dependent to the large-
scale dynamics aspects, which are represented differently between the six General Circulation Models
used in Euro-CORDEX experiments. The differences between GCMs can be due to both the different
models’ choices for the representation of the dynamics, but also to the random multi-decadal variability
that different runs of a same GCM can create.

To assess the first aspect and cancel out the effect of the forcing GCM, one could perform the analysis
on the evaluations runs of Euro-CORDEX, which are simulations with RCM forced at their boundaries by
the ERA-Interim reanalysis. Their large-scale natural variability, such as the North Atlantic Oscillation
or the Multi-decadal Atlantic Oscillation, would be mainly given by the forcing of ERA-Interim. Thus,
we would expect category maps of individual evaluation runs to be closer to the one of ERAS reanalysis,
and that they show a smaller variation for all-days categories between the different regional models.

To assess the second aspect, it would be interesting to compare all-days category maps for multi-
ensemble runs composed of runs with the same GCM and RCM. These runs would sample various
possible natural variability, and the agreement between these runs would highlight the climate change
signal, as represented by the GCM/RCM.

Another hypothesis could be that Euro-CORDEX models may have a time latency in their level
of global warming in the past periods, compared to ERA5 reanalysis. Indeed, CORDEX simulations
are downscalled from CMIP5 models, which in average predict a weaker future warming over Europe
than CMIP6 (Coppola et al., 2021). For instance, this article found a mean winter warming of 4.5°C
for Euro-CORDEX and CMIP5 by 2071-2100, compared to 6°C precicted by CMIP6 (scenario SSP5-
8.5, comparable to RCP8.5). For summer, there is again a difference of warming, especially over the
Mediterranean land region, with +4°C for Euro-CORDEX, +4.5°C for CMIP5, and +6.5°C for CMIP6.
Besides, on the historical period, Euro-CORDEX was found to be cooler than CMIP5 (S¢rland et al.,
2018).
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Figure 3.5: Maps of the relative change of the wet-days frequency f,,, the Weibull scale parameter 5 and
the shape parameter . The trends are computed over the past periods (1950-1980 vs 1990-2020). The
values represent the multimodel mean, and the hatches, the places where the multimodel agreement is
low, i.e. where signal-to-noise ratio is smaller than 1. The grey color here displays the borders of the
Euro-CORDEX domain, for improved readibility.

A latency in the regional warming in CORDEX could induce a latency in the impacts on the water
cycle, as shown for mean precipitation in Coppola et al., 2020, and thus probably on the change of wet
and all-days precipitation quantiles. This time latency could be more visible in the Mediterranean than in
Europe, because the signal there emerges later. A way to check this hypothesis could be to change slightly
the methodology: instead of comparing the trends over fixed periods (here 1950-1980 and 1990-2020) we
could define a second study period specific to each GCM, corresponding to the 30 years period with the
same level of global warming than represented in ERAS global reanalysis during 1990-2020. This would
homogenize the level of warming between all CORDEX runs and the ERA5 reanalysis. Unfortunately,

we did not have time to perform such an analysis.

3.2.4 Comparison of the contributions of the changes in wet-days frequency

and intensity

In this section, we go a step further in the methods developed in chapter 1 and chapter 2, to compare

quantitatively the influences of the change in wet-days distribution and dry-days frequency.

We come back to equation (2.1), the decomposition of the total precipitation into a frequency term

and an intensity term (at first order):

- — -

z S Iz

where we note T the all-days precipitation mean, p wet-days precipitation mean, and f,, the wet-days

AT Af, | A
T Afw  Au

frequency (& = f,, ). A wet-day is again defined as a day with more than 1 mm of precipitation. For a
Weibull distribution of shape parameter « and scale parameter 3, as shown before in equation (2.2), we
can express the change of wet-days mean p in terms of the parameters, giving:

Az Af,  AB A«

z o “r?—? (14+1/a)

This equation highlights that the three terms (%, %, %) are crucial to compare with each others
to understand the relative contribution of occurrence and intensity changes to the total precipitation

change (and actually also to the precipitation distribution change).

The CORDEX multimodel maps of these three terms in the past periods are presented in figure 3.5.
As explain in section 3.1, the inter-model robustness is defined by a large enough signal-to-noise ratio
(larger than 1). This also corresponds approximately to the places where most of the models (12 out of

15 models) agree on the sign of the change (tested but not shown here).
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The patterns in these maps are overall consistent with the ones from ERA5 reanalysis. Indeed, as
in ERA5, we find a robust signal of % > 0 over Northern Europe, while the signal on % is of smaller
amplitude and is not robust between models. This is consistent with the signal obtained in ERA5, where
only the change in the scale parameter 8 was significant, and only in Northern Europe. This also aligns
logically with the wet-days category maps where models only agree on a “all quantiles intensify” regime
in Northern Europe, i.e. where the signal of % is robust.

Concerning the wet-days frequency change, the CORDEX models agree on a North-South dipole of
change, with a strong decrease in the Mediterranean region and a (smaller) increase in the North. This
North-South dipole compares well with the one in ERAS5, even if the position of the frontier curve is more

to the North-West than for the reanalysis.

In terms of amplitude, the multimodel changes are less intense compared to the ones in ERA5, both
for % and %. For example, multimodel CORDEX’s % value is below 5% over Scandinavia, while
ERAS reanalysis’s value reaches up to 11% on land. The amplitude of multimodel % is also about two
to three times less than the one in ERAS.

This is probably due to the averaging effect of computing the multimodel mean. For instance, individ-
ual models have much higher maxima for the change of f,,, such as MPI-ESM with up to a 20% relative
decrease in the southern Mediterranean, which is comparable with ERA5’s values. As models don’t agree
on the localization of the peak of increase of f,, in the Mediterranean (figure 3.6), the multimodel mean

results in a smaller value compared to individual models and ERAS5.

75



CHAPTER 3. REGIMES OF PRECIPITATION DISTRIBUTION CHANGE WITH FUTURE
GLOBAL WARMING

CNRM / CCLM CNRM / ALADIN53 CNRM / RCA

Wet-days frequency relative change (%)
Figure 3.6: Maps of the relative change of the wet-days frequency f,,, over the past periods (1950-1980

vs 1990-2020), for the 15 selected Euro-CORDEX models.
The grey color here displays the borders of the Euro-CORDEX domain, for improved readibility.
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We now compare the amplitude of the relative changes between the wet-days frequency and the scale
parameter  in the multimodel maps. It appears clearly that the amplitude of the changes of precipitation
occurrence is much higher compared to intensity in the whole Mediterranean region, which is consistent
with ERA5 reanalysis. Once again, we can state that the Mediterranean precipitation distribution is
dominated by the dry-days frequency change.

Afu

As the multimodel mean of = Ao

a2

is larger than % and in the Mediterranean, we could expect
there a multimodel all-days “all quantiles decrease” regime. As seen on figure 3.4, it is not the case.
This is due to the large deviation around the mean between the models, on the location of the strongest
decrease in f,,, with even some models showing an increase in f,, in southern Mediterranean (like CNRM-
CERFACS). Therefore, the lack of robustness between models in all-days regime in the Mediterranean
is indeed due to the large variation between models on the regional pattern of the wet-days frequency

change.

Section sum up: Validation of the selected projections on the past period

To sum up, we qualitatively find a good agreement between the historical runs of Euro-CORDEX
and ERASH reanalysis, both for wet-days and all-days categories, as for the signs of the changes
of dry-days frequency and wet-days Weibull parameters. The agreement between the selected
CORDEX models and ERA5 on a “all quantiles intensify” regime in Northern Europe (both for
wet-days and all-days) validates the fact that this signal cannot be due only to natural variability
(which is different in each run) but includes a climate change component. CORDEX multimodel
analysis also confirms that the Mediterranean distribution change is dominated by the decrease
in wet-days frequency, as highlighted in chapter 2 with ERA5 reanalysis.

Quantitatively, the models disagree on the precise regional pattern of the change in wet-days
frequency in the Mediterranean, leading to a lack of robustness in all-days regimes in this region
compared to ERAH reanalysis.

The overall coherence of the CORDEX multimodel results and those of ERA5 gives some con-
fidence that the selected projections are capable to represent the future regimes of changes in

precipitation distribution. Studying the future projection is the focus of the next section.
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3.3 Analysis of the precipitation distribution changes in projec-

tions at the end of the 21st century

In the past section and in the previous chapter, we studied the changes in the recent past, by comparing
periods 1950-1980 and 1990-2020. There, we found climate change signal in the Mediterranean for dry-
days frequency changes and all-days distribution, but not for wet-days distribution. Is this still the case
in the future, with a higher level of global warming, or does a signal on wet-days intensity appear as well?

In this section, we want to study the future change of precipitation distribution corresponding to the
highest level of warming of the simulations, where we expect the changes to be much more intense than
in the recent past. We will thus focus on the changes between the last thirty-one years of the simulations,
2070-2100, compared to one hundred years before, 1970-2000. Once again, the choice of periods of about
three decades is done to filter out natural variability of annual and decadal timescales. We chose to keep
all the 15 models, instead of restricting the selection to those which past trends are the more similar to
the one of ERA5 reanalysis. This choice was made to keep the larger diversity as possible to have a better

representation of the possible spread in the projected future changes, as adviced by Pierce et al., 2009.

3.3.1 Analysis of the wet-days and all-days precipitation change regimes

We apply the classification into four regimes to the precipitation time series from each model, for quantile
trends between 2070-2100 and 1970-2100. This gives 15 maps of categories, both for wet-days and all-
days, shown respectively in figure 3.7 and figure 3.8. We can note again the influence of the forcing GCM,
with for example a wet-days “all quantiles decrease” regime in models forced by IPSL and NCC, while it
is much less common in the other GCMs. Still, a better homogeneity within models is visible compared

to the past periods, both for wet-days and all-days regimes.

Once again, we can construct the associated multimodel category maps (figure 3.9) by defining the
multimodel regime as the dominant regime, when at least 10 out of 15 models agree on the classification.
These multimodel maps of the future regimes display a much better robustness between models compared
to the past periods, as expected since the associated global warming and its consequences are much

stronger.

The multimodel wet-days category map can be seen as the amplification of the past results, but
with increased robustness, and a signal going even more south. Indeed, this wet-days map displays a
robust “all quantiles intensify” across most of the domain, from Northern Europe up the Mediterranean
Sea (up to about 35°N). This brings the question of when this wet-days signal emerges in the Northern
Mediterranean. On the Southern Mediterranean part, however, there is still no robust signal of a change

of wet-days distribution.

As for the multimodel all-days category map, it also has much more robustness than for the past. It

presents a clear pattern with a North-South triptych of regimes:
e a robust “all quantiles intensify” in the North East part of Europe;
e a robust “all quantiles decrease” in the African coasts;

o a robust “U-shape” regime (which can be seen as a transition regime), in between: on Eastern

Atlantic, on the Northern coast of the Mediterranean and up to Turkey.

As a reminder, the “all quantiles decrease” regime doesn’t exclude that a given extreme quantile can

intensify, but these extremes quantiles are very rare. The classification algorithm only states that the
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MPI / REMO

Figure 3.7: Wet-days category map for the selection of 15 Euro-CORDEX models, for trends computed
between 1970-2100 and 2070-2100. Green corresponds to “all quantiles intensify” category, red to “all
quantiles decrease”, orange to “U-shape” and blue to “reversed U-shape”. The white color displays the
borders of the Euro-CORDEX simulation domain, and desert areas.

79



CHAPTER 3. REGIMES OF PRECIPITATION DISTRIBUTION CHANGE WITH FUTURE
GLOBAL WARMING

CNRM / CCLM

© a2

=3

Figure 3.8: All-days category map for the selection of 15 Euro-CORDEX models, for trends computed
between 1970-2100 and 2070-2100. Green corresponds to “all quantiles intensify” category, red to “all
quantiles decrease”, orange to “U-shape” and blue to “reversed U-shape”. The white color displays the
borders of the Euro-CORDEX simulation domain, and desert areas.
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Wet-days All-days

CORDEX
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Figure 3.9: Category maps for wet-days trends and all-days trends computed on the selection of 15
Euro-CORDEX models, for past periods (trends between 1950-1980 and 1990-2020) and future periods
(1970-2000 and 2070-2100).

Green corresponds to “all quantiles intensify” regime, red to “all quantiles decrease”, orange to “U-shape”
and blue to “reversed U-shape”. The gray color shows the places where less than 10 out of the 15 models
agree on the regime. White color displays desert areas and the border of the regional simulation domain.
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mean trends of quantiles of rank p € [85%, 99%] and the slope of the trends of quantile with p € [60%, 99%]
are both negative. Therefore, a few extremes could get more intense, but they will be probably at the
very tail of the distribution. There could even be an inversion percentile, but it may be so close to 100%
that the algorithm doesn’t detect it.

To come back to the results, these all-days “U-shape” and “all quantiles decrease” regimes, visible and
robust in future projections, were not present in the multimodel maps of the past periods. This brings
forward the question of when these signals emerge from the noise of natural variability. This question

will be studied in the next section.

Finally, from the methodology based on the Weibull decomposition presented in chapter 1 and chap-
ter 2, we can have intuition on the signs of the changes of the important parameters. We expect the
all-days “all quantiles intensify” regime to be due to the wet-days “all quantiles intensify” regime, due
to AB > 0, maybe with an additional contribution of an increase of wet-days frequency. For the all-days
“all quantiles decrease” in the Southern Mediterranean, since there was no robust signal of a wet-days
“all quantiles decrease”, we can hypothesize that it is due to a future decrease of the wet-days frequency.
As for the all-days “U-shape” transition zone, as it is not linked to a wet-days “U-shape” regime, it can
only come from the competition of two opposite contributions, which we can imagine as an increase in
intensity (due to « or 8) and a decrease of wet-days frequency change.

We will now check these different hypotheses by studying the values of the changes of the different

parameters f,, 3, a.

3.3.2 Comparison of the amplitude of the changes in wet-days frequency and

wet-days parameters

To better understand the category maps shown above, and to identify where each aspect (occurrence
vs intensity) dominates the distribution change, we now compare the amplitude of the changes in the
wet-days frequency and in Weibull parameters.

The multimodel values of (%, %, %) are plotted in figure 3.10. As in the previous subsection, an
estimation of the inter-model robustness is given by a large enough signal-to-noise ratio (larger than 1),

which also corresponds to an estimation of where most of the models agree on the sign of the changes.

The results show a very good agreement between models on the signs of the changes on most of
the domain. The models agree on a robust increase of the shape parameter « (except on the African
coasts where there is no signal), with a multimodel mean % of about -2% to -5% in Europe and the
Mediterranean region, and up to -10% in the Northern Atlantic. This signal on the shape parameter
is new, compared to the CORDEX and ERAS5 results on the past periods. Still, the relative change
of o remains smaller than the relative change in S, which is about +10% in Southern Europe, up to
+30% in Scandinavia. These amplitudes of (%, %) explain the multimodel wet-days map: the smaller
relative change of o and the robust positive change of 8 explains perfectly well the wet-days “all quantiles
intensify” regime from figure 3.9. We can indeed note that the places where this wet-days regime is found
correspond to the places where the change in the scale parameter [ is positive and robust between models.
In addition, the Southern Mediterranean, where no robust regime is found, corresponds to the place where

models do not agree the sign of on neither % nor %.

We can also study the form of the models’ data in the Weibull phase space (%, %), which gives
indication about the wet-days regime, as explained in chapter 1. From this Weibull plot in figure 3.11,
we could anticipate a small zone of wet-days “U-shape” regime in the Atlantic Ocean, south of Iceland,
where % is smaller while % is robust and negative. Although this regime is not visible in figure 3.9

with the robustness criteria of “10 out of 15 models agree”, it appears if we relax this condition to “8
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Figure 3.10: Maps of the relative change of the wet-days frequency f,,, the Weibull scale parameter (3
and the shape parameter o. The trends are computed over the future period. The values represent
the multimodel mean, and the hatches, the places where the multimodel agreement is low, i.e. where
signal-to-noise ratio is smaller than 1.
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Figure 3.11: (Left) Relative change of multimodel mean Weibull parameters, (%, %), plotted on the
whole Euro-CORDEX domain. The colors indicate the multimodel values of the wet-days categories from
the classification algorithm.

(Right) Values of the multimodel mean (%, %), plotted on the whole CORDEX domain. The colors
indicate the multimodel values of the all-days categories from the classification algorithm.

For both subplots, if less than 10 out of the 15 models agree on a regime, the gridpoint is plotted to grey.
Otherwise, green corresponds to “all quantiles intensify” regime, red to “all quantiles decrease”, orange

to “U-shape” and blue to “reversed U-shape”.
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out of 15 of the models agree on the category” (map not shown here). This Northern Atlantic region has

thus a lower agreement between models than the rest of the domain.

Concerning the wet-days frequency change, the uncertainties between models can be seen on fig-
ure 3.12. Most models agree on a strong dipole of increase of wet-days frequency in North-Eastern
Europe, and a decrease in the Southern-Western Europe and the Mediterranean region (except CNRM-
CERFACS, which has a different behavior in Northern Africa). In the overall, the models show robust
results in terms of amplitude and sign, visible in the multimodel mean. It highlights a dipole of change,
with a relative increase of f,, of about 5% to 15% in the North East part of Europe, and an even larger
relative decrease in the rest of the domain, with higher values as we go South (reaching up -40% to -50%

in the Mediterranean region).

We can also study the form of the models’ data in the intensity/occurrence phase space (%, Afi w)

(figure 3.11), which gives indication about the all-days regimes. The cloud of gridpoints is much more
spread along the % direction than the % direction, while the cloud in the Weibull phase plot is more
elongated in the % than the % direction. This illustrates that the changes in frequency have higher
relative amplitude than those of wet-days intensity. For a interpretation of the separation of the all-days

regimes in this phase space, the reader is invited to go to section 2.B.

We have now all the ingredients needed to properly interpret the all-days category map. In the
Afw
fuw
quantiles decrease” all-days regime. In northern Eastern Europe, where both the wet-days frequency

Southern Mediterranean, the amplitude of is much stronger than the one of % , leading to an “all
and the scale parameter [ increase, their contributions add up to give an “all quantiles intensify” all-
days regime. Finally, the “U-shape” all-days regime in the transition latitudes corresponds indeed to a
competition between two opposite contributions: the contribution of a decreasing wet-days frequency and
the one of an increasing wet-days intensity, mainly through the 5 parameter.

Therefore, our methodology with the use of the Weibull distribution and the estimation of the con-
tribution of the wet-days frequency explains very well the projected distribution change regimes for
Euro-CORDEX.
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Wet-days frequency relative change (%)

Figure 3.12: Maps of the relative change of the wet-days frequency f,,, over the future period (1970-2000
vs 2070-2100), for the 15 selected Euro-CORDEX models.
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3.3.3 The Mediterranean precipitation distribution change is dominated by

the wet-days frequency change

We have seen that in the Mediterranean, the wet-days frequency relative change was of higher magnitude
than the change of intensity (due to the scale parameter ) leading to an all-days “all quantiles decrease”
regime in the Southern Mediterranean and a “U-shape” regime in the Northern Mediterranean. This
means that the wet-days frequency change is paramount for the precipitation distribution change in the
Mediterranean, in the future as in the recent past.

We can go one step further in the quantification of the importance of the wet-days frequency change,
by computing the quantile rank p;;,, up to which the effect of this change still impacts the all-days
trends more than the intensity change. As a reminder from chapter 2, the wet-days frequency change is
considered to impact the all-days quantiles @, (p) more than the wet-days intensity changes Q(p), for a

certain rank p, in the case where we have the following inequality:

0Q 0Q Aty B 1\
e+ @A < | ()]

The highest percentile which respects this inequality is called the limit percentile and noted py;m,.

At first order, we can neglect one of the left-hand side term, for example the g—g(p)Aa term (respec-
tively the %(p)Aﬁ term), and compare directly the wet-days change due to AS (respectively A«a) with
the wet-days frequency term. The smaller the limit percentile, the less impact the wet-days frequency
change will have on the distribution, compared to the wet-days intensity change. This leads to the estima-
tion of a limit percentile pip, A (reSP. Prim,aq) above which the wet-days frequency doesn’t impact the
distribution change anymore. This limit percentile can be computed analytically (respectively inverted

numerically).

As we have seen above, the changes due to Aa are much smaller than the one of AS in CORDEX
projections over the whold domain, and thus can be neglected. Therefore, we will focus on the limit
percentile due to the change of 3, noted pjim ag. The results for pim ag are shown in figure 3.13. The
limit wet-days percentile up to which Af,, has an impact on the all-days quantiles is very large in the
Mediterranean, up to 80% to 100%. It is not the case in Northern Europe, where only the quantiles
between 0% and about 20% are impacted by the dry-days frequency change.

These results are one more argument in favor of the strong domination of the Mediterranean precipi-

tation distribution change by the wet-days frequency change.

3.3.4 Comparison with literature for Mediterranean projections

Here, we discuss our two main results with regard to the literature.

[1] We have shown that in the Mediterranean, the all-days distribution changes (precip-
itation total, but also most quantiles up to the extreme ones) are driven by the decrease of
the wet-days frequency. The fact that the dry-days change controls the total precipitation is consistent
with the results of different studies, such as Polade et al., 2014 or Polade et al., 2017. In these papers,
the authors studied trends in dry-days frequency in Global Circulation Models of CMIP5, with scenario
RCP8.5. They showed that the future changes in dry-days dominate the changes in precipitation totals
compared to the change in wet-days intensity, over much of the subtropics (especially the Mediterranean),
and that these decrease of wet-days is mainly in winter. The present work’s results build further on the
literature, as we emphasize that the dry-days frequency increase’s impact in the Mediterranean is not

limited to the total precipitation but concerns the whole distribution.
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Figure 3.13: Limit wet-days percentiles pjim ag above which the impact of the precipitation occurrence
trend can be neglected for a wet-days quantile trends, thanks to the large trend of Weibull scale parameter
B. The thin red contour denotes the value of 50%. This variable is computed on the future period, with
the CORDEX multimodel mean values of AB, Af,, etc.

Besides, in Drobinski et al., 2018, the authors showed that the Mediterranean had a smaller than
Clausius-Clapeyron rate for the function of extreme precipitation and temperature in summer. They
suggested that it could be due to a loss of precipitation efficiency because of the very dry environment,
pointing to a link between drying and extreme precipitation intensity. The present framework goes in
this direction, as we show that the increase of the dry-days frequency in the Mediterranean impacts the

whole distribution up to quite high precipitation extremes..

[2] We have also shown that there is a contrasting behavior of all-days distribution
change between the northern part of the Mediterranean and the southern part, mainly due
to opposite behavior in their extreme precipitation. More precisely, the southern part experiences
an “all quantiles decrease” behavior due to the strong reduction in wet-days frequency. The northern
part, however, experiences a “U-shape” all-days regime, with a decrease of low to medium quantiles due
to a decreased wet-days frequency, while its extreme quantile intensify due to the increase of the wet-days
scale parameter.

These North-South distinctions in terms of extremes’ behavior for the Mediterranean have already
been mentioned in the literature (Giorgi et al., 2014; Vautard et al., 2014; Drobinski et al., 2018; Tramblay
& Somot, 2018; Myhre et al., 2019; Pichelli et al., 2021; Ali et al., 2022). For example, in Tramblay and
Somot, 2018, the authors studied the trends of precipitation intensities of extremes (both yearly maxima
and 20-years return period extremes) on Euro-CORDEX projections with scenarios RCP4.5 and RCP8.5,
across the 21st century and specifically on the Mediterranean basin’s catchments. Their results showed a
dipole of these extreme precipitation trends, with a significant positive trends in the northern catchments
and a negative trends on the southern catchments.

Our results are consistent with this literature and bring more light on the causes of these changes.
We understand that in the southern part of the Mediterranean, the decrease of the extreme precipitation
comes from the increase of the dry-days frequency, not from a change within the wet-days distribution.
In opposition, in the northern part, the projected signal is coming from both the change in the wet-days

distribution and the dry-days frequency.

The physical reasons of the strong decrease of frequency in the Mediterranean region were not investi-
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gated in this work. However, previous studies suggest that it is mainly due to changes on the large-scale
dynamics (Pfahl et al., 2017). Different mechanisms could be at stake. One mechanism could be the
poleward extension of the Hadley cell: the Hadley subsidence branch would shift from the Sahara desert
to the North, up to the Southern Mediterranean, reducing the precipitation occurrence in this region.
Another hypothesis is a meridional contraction of the winter storm track, which is responsible for most of
the winter precipitation in Europe and the Mediterranean. For example, the Mediterranean storm track
has been shown to be projected to give less frequent extratropical cyclones in the whole Mediterranean

basin (Zappa et al., 2013; Zappa et al., 2015), and thus a decrease of winter wet-days frequency.

Section sum up: Analysis of the precipitation distribution changes in projections

We showed that by the end of the 21st century, the selected CORDEX models give a robust
signal of wet-days distribution change categories, with a “all quantiles intensify” regime in most of
Europe and in the northern Mediterranean, due to an increasing scale parameter, while no robust

wet-days signal is visible on the southern part of the Mediterranean.

The models give also a robust signal on all-days categories, with a North-Central-South pattern

b2

over the domain, with “all quantiles intensify” in Northern Eastern Europe (mainly due to the
increase of intensity through the scale parameter), “U-shape” in central and western Europe and
the northern Mediterranean (competition between less wet-days but with higher intensity), and
finally a “all quantiles decrease” in the Southern Mediterranean (due to the decrease of wet-
days frequency). Our results therefore feature a contrast between the northern and the southern

Mediterranean, like the literature, which mainly concerns the extreme trends.

Our results prove that the wet-days frequency change dominates the distribution signal in most of
the Mediterranean, which impacts both the total precipitation but also the trends on the wet-days
extremes. This contrasts with central and northern Europe, where the signal is dominated by the

wet-days intensification, with only a secondary contribution of the change of wet-days frequency.

These different aspects bring forward the question of when, these robust signals for the Mediter-
ranean emerge from the natural variability noise, in the simulation of the 21st century. This is

the subject of the next section.
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3.4 Study of the emergence of the distribution change signal
throughout the 21st century

In this section, we will focus on the apparition of a robust signal of all-days precipitation regimes through-
out the 21st century. We chose to focus on all-days regimes as they were not robust within the Mediter-
ranean in the historical part of the models, but have become robust by the end of the 21st century
(illustration in figure 3.14). As the regimes are discontinuous and qualitative data, we cannot apply
standard methods to quantify the emergence of a continuous signal. Instead we have to imagine a way

to assess the emergence of a robust signal in these qualitative results of the classification.

We first compute the maps of all-days regimes for eight different 31 years periods ranging from
2000-2030 to 2070-2100 (the latter corresponding to the future period studied in the previous section),
compared to a fixed period of reference, defined as 1970-2000. This is done for all the 15 models, giving
for each period considered, 15 individual maps and a multimodel map. Note that two consecutive periods
are separated by 10 years, thus have 21 years in common; they are not independent, which can be a
limitation of this approach. The question, now, is how to analyze the emergence of a robust signal in

these time series of eight periods’ all-days regime maps.

All-days regimes

CORDEX
Past

CORDEX
Future

Figure 3.14: Tllustration of the emergence of a signal, on the all-days regime maps, between the past pe-
riods (where there is no agreement between models on the regimes in Southern Europe and the Mediter-
ranean) and the future periods (where the robustness between model is strong). Same colorcode as in
figure 3.9.

3.4.1 First metric: proportion of gridpoints per category

As a first type of approach, we propose to study the evolution in time, for each all-days category, of the
proportion of gridpoints in a given region which are classified in this category. As a first try, we compute
these proportions on three European regions defined by the IPCC: Northern Europe (NEU), West Central
Europe (WCE) and the Mediterranean region (MED). The delimitations of these three regions are shown
in figure 3.15, along with the evolution of their different categories.

In Northern Europe (NEU), there is a very good agreement of models from early on, with about 80%

of the domain in the “all quantiles intensify” regime. Most of the 20% remaining gridpoints are in the
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Figure 3.15: Multimodel mean of the proportion of grid points in each wet-days trend category, with
trends computed from a fixed first period (1970-2000) to different 30 years periods, from 2000-2030 (first
point on the left) up to 2070-2100 (last point on the right). The filled areas correspond to the standard
deviation between the models. Each subplot corresponds to one of the IPCC regions: NEU for Northern
Europe, WCE for West Central Europe and MED for Mediterranean.
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“U-shape” regime, and we can deduce by looking at the different maps that they are situated at the
western limit of NEU. We observe some multi-decadal variations which superpose with the monotonous
trend: for instance, the proportion of gridpoints within the “U-shape” regime increases around period
2050-2080 to exceed 20% and then decreases slightly. However, these variations of the multimodel mean
stay within the standard deviation of the models, thus we will not dwell on them. The fact that the
dominant curve reaches a plateau could be interpreted as an equilibrium in the type of changes for this
region.

In West Central Europe (WCE), the dominant regime during the 21st century is the “all quantiles
intensify”. Its proportion tends to slightly decrease with time, yet, this decrease stays within the inter-
model uncertainties. However, there is a robust increase with time of the proportion of gridpoints in an
other regime, the “U-shape”. It means that this regime emerges throughout the century, and becomes the
secondary dominant regime for this region. By the end of the simulation (2070-2100), WCE is actually
separated into two parts (as visible in figure 3.14), with about 65% of gridpoints (North part of WCE)
in “all quantiles intensify” regime, and about 35% in “U-shape” (South part of WCE). Note that the
intermodel standard deviation in WCE proportions is larger than in NEU (about +20% compared to
about £12%), especially for the earliest time periods. This means that, throughout the simulation, there
is a stronger agreement between models on the Northern part of Europe compared to its Southern part,
concerning the all-days precipitation regimes.

Finally, for the Mediterranean (MED), we observe the emergence of two coexisting regimes: a “U-
shape” regime and a “all quantiles decrease” regime, with a little less than 40% of the gridpoints by
2070-2100 for each of the regime. We notice a strong reduction with time of the proportion of a third
regime, the “all quantiles intensify” regime, which we interpret as a noise for the MED region. From
figure 3.14 and from the literature, we deduce that these two different regimes correspond to the different

behaviors of the Northern and Southern parts of the Mediterranean.

As we see, for this approach, the IPCC regions may not be the best choice, as these regions, especially
WCE and MED, display a cohabitation of two main regimes by 2070-2100. Therefore, we will refine the
study, by selecting from now on sub-regions which have a homogeneity in terms of regimes by 2070-2100.
The question will then be: when does the given regime become the dominant one, i.e. when is the 50%
threshold crossed?

We select four regions with homogenous regimes by 2070-2100: Northern and Southern Mediterranean,
the region centered on the Scandinavian, and an oceanic region South of Island and West from England.
The results are displayed in figure 3.16. As expected, all these regions display an increase with time in
the proportion of one specific all-days regime.

In the Scandinavia region, the proportion of gridpoints in the “all quantiles intensify” regime increases,
from 70% in 2000-2030 to 90% in 2070-2100. The proportion of “all quantiles decrease” and “reversed
U-shape” regimes were low from the begining and decrease rapidly. The “U-shape” regimes capture
the rest of the gridpoints, with about 10 to 15%. The fact that a plateau is reached for the dominant
regime can be again interpreted as the fact that Scandinavia reaches an equilibrium in the types of its
precipitation changes.

It is in the Atlantic region that the emergence is the clearest, with a steady temporal increase of the
“U-shape” regime, which reaches 80% of the gridpoints by the end of the simulation. The threshold of
50% of gridpoints in this regime is passed very early, in the period 2010-2040. This region also have the
lowest intermodel spread, showing a strong intermodel agreement on the future all-days behavior of this
region.

In the Northern Mediterranean, the “U-shape” dominant regime struggles to exceed the 50% become.

We note that after 2050-2080, the proportion of “U-shape” gridpoints slightly decreases in favor of those
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Figure 3.16: Same as in figure 3.15 but on four selected subregions: the Scandinavia, an Atlantic oceanic
region south of Island, the Northern and Southern part of the Mediterranean region.
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in the “all quantiles intensify” regime. Still this is within the intermodel uncertainties. We can conclude
that the Northern Mediterranean has less robust results in terms of all-days regimes, which is consistent
with the low robustness of the models visible in the maps in figure 3.9, especially on the sea.

In the Southern Mediterranean we observe a clear emergence of an “all quantiles decrease” regime,
with more than 50% of the gridpoints in this regime by 2030-2060 (for the multimodel mean). This
regime finally covers 65% of the region by the end of the projection. Still, the standard deviation between
models becomes quite large (about 25%) indicating a weaker agreement between models.

Note that the comparison between the two parts of the Mediterranean highlights that the all-days

precipitation distribution change emerges faster and clearer in the Southern part of the Mediterranean.

This approach is interesting as it quantifies when one specific regime becomes dominant in terms of
spatial area, in a specific region. However, as we have seen, we are forced to pre-define regions which
have a majority of its gridpoints in a given regime, thus it is not applicable to regions where two or
more regimes cohabitate. Besides, even if a region has a very dominant regime (let say about 70% of
the gridpoints), we could still imagine the extreme case where, from decade to decade, the location of
the dominant and “noisy” gridpoints could totally change within the region. This would be the sign of
a region with large temporal variation and no clear climatic signal. With this first metric based on a

proportion of gridpoints and not on spatial patterns, we can not capture these potential changes.

3.4.2 Second metric: distance between maps of all-days regime

Therefore, we propose a second approach, which we think is complementary, and which takes into account

the potential change of geographical pattern with time.

The all-days regime maps of the 21st century can be identified as a sequence of a two-dimensional
vector, for which we study the convergence in time to a potential equilibrium state. As we don’t know
the equilibrium state (if it exists), we chose to take the latest map as a proxy.

We thus simply compute the distance from the all-days regimes map from a given period to the final
one (2070-2100, which corresponds to the highest level of warming), and we study the evolution with the
time period. The distance between two all-days regime maps is defined as the fraction of gridpoints with
distinct values between the two maps (it is bounded by 0 and 1). This distance is computed for each
model individually and for each of the 8 time periods, giving us 8 distance values per model. The last
distance is zero by definition, as we compare the all-days regime map of 2070-2100 with itself.

Note also that every three consecutive points’ distance can be correlated. Indeed, their time periods
overlap, thus they have a part of their precipitation distribution in common. For example, there are
1/3 of the days in common between 2060-2080 and 2070-2100, and 2/3 between periods 2060-2090 and
2070-2100. This correlation aspect could be reduced by taking shorter time periods, for example of 20
years. Still, we decided to keep the 30 years periods to be consistent with the rest of the work.

The results of this inter-maps distance computation are shown in figure 3.17. We see that for MED,
the first two regime maps have more than 50% of their gridpoints with a different regime than the ones
of 2070-2100. For WCE and NEU, the distances start from a lower value, and stay below the threshold
of a third of the gridpoints, throughout the 21st century. The distance in the earliest periods is thus
much higher for MED than for WCE and NEU. This makes sense, as in the multimodel regime map of
the past periods (figure 3.4), there were a good agreement between models on a dominant all-days “all

quantiles intensify” regime for parts of WCE and NEU, but no robust signal in the Mediterranean.

What is striking in this curve is the continuous and steady decreasing of the distances, in all regions.

As this sequence of distance is finite, we cannot properly talk about convergence in the mathematical
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Figure 3.17: Evolution with time of the distance between a given periods’ all-days regime map (1970—
2000 vs (date-30 years)—date) and the final all-days regime map (1970—2000 vs 2070-2100). The distance
between two regime maps is computed as the fraction of gridpoints with different categories. The distance
curves are plotted for the three IPCC regions (NEU for Northern Europe, WCE for West Central Europe,
MED for Mediterranean) and the northern and southern part of the MED. The main line is the multimodel
mean, and the spreading is given by the standard deviation between models. The colors used in this figure
have no link with our usual regime color-code.

sense. Still, this shows that as the global warming intensifies, the trends regime maps get closer to the

one of the end of the century, regardless of the region considered.

Another aspect we can extract from this graph is the year at which each region’s distance becomes
lower than a fixed threshold. It can give an idea of the difference in emergence time of the robust signal.
For example, if we take the threshold of 0.5 (50% of common gridpoints with the final regime maps) then
the distance is below the threshold from the beginning in WCE and NEU, but for MED we must wait
until 20302060 for the multimodel mean (or from 2000-2030 to 20402070 according to the inter-models
standard deviation). As for a smaller distance threshold of 0.2 (i.e. 80% of the gridpoints have the same
regime as the latest map), it is reached by 2010-2040 for WCE and NEU, and only by 2060-2090 for
MED (with for each region, +10 years according to the inter-models standard deviation).

Whatever the threshold chosen, we conclude that the climate change signal on all-days regimes emerge
at least a few decades later for the Mediterranean than for the rest of Europe. We can also highlight that

the Southern Mediterranean’s signal emerges about a decade before the Southern Mediterranean.

To be more rigorous in the definition of the year of emergence, a proper threshold should be defined
to take into account the internal variability of the precipitation, and thus the sampling errors we can

make. We could propose the following construction of a threshold, inspired by classical Bootstrap tests:

¢ Keep the period 1970-2000 as a past period, as the reference for precipitation quantile intensity ;
Keep the map of 1970-2000 vs 2070-2100 as the regime map of the end of the simulation (called

“final map” inthe following).

e Pull N samples of 30 artificial years, by sampling with replacement 30 x 365 days from the 2000-2100

time series of daily precipitation maps.

¢ On each sample, compute the regime map of this artificial period, compared to the reference. Then

compute the distance of this artificial regime map to the final map.
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e The distribution of the N samples distances gives us the probability of having a certain value of
distance by random sampling of the future. These distances can theoretically cover values from 1
(all gridpoints have different regime than the final map) to 0 (we pulled by chance exactly the same
days as in the final time period 2070-2100).

e The threshold we look for could be defined as the 5th percentile of the samples’ distance. Indeed,
having a smaller distance than this threshold would happen by chance only with a 5% probability.

This would indeed sample the variability of the precipitation data and show what noise we can have on

the resulting computed distances.

One of the limits of the test is the fact that the samples periods are not continuous 30 years, and
thus we miss the temporal correlation between daily precipitation. This could be easily overcome by
performing a block-bootstrap time of sampling, i.e. sampling 30 years by blocks of, for example, seven
days.

An other limit is the fact that we still don’t take into account the correlation of each 3 subsets of
consecutive periods.

Implementing this bootstrap construction of the threshold would be needed to finalize this emergence

study, but this won’t be done in the current thesis document.

Section sum up: Study of the emergence of the distribution change signal

In this section, we studied how the signal of robust all-days precipitation regimes appear through-
out the 21st century, transitioning from a non-robust signal in the Mediterranean in the past to a
more defined pattern. We employed two different metrics to assess this emergence: the evolution
of the proportion of gridpoints by regime, or the evolution of the distance of regime maps to the
final one. Both metrics provided consistent results.

Our analysis shows that the signal for all-days regimes becomes increasingly robust as the century
progresses, but the pace of this emergence varies by region. The emergence of all-days signal
occurs much earlier in Northern Europe than in the Mediterranean, with at least a few decades
of lead. Within the Mediterranean, there is also a noticeable difference in the pace of emergence
between the northern and southern parts. The southern Mediterranean, characterized by a “all
quantiles decrease” regime, sees this signal emerging about a decade sooner than the “U-shape”

regime projected in the northern Mediterranean.
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3.5 Conclusions

In this chapter, we applied the previously developed methodology to climate models, both on the historical
and future periods. We selected a subset Euro-CORDEX simulations, which we validated by comparing
the models’ distribution changes over 1950-2020 with ERA5 reanalysis. The analysis shows a good
qualitative agreement between historical runs of Euro-CORDEX models and ERA5 reanalysis for both
wet-days and all-days categories, especially over Northern Europe with an “all quantiles intensify” regime.
Quantitatively, there are disagreements among models on the exact regional changes in wet-days frequency
in the Mediterranean, leading to less robust all-days regimes in this region compared to ERA5. Despite
this, the agreement between CORDEX and ERAS5 on the signs of the parameters’ trends suggests that the
changes in dry-days frequency and wet-days Weibull parameters observed in ERA5 reanalysis in previous
chapters are not solely due to natural variability but also include a climate change component. Besides,
the overall coherence between CORDEX multimodel results and ERA5 reanalysis provides confidence in

the models’ ability to represent future changes in precipitation distribution.

By the end of the 21st century, the selected CORDEX models indicate a robust signal of changes
in wet-days distribution across Europe. Most of Europe, including the northern Mediterranean, is pro-
jected to experience an “all quantiles intensify” regime. This intensification is due to an increase in the
distribution’s scale parameter, which suggests that precipitation events will become more intense across
all wet-days quantiles. However, the southern Mediterranean does not exhibit a robust wet-days signal,
indicating significant regional variability.

For all-days categories, the models reveal a North-Central-South pattern. In Northern and Eastern
Europe, the “all quantiles intensify” regime is driven by increased precipitation intensity through the
scale parameter, with a smaller contribution from the increased wet-days frequency. Central and West-
ern Europe, along with the northern Mediterranean, show a “U-shape” regime , i.e. a decrease of low
and medium quantiles but an increase of extremes. We showed that this “U-shape” signal is primarily
driven by the strong decreased of wet-days frequency, with a secondary contribution from the wet-days
intensification. The Southern Mediterranean has a non robust change of wet-days intensity but a strong
and robust decline in the precipitation occurrence, thus is expected to have an all-days “all quantiles
decrease” regime.

This highlights a contrast between the northern and southern Mediterranean, consistent with existing
literature on extreme weather trends. In adddition, our study brings to light the fact that the strong
decrease in wet-days frequency dominates the whole precipitation distribution signal in the Mediterranean,
affecting both total precipitation, most wet-day quantiles and even wet-days extremes. This slower pace
of emergence for the northern part of the Mediterranean compared to the southern bassin is consistent
with the lower robustness of the future all-days regimes in this region, especially over the Mediterranean

sea.

The study also examined the emergence of robust all-days regimes throughout the 21st century, noting
that these signals appear sooner in Northern Europe than in the Mediterranean, with Northern Europe
leading by a few decades. Within the Mediterranean, the southern part sees a “all quantiles decrease”

regime emerging about a decade earlier than the “U-shape” regime in the northern part.

3.A Study of the influence of the bias-correction on the results

3.A.1 Different effects of bias-correction on wet-days and all-days regimes

In this section, we assess the potential effects of bias-correction on the results. It has been noted in the

literature that quantile mapping methods can affect trends in extreme quantiles differently than trends
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in the mean (Maurer & Pierce, 2014), which with our methodology could possibly result in a difference
of distribution regime. We thus want to know if the results on the wet-days and all-days regime can be

impacted by the method of bias-correction, and by the reference dataset used.

For this study, we focus on a subset of 6 out of the 15 Euro-CORDEX models and on the future
regimes (both wet-days and all-days). We compare the results for (1) raw models, i.e. without any bias-
correction, (2) bias-corrected models, with the CDF-t-SSR method and ERAS5 reanalysis as the reference,
(3) bias-corrected models with the same method but with EOBS gridded dataset as the reference. The
bias-corrections are done with 1971-2005 as the period of reference. Note that, as EOBS is a dataset
based on rain gauges only, the models bias-corrected with EOBS as the reference won’t have any on the

sea and ocean.

The differences of wet-days and all-days regimes for these three ensembles are displays in figure 3.18.
The first important point is that the multimodel regimes are essentially the same between the raw models
and the models bias-corrected with ERA5, whether in wet-days or all-days. The fact that bias-correcting
the Euro-CORDEX models with ERA5 reanalysis gives the same classification results than the raw

models, is a result in itself.

The second point is that the models corrected with EOBS differ from the two other sets, especially:

o for wet-days regimes, in the northern Mediterranean shore (especially in Iberia, southern France,
Ttaly, Greece, and Turkey), where the EOBS-corrected models predict a “U-shape” instead of an

“all quantiles intensify” regime.

o for all-days regimes, in Northern Africa, where no agreement is found within models, compared to

the “all quantiles decrease” regime agreement for raw models and ERA5-bias-corrected ones.

So, indeed, there can be differences due to the reference dataset used in the bias-correction. We know
that EOBS is based on rain gauges, while precipitation in ERA5 reanalysis and Cordex are an output of
the model. Therefore, there is a higher dry-days frequency in EOBS than in Euro-CORDEX and ERA5.
Could that be the reason we have different results? Can we understand those differences by coming back

to how precisely the bias-correction is modifying the data?
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Figure 3.18: Subfigures (a), (b), (¢): Multimodel wet-days category maps for trends computed between
1970-2100 and 2070-2100, for 6 selected Euro-Cordex models, either without correction (a), with bias-
correction using ERA5 (b) or EOBS as the reference dataset (c). Subfigures (d), (e), (f): Same, but on
all-days category maps. White color displays the border of the Euro-CORDEX simulation domain and
desert areas, and of the EOBS domain for figures (c¢) and (f). Grey color shows locations where less than
4 out of the 6 models agree on the regime.
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3.A.2 Reminder: CDF-t and quantile mapping definition

Let’s come back to the definition of the CDF-t method used for the correction. The CDF-t method can be
seen as an extension of the idea of quantile mapping (also called quantile matching) applied to a climate
variable, for example by Déqué et al., 2007. We will use similar notation to Cannon et al., 2015: we use
the subscript o for the reference observations, m for the model, h for the historical period and f for the
future period. For quantile mapping, the principle is very simple: it consists in equating cumulative the
two distribution functions (CDFs) of the observations and the model in the historical period, Fy,  and
Fpn 1, respectively, on the observed data x, ;, and modeled data ., ; (z is the precipitation daily intensity
in mm/day in our case). This correction means that for a value ,,  of the model, the bias-corrected
value £, 5 is taken as :

Emi = Ton = Fyp (Fonn(Tm.n)) (3.1)

Quantile mapping then also equates the CDF of the model in the future period Fj, s to the historical
observation one, Fj p, to correct the future precipitation intensity. The bias-corrected precipitation

intensity in the future is thus defined as:
.t = oy (Fo(2m,1)) (3.2)

Therefore, in both cases, the same correction F° ,1Fm7h : Rt — RT is applied to a given intensity of
precipitation. Note that the CDFs can be estimated empirically from the time series (non-parametric

quantile mapping).

In CDF-t however, the correction doesn’t aim at equating the model future CDF to the observation
historical one, but takes into account the fact that the model’s CDF may have changed between the
historical period and the future. Therefore, the corrected value for the future period is different. As
described in Michelangeli et al., 2009, the transformation applied to the percentile rank u € [0, 1] (or pg
with this thesis notations), is defined on the historical period by once again equating the CDFs for any
data value z: T'(Fy, n(x)) = Fy 5 (), giving the definition of T

T(u) = Fo (Fyy(0a) (3.3)

Assuming T is stationary in time (i.e. the model conserves the same types of bias in the future compared
to the historical period), the transformation can be applied to the future period: T'(Fy, ¢(z)) = Fo ¢(x).
What we note F, ¢(x) here is the equivalent of the CDF of the observations, but in the future (of course
we don’t have it). By inverting for F, s(z), we get the value of the corrected intensity with CDF-t:

Tm,p = (Fyﬁ,lme,hF(ZiFm,f) (@, f) (3.4)

which is a more complex expression than the quantile mapping correction. Still, in the case where the
changes with time in the model’s CDF can be neglected, i.e. if F,, f = F}, 5, then the CDF-t method

boils down to the exact same correction as the quantile mapping.

3.A.3 Partial explanation of the stronger impact of bias-correction on wet-

days regimes

Then, what is the effect of these two bias-correction methods on the precipitation quantile trends AQ =

Q2 — @1 in wet-days and all-days?
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3.A.3.1 All-days quantiles

For a fixed percentile, the correction of precipitation with quantile mapping can actually be seen as
multiplying by a correcting factor ¢(p,) € RT, which depends only on the percentile rank p,. Note that
this is equivalent to a correcting factor depending only on the intensity of precipitation, z, as the CDF

is a strictly growing function. Therefore, we will now note: ¢(p,) € R™: &y, 5 = ¢(pa)Zim, s-

For the quantile mapping method, the correcting factor is the same for the reference period and the

future period. Thus, the all-days quantile trends will be corrected the following way:

AQa(pa)

Qa,2(pa) - Qa,l(pa)
c(pa) Qa,Q(pa) - c(pa) Qa,l(pa)
C(pa) AQa(pa)-

The effect of the bias-correction on all-days quantile trends is just to multiply each of the terms by the

same correction factor ¢(p,) > 0, giving a trend of different amplitude but with the same sign.

For the CDF-t method, we can follow the same reasoning, but with a correction factor that changes

between the historical and the future period: c¢p,(pa) vs ¢f(pq), giving:

AQa(pa) = Qa,Q(pa) - Qa,l(pa)
= Cf(pa) Qa,Q(pa) - Ch(pa) Qa,l(pa)

Thus with CDF-t, the corrected trends have a changed amplitude, and potentially a change in sign. We
also note that the all-days quantile relative trends remain unchanged by quantile mapping, but can be
impacted by CDF-t method.

As our classification algorithm is mainly defined on the mean trends’ signs over some parts of the
quantile trend curve (except for a criterion on the slope of the distribution tail), the all-days classification
should not be impacted by quantile mapping. Besides, the CDF-t method boils down to quantile mapping,
if the temporal change in CDF is very small. At first order approximation, we can suppose that this is the
case. We will also suppose that the SSR correction doesn’t change the results (this was not investigated).
Thus, at a first order approximation, we would expect the same all-days regimes with the CDF-t-SSR
correction than on raw models.

This is consistent with the results shown in figure 3.18, for most of the domain: in Europe, the all-days
regimes are essentially the same between the raw models and the models corrected, with EOBS or with
ERAS5 as the reference. The only difference is for EOBS-corrected models in Southern Mediterranean,
which is a region where the EOBS’s rain gauges observations are of much lower density, therefore the
gridded dataset is not as trustful. Besides, Southern Mediterranean is also the place where the temporal
change in all-days distribution is the biggest (driven by a strong drying), therefore where the CDF-t

method becomes a priori really different from the quantile mapping; this may explain the difference.

3.A.3.2 Wet-days quantiles

With the same reasoning, we will now look at the effect of bias-correction on wet-days precipitation
trends. Note that the threshold of definition of wet-days (1 mm/day) is applied after the bias-correction.
When we take a fixed wet-days percentile rank p, the wet-days quantiles trend AQ,, is defined as:

AQu(p) = Qu2(p) — Qu1(p)
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with p, = (1 — fq)p+ fa. If the dry-days frequency fy has changed between the two periods of time, then
the wet-days rank p doesn’t correspond anymore to the same all-days percentile p,. Thus, the quantile

mapping correction factor for the two periods would differ, which can impact the sign of the trend:

AQuw(P) = ¢(Pay) Qua(p) — c(Pay) Qua(p)
# factor AQ(p)

The difference in the correction factor will increase with the amplitude of the change in dry-days frequency
between the two periods. Thus, the definition of the wet-days quantile trends makes them dependent
to the bias-correction, both for quantile mapping and CDF-t. This is consistent with figure 3.18, which
shows that EOBS-corrected models have different wet-days regimes than raw models (and ERA5-corrected

models), especially in the Mediterranean where the change in fjy is the strongest.

This being said, the bias-correction has little influence on our results, as we see on figure 3.18 that
the all-days and wet-days regimes are extremely similar between the raw models and the ERA5-corrected

models used for this study.
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Conclusions

The overarching goal of this thesis was to enhance the understanding of the change in precipitation
due to climate change in the Mediterranean. The main approach of the thesis was to study the whole
distribution of daily precipitation, instead of focusing on only the extreme precipitation, or the absence
of rain associated to drought. This work has eventually participated in clarifying how the changes
in wet-days intensity and dry-days frequency contribute to the evolution of the whole distribution of

precipitation, highlighting the importance of the increasing dry-days frequency in the Mediterranean.

The first chapter of this thesis focused on developing a simple methodology to characterize the change
of the whole wet-days distribution, with a special focus on both low, medium and extreme quantiles. It
consisted in a classification into different regimes depending on the shape of the wet-days quantile trend
curve, which we applied to daily precipitation from the ERA5 reanalysis. We also modeled the wet-days
distribution with a Weibull law with two parameters (a shape and a scale parameter) whose relative
changes are directly linked to the quantile trend curve classification. This analytical model enabled us to
test the statistical significance of the wet-days regime through the significance of the Weibull parameters’
trends. It showed that the “all quantiles intensify” regime of northern Europe was significant, thanks to
the increase of the scale parameter, while no wet-days change was found significant in the Mediterranean,

probably due to a larger natural variability of precipitation in this region.

In the second chapter, we then extended our methodological framework to take into account the
potential impacts of the change in dry-days frequency, in all-days distribution. We first highlighted that
for the total mean precipitation, the main observed changes in the Mediterranean were not due to a
wet-days intensity change, but to the increase of dry-days frequency, underlining the necessity to take
into account this occurrence change. Then, following the paper of Schér et al., 2016, we analytically
derived the effects of dry-days frequency change on the all-days distribution, for any rank of quantile. We
showed that the all-days quantile trends could be dominated by the change in dry-days frequency up to
a certain percentile. This limit percentile scaled with the relative importance of the dry-days frequency
change compared to the wet-days scale parameter change. This analysis enabled us to conclude that the
change of dry-days frequency is predominant in the past period for most quantiles all-days trends in the
Mediterranean. We therefore found a significant signal of an all-days “all quantiles decrease” regime in
the Mediterranean in ERAS reanalysis, meaning that most precipitation quantiles become less intense.
This strongly contrasted with northern Europe, where the effect of the increase of wet-days frequency

can be neglected, compared to the increase of the Weibull scale parameter for most quantiles.

The third chapter of this thesis applied our developed methodology on climate projections, to study
the changes of daily precipitation distribution in the future, in the Mediterranean. We selected an
ensemble of Euro-CORDEX simulations with emission scenario RCP8.5, and evaluated them in terms
of precipitation regimes over their historical period. The models showed wet-days and all-days regimes
overall consistent with those of ERA5 reanalysis, except for all-days regimes in the Mediterranean where
no robust signal was found, probably due to the lower agreement between models on the precise pattern
of drying within the Mediterranean. This good agreement of the CORDEX models with ERA5 reanalysis

b

enables to attribute to anthropogenic climate change the northern Europe’s “all quantiles intensify” signal
in the past period.

By the end of the 21st century, the CORDEX ensemble predicts robust distribution regimes across
Europe, with all-days and wet-days “all quantiles intensify” regimes in Europe, a robust all-days “all
quantiles decrease” signal in the southern Mediterranean, and a transition region in between, where the
increase of dry-days frequency and the increase of wet-days intensity result in a robust all-days “U-shape”

regime and a wet-days “all quantiles intensify” regime. These results highlight a contrast between the
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northern and southern Mediterranean, with dry-days frequency changes dominating in the South while
it is competing with the wet-days intensification in the northern part. The emergence of a robust signal
of all-days regimes between Euro-CORDEX models was finally studied. The pace of emergence was
shown to be slower for the Mediterranean than for Northern Europe, and even slower for the northern

Mediterranean part, which can be seen as a transition region between two clear but opposing aspects.

This thesis work helped to give a clearer view of the observed and projected changes in precipita-
tion distributions with global warming, within the Mediterranean region. It highlighted the paramount
importance of the drying aspect for precipitation change in this region, even when studying extreme
precipitation. The use of the quantile trend classification also helped to identify areas that have similar
behaviors, enabling to overpass the spatial and orographic complexity of the Mediterranean region to
deduce robust large-scale changes common to large parts of the Mediterranean. This study highlighted
two main large-scale changes of importance for the precipitation distribution: (1) the North-East to
South-West dipole of change of the wet-days frequency, and (2) the increase in wet-days intensity, which
is projected to affect Europe and (with a smaller intensity) the northern part of the Mediterranean.
These patterns and their physical causes would need to be investigated, though it was not done within
this thesis.

Overall, this thesis work highlighted the regional disparities in the timing and nature of precipitation
regime changes, emphasizing the importance of region-specific climate models and projections. Under-
standing these differences is crucial for developing effective climate policies and strategies to address the

diverse impacts of climate change across Europe.

We would also like to highlight that the methodological framework developed in this thesis can be
a new tool to propose a diagnostic on the whole distribution change, whatever the region. Indeed,
this methodology is not restricted to Mediterranean or European application, but can also be useful to
study the ongoing or future changes in other region of the world, with different climatology and societal
challenges, as for example the Sahel Monsoon, the tropical rainfalls in the Inter Tropical Convergence

Zone, etc.

Finally, this work also undoubtedly generated new questions, spanning the shorter and longer term,

which we will discuss in the next section.
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Perspectives

Perspectives in direct line with the thesis

Due to the finite duration of a PhD thesis, several questions raised by this work could not be addressed but
would deserve further investigation. These include assessing the robustness of the results found, notably
to the dataset and to the projection ensemble. More work is also desirable to investigate the sensitivity to
the timescale of precipitation considered (daily precipitation here), and to clarify the physical processes
behind the observed precipitation changes. In this section, we discuss potentially promising avenues to

address these important questions.

Improve the robustness of the past classification results using other datasets

One of the questions raised with the first two chapters is the possible change of parts of the regime signal
depending on the precipitation dataset used. It would be interesting to apply the methodology to an en-
semble of observations and reanalyses, for instance, comparing the all-days and wet-days regimes between
them. Using an ensemble would enable to better assess the uncertainties in the observations, which for
precipitation usually can be substantial between rain-gauges in situ data, satellite data (corrected with
rain gauges or not) and especially among different reanalyses (Alexander et al., 2020; Bador et al., 2020).
These uncertainties among precipitation observational dataset can be even larger than inter-model spread

in climate projections.

The main expected difficulty is to find datasets with long enough records to enable the selection of
two periods where we filter out natural climate variability. The choice made in this study to compare two
30 years periods could be simplified to two 20 years periods, which would require less temporal extension
in the data (1984 — 2024 would be enough, enabling the use of some satellite products such as CHIRPS).

We could also remove the condition of selecting data covering the whole Mediterranean region, and
instead focus on some specific countries or subregions where higher-quality observations are available.
For example, we could use the Iberia0l gridded dataset, which incorporates a much higher density of rain
gauges in Portugal and Spain than EOBS gridded dataset. Iberia01 has been shown to better represent
the spatial gradient and the values of daily precipitation intensity and extremes (Herrera et al., 2012;
Herrera et al., 2019). Similarly, for France, we could use the SAFRAN dataset (Vidal et al., 2010), which
incorporate a much higher density of station than in EOBS.

Finally, as the methodology is not restricted to gridded datasets, we could also validate the trends on
a few high-quality stations across the domain, quality-controlled by national meteorological agencies for

their temporal homogeneity.

In terms of methodology, it is possible that the best model for the wet-days distribution in terms of
fit may not be always the Weibull law, as this can depend on the type of data (for example, for EOBS
gridded dataset, our preliminary work suggested that a Lognormal law obtained a better score). Still,
we would suggest keeping this Weibull model as it offers a classification of the regimes with only two
parameters, whose relative changes can be compared to that of the dry-days frequency to determine

whether changes in dry-days frequency or wet-days intensity are dominant.

Improve the robustness of the future classification results using other projections

Our methodological framework is general, and could thus be used to study another ensemble of climate
simulations than Euro-CORDEX. Note that there is no other large ensemble of regional simulations

covering Europe and the Mediterranean based on more recent global simulations than CMIP5.
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A straightforward path would be to work directly on CMIP6 simulations, which are the current state
of the art in long-term global climate modelling. Using CMIP6 model would enable a global overview
of the precipitation changes over the different continents and oceans, which would enable to compare
regions with similar behaviors, and probably highlight the importance of large-scale circulation changes.

However, the CMIP6 models’ resolutions (from 0.70° to 3.75° depending on simulations), are much
coarser than ERA5 or Euro-Cordex (0.22° and 0.11° respectively). Therefore, the impact of scale is not
negligible, especially on convective precipitation which can happen at a very local scale. The poten-
tial impacts on the classification could possibly be reduced by applying statistical downscalling on the
Mediterranean, to reach the same resolution as ERAS5 for instance. We could use the same method as for
the bias-correction in chapter 3, i.e. the CDF-Transform with the Statistical Singularity Removal method.

A validation on the historical period would of course be needed to assess the downscalling effects.

Another natural step would be to turn then to higher resolution projections, as far as they allow a
few decades of simulation in present and future climate. A good candidate for this study could be the
convection permitting models simulations at kilometer resolution on the greater Alpine domain, from the
international CORDEX Flagship Pilot Study. These simulations have been shown to better represent the
fine scale details of daily mean precipitation, occurrence, and precipitation extremes on a seasonal scale,
compared to Euro-CORDEX simulations (Pichelli et al., 2021).

Using some of these different projections would help to confirm the robustness of the results found in
the CORDEX simulation in our study.

What about hourly precipitation distribution change?

Hourly and daily extremes of precipitation do not necessarily respond to warming similarly. Indeed, daily
precipitation extremes can arise from a long-lasting event with weak precipitation rates for most of the
day, or from an intense hourly convective event lasting a few hours. Besides, some studies showed that
the anthropogenic forcing on extreme precipitation is expected to lead to a higher intensification of hourly
extremes than daily extremes (Lenderink & Van Meijgaard, 2008; Utsumi et al., 2011; Drobinski et al.,
2016; Drobinski et al., 2018; Intergovernmental Panel On Climate Change (IPCC), 2023), probably due
to a stronger response in convective systems than in stratiform systems (Berg et al., 2013). Therefore,
we may have a clearer signal of change at hourly temporal scale. In addition, with hourly precipitation,
the link between extremes and convection is more straightforward, as an extreme hourly precipitation
intensity likely results from an intense convective event. Therefore, our approach of distribution change
could be applied to hourly precipitation, to investigate in more detail how convective events and short-

term precipitation extremes respond to warming.

A few adaptations would need to be done on our methodology, for example, adapting from dry-days to
dry-hours in order to compare the relative importance of the changes of hourly precipitation occurrence
and of intensity, in the whole distribution change. Whether the Weibull distribution is still adapted to

hourly precipitation should also be investigated.

Explore the physical mechanisms responsible for the changes observed

In this thesis work, we have highlighted that large-scale patterns seem to drive the signal in precipitation
daily distribution changes over Furope and the Mediterranean: we found a clear dipole of change of the
dry-days frequency (approximately North-South), and a spatially homogenous increase (resp. decrease)

of the wet-days scale (resp. shape) parameter in Europe.
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We would like to understand the physical mechanisms explaining these two large-scale changes. To
that end, we have some hypotheses that we would like to test. The first hypothesis is that the dry-
days frequency change dipole is due to the northward shift of the winter storm track, or to the polar
extension of the Hadley Cell’s subsiding branch (Johanson & Fu, 2009; Xian et al., 2021). Note that
in the literature, some papers mentioned the responsibility of the storm track position change for either
winter drought or extreme precipitation trends in the Mediterranean region (Zappa et al., 2013; Zappa
et al., 2015), but the link with the dry-days frequency has not been studied, to our knowledge.

The second hypothesis is that the thermodynamics (through Clausius-Clapeyron relation) explains
parts of the intensification of wet-days precipitation, which is projected in both northern and central
Europe but also in the northern Mediterranean. Therefore, we could try to link the intensification of the

Weibull scale parameter to thermodynamics effects.

In practice, if we were to delve into these questions, we would probably start on the last 70 years
with ERAS5 reanalysis, where we already showed that the dry-days change dipole is clear and statistically
significant. The reanalysis would enable us to work with physical fields such as the winds and moisture
profiles. We could first study how ERAD represents the evolution of the European storm track, and if
this change is correlated to the dry-days frequency signal. We could then use Euro-CORDEX or CMIP6
simulations in the future period, which would give a stronger signal of large-scale change, and enable a

multimodel comparison for more robustness.

Perspectives toward hydrological impacts

More broadly, one question that this thesis work brings forward is the potential increase of hydrological
extremes (droughts and floods) due to the changes in the precipitation distribution. This section discusses

important implications of these changes that would be interesting to investigate in the long term.

In the northern Mediterranean region, as we have seen, future increased heavy precipitation is pro-
jected to be associated with an increased dry-days frequency and a higher evaporative demand. The
drying effects of climate change could lead to a decrease in the soil water content and to a change in the
water-holding and infiltration capacity. This could change the response of the land to an extreme heavy
precipitation event, both in terms of groundwater recharge and flooding impacts. In Northern Europe, all
precipitation quantiles are projecting to intensify, together with a decrease of dry-days frequency, which
could lead to a different signal in terms of groundwater recharge and flooding than for the Mediterranean.
These hydrological aspects are of great interest for countries, both for water managements and risk-based

flooding managements.

It would be scientifically interesting to use the framework we constructed in this thesis to study the
hydrological impacts of the precipitation distribution changes. We could make a diagnostic of the trends of
hydrological variables (such as soil moisture, of river flow) by conditioning on a given all-days precipitation
regime. For this, we could use already available projections from Euro-Cordex, or other simulations at
higher resolutions made with the IPSL land surface model ORCHIDEE. For example, we could group
together the pixels of a subregion of “all quantiles intensify” regime, such as the Netherlands, and compare
its hydrological trends with a region of “U-shape” regime, such as the South part of France, and with
regions with a strong “all quantiles decrease”, such as South West Iberia or the Maghreb. We would
also use high resolution simulations on metropolitan France, computed in the context of the Explore2
project, which studied the evolution of future French water resources using many hydrological models
of different complexity (from parsimonious models to Land-Surface Models), forced by bias-corrected
Euro-CORDEX atmospheric fields. This simple project could help to get a first intuition on how the

trends in precipitation distribution are related to trends in hydrological variables.

108



Another project would be to study climate change effect on flood risk through its impact on soil
moisture conditions. More precisely, we could study the effect of different antecedent soil moisture
conditions on the vulnerability to a heavy rainfall event, potentially leading to more impactful floods.
For instance, an extreme heavy rainfall will have a higher impact if it occurs on already saturated
soils from previous months of higher than usual precipitation. Indeed, saturated soils will generate more
runoff. Furthermore, already filled water reservoirs reduce their potential to mitigate floods. The opposite
preconditioning is also possible: an extreme heavy rainfall on very dry soils with degraded vegetation
would also generate more runoff during a heavy rainfall and possible high impact flash floods.

In terms of risk prevention, it would be indeed useful to assess, at the end of the wet-season, if a given
catchment is more or less vulnerable to potential heavy precipitation in the coming summer or autumn (a
season typically prone to very intense rainfall in the Mediterranean), in order to take water management
decisions beforehand to reduce the potential flooding’s impacts (e.g. empty the water reservoirs so it can
mitigate the excess of rainfall). As heavy rainfall is expected to intensify in the Northern Mediterranean, it
is also important to determine how the likelihood of antecedent soil moisture conditions favoring flooding
will evolve, in order to obtain more reliable projections of future flood risks.

In practice, as a case study, we could select an impactful flood event from recent years, due to a heavy
rainfall accumulation on a few days. We could reproduce this event with different hydrological models,
and test the effects on flooding when we change the rivershed soil moisture conditions a few months before
the heavy rainfall event occurs. The memory effect of the rivershed could thus be studied, enabling to
identify which types of soil moisture conditions can lead to more impactful flooding in the rivershed. We
could finally estimate whether these conditions would become more frequent with future global warming,

by looking at the evolution of their probability of co-occurrence in climate projections.
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In this part, we shift the focus on two scientific works related to climate change impacts, but not
specifically on precipitation distribution. During my three years of PhD, I have had the chance to work

on two side projects related to climate impacts.

How to disseminate the research results on climate change im-
pacts in cities to guide adaptation public policies 7 Application

to the Paris region (France)

The first paper is the natural continuation of a project developed during the Master Politique et Action
Publique pour le Développement Durable (MPAPDD) in early 2021, with the team “Equipe Ville” of
Météo-France, and deals with the dissemination of research results on urban climate change to public
stakeholder in the Paris area. Continuing this work with the impulse of Dr Aude Lemonsu finally led
to a paper submitted to Climate Services, in 2023, accepted in October 2024. The version submitted in
2023 is available in How to disseminate the research results on climate change impacts in cities to guide

adaptation public policies ? Application to the Paris region (France).

Winter climate preconditioning of summer vegetation extremes

in the Northern Hemisphere

The second side project was born through the three-weeks summer school of the Damocles European
project on climate change and the impact of compound extreme events, which I attended in Budapest
in 2022. It started during the group project allocated time, under the supervision of Dr Ana Bastos
and Dr Freya Garry, aiming at better understanding the preconditioning of summer vegetation extremes
by winter climate on observational data. The five PhD students and our supervisors continued the
collaboration afterward. With additional feedbacks from Jakob Zscheischler, we finally submitted an
article in Environmental Research Letter, which was published in 2024. It is in open-access here: Winter

climate preconditioning of summer vegetation extremes in the Northern Hemisphere.

The PDF of these two papers are given in the following.
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Abstract

The construction of efficient climate services often relies on the interaction between decision-
makers and scientists. Urban overheating is an issue that is already preoccupying public authorities
and is likely to be exacerbated by climate change. Taking into account its evolution is essential
for urban policy-making, especially to implement and size adaptation measures in conjunction with
urban planning. In this study, we present the analysis of an interview campaign, realized with a panel
of 13 public actors in the Paris area (France). The actors’ current practices and their needs of urban
climate data are explored. Their feedback on high resolution climate projections on the Paris area
are presented. Climate projections can be difficult to apprehend by the general public, thus an effort
of explanation is necessary. Stakeholders usually do not use projections up to 2100, instead are in
demand of short and medium-term prospective, in coherence with the temporality of public policies
and political mandates. Depending on the aim for which the data are used by public actors (raise
awareness, territory diagnosis, decision support, or public action evaluation), the type and format
of the data must be adapted, from maps to key figures. Indicators on extreme impacts and risks,
are a strong demand of public actors, especially in the health and energy sectors. Finally, resources
from former urban climate research are still not visible to most public actors. We advise improving
their dissemination through urban planning agencies and local actors, whose expertise is recognized

by policy-makers for urban climate issues.

Keywords: climate change; urban heat island; public action; policymaking; climate services

Practical Information

This study investigates how climate information could be better communicated and used by public stake-
holders for decision-making, particularly in the case of adapting cities to climate change. Cities are
indeed places with significant societal, economic and environmental importance and could be particularly
impacted by the effects of climate change across various different sectors. Furthermore, urban areas are
already subject to a phenomenon known as the urban heat island (UHI): with nighttime urban tem-
peratures being a few degrees higher than the surrounding countryside. The intensity of the UHI can
vary according to different factors depending on the city itself, the geographical context, and weather
conditions. The effect is particularly exacerbated during heatwaves [Li and Bou-Zeid, 2013] which can
worsen the consequences associated with these extreme events (health risks, energy overconsumption,
infrastructure breakdowns, etc.). As heatwaves become more frequent and intense with climate change,
the exposure of urban areas to strong heat is expected to increase. Public stakeholders in charge of
regional and urban planning are already facing these growing challenges, and have to think about how
to adapt their areas. To do so, they need science-based information that is both robust and appropriate.

In order to design and develop an urban climate service, scientific data must be disseminated as
resources for stakeholders to help public action at the regional and local level. The aim of the study is to
investigate what the needs of urban stakeholders in climate data are, how recent research results on the
UHI phenomenon and its evolution with climate change could better meet the needs and expectations of
public stakeholders, and be communicated effectively.

To answer these questions, a case study was performed on the Paris region (France) by interviewing a
panel of public stakeholders in charge of different thematics, from urban planning to energy consumption
management, and also local climate plan. The analysis of the interviews enabled an inventory of current
practices. It showed that, in the Paris region, urban or climate data are used 1) mainly in an attempt to
raise awareness about climate change impacts both on local population and on elected representatives,
2) to establish a territorial diagnostic of local vulnerabilities to urban overheating, and 3) less often for
decision-making, e.g. to choose between different urban planning or urban design scenarios, in which

case climate data are needed at a very fine scale (building scale). Yet, climate change, albeit crucial



to the future evolution of city living conditions, is usually not directly present in the data used by
stakeholders. The case study showed that urban public actors have a need for climate information on a
more regional and local scale than is currently available, and if possible tailored to their specific sectors
(energy consumption, urban planning, etc.).

In a second stage, the results of the surveys were used to draw up practical recommendations on how
to better communicate and disseminate climate projection results from research institutes to stakeholders.
Firstly, the time periods covered by climate projections could be more in line with the temporality of
public action. Indeed, stakeholders are in demand of short and medium-term prospective data that fits in
with the public policy timetable and that can actually be used for decision-making. The next few decades
are of particular interest for public actors, which highlights the need to foster and improve projections
at the decadal scale. Then, data on the impacts of extreme climate conditions usually seem of better use
to decision-makers than average values, both for raising awareness (a human being is more sensible to a
more intense heatwave than to an average warming of 2°C) and for supporting specific technical studies on
the vulnerability of infrastructures to these extremes (e.g. can the electricity supply system meet higher
demand during an extreme heatwave) and the sizing of adaptation solutions. A climate service must be
able to respond to diverse needs and applications, intended for users with different levels of expertise.
For effective dissemination and provision of climate data and information, two types of resources have
been targeted: a) notes dedicated to public actors, with graphics that are clear and well explained, with
key messages, so that they can be used directly by public actors without specific scientific skills; and b)
reworkable and geo-referenced projection data that can be used by technical services or scientific teams
to perform specific impact studies on a given sector. Finally, the study highlighted that it is essential
for (urban) climate scientists and service providers to rely on local and regional urban planning agencies
for the dissemination of new data and resources, which are clearly identified by stakeholders in the Paris

area as key providers of urban climate data.

1 Introduction

Decision-making and action for risk prevention and adaptation to climate change should rely on current
knowledge from scientific research. To promote the integration of climate information into development
policies and enable the implementation of relevant adaptation measures, the Global Framework for Cli-
mate Services (GFCS) was established in 2009 [WCC3, 2009, Hewitt et al., 2012]. Since then, many
initiatives have been conducted in this direction, for climate services at different territorial scales (from
global to regional), to meet as much as possible the needs of a wide range of users and sectors. The initial
approach to developing this type of product and service was mainly based on a top-down approach [Ja-
cobs and Street, 2020], where scientific data is produced by “experts” and supplied to potential users.
More recent works show the importance of an iterative and interactive approach between data-providing
scientists and data users in a context of operationalization and decision-making [Brasseur and Gallardo,
2016, Giordano et al., 2020]. It is necessary to take into account users’ acculturation to climate data,
their practices and their constraints in terms of resources, legislation or levels of governance [Carter, 2011,
Cortekar et al., 2016]. Responding appropriately to expectations also means going beyond raw scientific
data and crossing expertise by considering local social, economic and environmental specificities [Swart
et al., 2021]. This is particularly true for urban environments, which are already facing major challenges
due to the concentration of assets, socio-economic activities and population.

The specificities of urban areas linked to the strong artificialization and imperviousness of soils, to
the complex morphology, and to the local emissions of heat and humidity, are deeply disrupting the
local environmental conditions [Oke et al., 2017]. The actors in charge of urban planning and urban

design are for the most part already aware and concerned about these issues, which could become even



more serious with climate change [IPCC, 2022]. The urban heat island (UHI), that results in an urban
overheating occurring predominantly at night, is certainly the local climate issue that has been most
discussed and addressed in recent years in the orientation choices of urban planning policies. Worsened
by global warming and increased heatwaves, the urban-scale climate conditions can lead to multiple
sectoral impacts, e.g. on energy, thermal comfort, health, economic productivity, etc [Takakura et al.,
2017, Viguié et al., 2020, Pascal et al., 2021a]. Many urban climate research studies investigate strategies
and action levers to reduce urban overheating, with spatial scales of action that vary from the very
local street or urban space, to the neighborhood, or the entire city [Lemonsu et al., 2021]. In this field
of research, the link with stakeholders such as urban policymakers and urban planning professionals is
already partially in place. Many research initiatives make an effort to transfer knowledge and make data
available to assist in decision-making [Eliasson, 2000, Zhang and Yuan, 2023]. Nevertheless, these are
usually based on case studies, mainly covering large cities, and the generalization of these results to other
cities and other environmental conditions is little discussed. In addition, although the studies in question
are often performed by the “climate service” of a city, an explicit account of the effects of climate change

on the UHI is overwhelmingly absent from these works.

At the same time, climate change studies are approaching increasingly finer scales, by the use of
various statistical, dynamic or combined spatial downscaling techniques [Maurer et al., 2007, Hoffmann
et al., 2018, Duchéne et al., 2022]. The objective is to investigate regional and local phenomena and
their evolution with climate change, and to conduct impact studies focused on specific issues and sectors.
The description and treatment of urban areas in spatial downscaling approaches and in high-resolution
regional climate modeling [Masson et al., 2020, Lucas-Picher et al., 2021] now offers the possibility to
conduct more robust studies on the impacts of climate change in cities. In this context, the question
arises as to how to effectively disseminate and communicate these new results to users and stakeholders
in order to guide in the implementation of city-scale adaptation measures. There is a real challenge in
designing climate services that are adapted to urban issues. They should be understandable, respond to
the expectations and fit current practices of local actors. Nonetheless, they should provide relevant and
scientifically sound information on expected vulnerabilities and impacts. There are two important issues
to consider: providing reliable climate projections and impacts on time scales of interest to decision-
makers [Brasseur and Gallardo, 2016], and communicating appropriately about the spread of climate

model results and the associated uncertainties [Carter, 2011].

The research presented here examines both the role of climate communication strategies and use
of climate information in decision-making. It is focused on the specific context of cities, where the
challenges of adapting to climate change interact with the challenges of mitigating the effects of urban
climate, especially the UHI already inherent in today’s cities. Using the Paris region (France) as a case
study and selecting a panel of public stakeholders in charge of local planning policies, the study seeks to
clarify their current practices in integrating these issues, the existing climate data and climate services
used, and the gaps and needs identified. Based on recent research work combining climate projections
and dedicated modeling of urban climate to assess local multi-sectoral impacts of climate change on the
Paris region, this study investigates how these new data could better meet the needs of stakeholders and
be communicated effectively. Section 2 describes the methodology used to select the public players and
to draw up and analyze the semi-structured interviews, as well as the scientific material used as input.
Section 3 presents the key findings of this analysis, from which some recommendations are drawn to
improve the dissemination and use of current research results and prepare more generic future studies

and support new climate services, in section 4.



2 Material and methodology

The technical goal of this methodology is to identify the diverse viewpoints of stakeholders, rather than
ensuring the representativeness of these viewpoints and of the actors sample. As a result, the method
of semi-structured interviews, commonly used in social sciences to produce a qualitative analysis on a
reduced number of interviews, is chosen. Indeed, it does not require a large size of actors sample, but
rather a diverse range of participants.

In the following, we present how the panel of public stakeholders was selected (section 2.1 ), how the
interview grid was constructed (section 2.2) based on some recent research results (section 2.3) and how

the interview material was finally analyzed (section 2.4).

2.1 Identification of relevant public actors for the Paris region

The study is focused on ﬂe—de—France, the most populous of the eighteen regions of France, centered on
Paris, which gathers more than 12 millions inhabitants. A panel of public stakeholders was selected to

cover a wide diversity of interlocutors of public action in the field of urban climate:
e urban development actors and urban planning agencies,

e local authorities in charge of planning documents (urban plannings or climate plans) and operational

projects,
e state services that support local authorities in their efforts.

Here, the decision was made to focus on institutional actors, which allowed for a clearer understanding
of governance scales, areas of intervention, connections, and key stakeholders for information dissemina-
tion. While it would also have been valuable to include private stakeholders, that would have constituted
a separate study.

To avoid a potential bias of the study that would consist in staying too close to climate change
experts, we were careful to select in the panel people with various backgrounds and expertises, dealing
with broader or related issues to UHI, such as sustainability or urban planning and development.

We identified actors in structures covering the four main territorial scales of action against UHI:
(1) national level through an incentive for local actors to take mitigation and adaptation measures, or
through research funding (e.g. ADEME, see in next paragraph for definition) ; (2) regional level as an
intermediate scale of support for municipalities in the Ile-de-France region in terms of climate-sensitive
urban planning and reducing energy consumption ; (3) departmental or intercommunal level through a
close and tailored support of municipalities, for ex. Plaine Commune, Saint-Quentin-en-Yvelines, chosen
for having previously worked on urban climate adaptation ; (4) communal level where actions can be
initiated by the municipalities themselves, depending on in-house skills and financial resources.

Figure 1 summarizes the public institutes that were selected for the interviews, according to the spatial
scale of action or support and the status of these institutes. The ADEME (agency for the environment
and energy management) is a central actor for ecological transition through support for innovation and
research to application. The FNAU (national federation of urban planning agencies) leads the national
network of urban planning agencies by promoting the exchange of expertise and collective projects. The
DRIEAT (regional and interdepartmental directorate for the environment, planning and transport) is an
organization that helps local authorities in the Paris region, for example, with regulatory aspects and
territorial planning. Institut Paris Region is the urban planning agency commissioned by the Region, of
which APUR (Parisian agency of city planning and renovation) is the Paris equivalent at the city level.
The regional council is the deliberative assembly of the region, responsible for issues such as regional

transport, secondary and higher education, regional planning, etc.
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Figure 1: Inventory of public institutes covered by the study through the people interviewed.

2.2 Construction of the interview grid

The interview grid was structured in two main parts to address the two objectives of the study. For both
parts, the questionnaire was constructed based on several starting hypotheses, with the idea to investigate
each of these through open questions. This approach allows for multiple sub-themes to be covered, while
remaining open to any other comments than those previously anticipated.

Part 1 aimed to establish a diagnosis of the current use of urban climate data by public stakeholders
and their possible needs. It was conducted without any visual of urban climate data, not to influence the
interlocutor. The starting hypotheses were as follows:

(1) Stakeholders have climate data needs for different areas of activities depending on their missions
(e.g. development, planning, awareness of elected officials).

(2) These data are mainly used for diagnosis but rarely for decision support, which requires more
substantial work and resources (e.g. modeling and comparison of different urban planning scenarios).

(3) The type of data used depends on the training and skills of people in charge of collecting and
using/valuing them. An expertise in climate (or even in data processing) can facilitate the appropriation.

(4) Climate data are preferentially chosen for their ease of use and understanding, confidence in
their sources, but also by historical practice. There is potentially a lack of knowledge of the (new) data
available, including those provided by Météo-France, the French institute for meteorology and climate.

(5) To obtain tailored data to address local issues, the public actors can turn to local or national
research centers (for example Météo-France climate services).

(6) The need for local climate data on a target city may not yet be met, despite the data and devices

at the disposal of public actors.

Part 2 aimed to get feedback on the new research outcomes to define recommendations and orien-
tations. It was conducted with a presentation of schematic views of the model used and its hypothesis,
and a variety of samples presenting the new research results (with different types of content and presen-
tation forms). This leaded the interlocutor to answer the questions of the interview grid. The starting
hypotheses were as follows:

(1) The actors do not have a clear view of all the information resulting from urban climate modelling,
but can take a critical look at the choice of indicators and results formatting.

(2) Both the geographical zoom level and the spatial resolution of the data are important factors in
its use by public actors.

(3) Stakeholders need tailored sectorial indicators that are not yet addressed by climate science (which



usually deals with weather hazards without necessarily going as far as the impacts).
(4) The representation of uncertainty is central in climate studies to investigate possible futures, but

can confuse the messages for a non-expert audience.

The main questions that were asked to the interviewees are presented in a logical framework diagram,

in appendix A.

2.3 Research material as support to interviews

The research work that motivated and fed the reflection on the information dissemination to potential
actors and users comes from the PhD thesis of Le Roy [2021]. For the first time, multi-model and multi-
scenario climate simulations with a high spatial resolution have been performed over the Paris (France)
urban area in order to provide indicators of urban climate evolution and of urban-scale impacts of climate
change. These climate simulations were based on an original and innovative methodology that took into
account the evolution of the regional climate and its interactions with the local urban climate generated

by the city itself (see appendix B for the detailed methodology of the simulations). The study domain

is covering the entire Ile-de-France administrative region (that contains the Paris urban area). A 1 km
resolution was used over the domain as illustrated in fig. 2, showing the main land use patterns in Ile-
de-France. The climate simulations ran from 1970 to 2099 and consisted of 55 unique combinations of
general circulation and regional climate models that projected both a scenario of moderate greenhouse gas
emissions (RCP4.5, 14 simulations) and a scenario of high emissions (RCP8.5, 41 simulations). For each
projection, the climate conditions in the urban areas were simulated with the dedicated Town Energy
Balance urban model (TEB, Masson [2000], Lemonsu et al. [2012], Redon et al. [2017, 2020], Schoetter
et al. [2017]). TEB can calculate, among other things, the street-level air temperature as well as the
outdoor thermal comfort, and the energy consumption of buildings for air-conditioning and heating.
The raw data coming from these urban simulations were stored with a 1-hour time step over the
time period 1970-2099, and at each grid mesh of the study domain. Nonetheless, a post-processing was
applied to derive multi-sectoral indicators of local-scale climate change impacts (summarized in table 1).
These indicators can take the form of maps, time series, or integrative values (either spatially and/or

temporally).

2.4 Methodology for analyzing interviews

A total of 13 interviews were conducted in French, each lasting approximately 1.5 hours. For each of
them, a written report of a few pages was made to summarize the discussion, according to the interview
grid structure. The audio recordings of the interviews were useful for reporting and quoting accurately
the respondents’ answers, and were deleted afterward.

A cross-analysis of the 13 interview reports was conducted using a qualitative approach. This non-
numeric exploratory approach is often used in sociology to understand social phenomena or the experi-
ences of individuals, through the collection and analysis of nonnumerical data, such as polls, interview,
observations, etc. Looking back at all reports in a transversal manner, we cross-referenced the answers
point by point. The aim was (1) to check whether the answers of the different stakeholders were con-
sistent or not ; and (2) in case of discrepancy, to link them if possible with the difference between the
actors’ missions or the profiles of their structure (objectives, history, means of actions). The quotations
that best illustrated the shared or different points of view for each question were selected. The stake-
holders’ quotations that are given in this paper are our own English translations from the French original

verbatim.
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Figure 2: Map showing the study area and the main land use patterns on the 1-km resolution modelling
grid. The white lines represent the administrative boundaries of the counties (thicker lines) and of the
districts of the city of Paris (thinner lines). More details in appendix B

Sector Indicators (Units)
e Average air temperature over urban areas (° C)
e Average air temperature over rural areas ( ° C)
Urban  cli- e Intensity of UHI computed as the difference between urban and rural
mate temperatures (° C)
e Spatial extent of UHI for a given threshold above rural temperature and
expressed as a proportion of the city (%)
e Average number of hours per day spent above medium heat stress, i.e.
for UTCI>26 ° C (hours per day)
Thermal e Average number of hours per day spent below low cold stress, i.e. for
comfort UTCI<9° C (hours per day)
e Average number of hours spent in different UTCI classes (hours per day)
e Average energy consumption due to heating (kWh)
Energy

e Average energy consumption due to cooling (kWh)

Table 1: List and description of multi-sectoral impacts indicators derived from the climate simulation.
UTCI, or Universal Thermal Comfort Index, is a measure used to evaluate the temperature as it is
perceived by humans; it is detailed further in appendix B.



The results of this qualitative analysis are presented in sections 3.1 and 3.2. This analysis provided
a broad view of the needs of stakeholders and the resources necessary to address them more effectively.
On the basis of these results, several recommendations were drawn, intended for research teams on urban

climate, in order to make the dissemination of the new climate results more efficient.

3 Results

3.1 Inventory of current practices of public actors

The first part of the survey made it possible to make an inventory and analyze the current practices of

public actors, the data used and the identified needs, with regard to the issue of UHI or urban overheating.

3.1.1 Which applications involve urban climate data used by public actors ?

From the interviews, it appeared that urban climate data was used for four main applications: raise
awareness, territorial diagnosis, decision support, and evaluation of implemented policies (fig. 3). These
four applications will be described in the following.

Climate data are used to raise awareness by local authorities and urban planning professionals on
UHI and climate change. This can take the form of educational materials or recommendation guides,
such as those produced and distributed by ADEME or APUR for example. The data can also be
presented at times of discussion and consultation that accompany the urban planning process (at regional
or intercommunal level, for example) to alert newly elected officials and technical staff 1. Finally, climate
data are used to raise awareness among a wider audience, to communicate on a city’s actions, and to
encourage public support 2.

Climate data are useful to assess the vulnerability of the territory, and thus meet the diagnostic
obligation set by French urban planning documents at all levels (e.g. local urbanism plan at city scale,
territorial coherence scheme at intercommunal level). The UHI estimation can be included in the diagnosis
as a vulnerability factor for urbanized areas. City services need such tangible elements to mobilize their
elected officials on the urban overheating issue 3. Spatial climate data on the target territory can also be
used to identify the most impacted areas, and helps orientate and prioritize public measures accordingly
4. Some organizations even go beyond legal obligation, with initiatives to better understand how their
territory is affected by UHI.

Urban climate data can be used as a decision support in construction or renovation projects. The
examples given by the interviewees are modelling specific constructions at the neighborhood scale or cities
development scenarios, to compare them through their impact on temperature and thermal comfort. In
addition, they can be valuable for labelling processes as those required for the construction of eco-
neighborhood or high energy quality buildings (for considering UHI impacts).

At last, climate data may be used by public actors for the evaluation of implemented policies, that is a
necessary step for public action. A good example is the schoolyard greening OASIS project (commissioned
by the city of Paris, supported by the EU’s European Regional Development Fund) for which sensors

were installed to measure local conditions before and after schoolyard greening and evaluate the cooling

1As an example, the master plan for the Tle-de-France region is seen as “an opportunity to get messages across, because
there is a lot of collaborative work going on, with the territorial authorities of the Tle-de-France.” (Regional Council)

2“Having all this data, it allows us to launch training, awareness and communication programs on a large scale for all
users in the Paris area.” (City of Paris)

3%t0 be able to tell them [their elected officials]: look, we’re not talking nonsense, there really is a problem of urban
overheating in such and such a place. We can see it, it’s quantified, it’s that many degrees [...]. It allows us to cut short
endless political debates” (ADEME)

44Tt can be an opportunity to have zoning for problematic areas, where any development that would contribute to
aggravate the UHI in these sectors, we could answer: watch out!” (Paris Region Institute)
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Figure 3: Summary of the different types of urban climate data used by public actors and the objectives
targeted by this use, with the following color code: green if used for this objective, red if not used, yellow
if it can be used in certain cases. Local measurements can be conducted through a short-term campaign
lasting a few days or weeks, such as during a heatwave or in the summer (referred to as “short-term”
measurements). Alternatively, instruments can be installed for extended periods, collecting data over
several years or decades. This allows for the creation of a longer time series and more comprehensive
analysis (referred to as “long-term” measurements). Local Climate Zones (LCZ) is a method for mapping
the territory according to the land cover and morphology of urban areas to group together neighborhoods
whose thermal response is assumed to be similar. GIS (geographic information science) is a technology
that enables the visualization and analysis of complex spatial data, and is often used in urban planning.

potential, especially during summer and heatwaves. The measurement-based evaluation of local impacts
helps public authorities to quantify and demonstrate the effectiveness of implemented measures and
justify their financial cost. It also enables the proposition of possible improvements.

By taking a step back on the interviews, the use of climate data for awareness raising emerges as the
most frequent of the four identified areas of application in Ile-de-France public action. Conversely, the
use of climate data for decision support is so far rather punctual (as mentioned by the FNAU). Another
key point is that the timetable for the development of planning documents and public policies influences
the receptivity and needs of public actors in terms of climate data. If the release of new data is not in

line with these time constraints, the data is simply not used.

3.1.2 What types and formats of climate data are used by public actors 7

The climate data used by public actors (which are mainly temperatures or derived indicators) are mainly
presented in the form of key figures and maps, depending on the purpose. The maps fit both with
awareness raising and territorial diagnosis. The key numbers allow rising awareness, but also to objectively
and quantitatively evaluate the action. More marginally, mainly for climate projections, the data are
presented as temporal evolution curves of meteorological parameters. The format and content are also
adapted to the target audience. For example, the online dissemination of the climate plan of the Saint-
Quentin intercommunality required a reworking of the data to make them understandable and effectively
reach the general public °.

The results of the interviews show that four main types of urban climate data are used by stake-
holders (fig. 3) depending on the needs and objectives but also on the human and financial resources
available. According to the interviews, the most meaningful and expected data for public actors is a
direct measurement of the UHI on their territories by in-situ stations. Some French cities launched their
own measurement campaign (ex. airborne thermal image of the Paris area acquired for a summer day)
or deploy their own station network (ex. Toulouse, Grenoble, Nantes, Clermont-Ferrand, etc.). One-off
campaigns characterizing the city at a given point in time, which provides diagnostic and awareness-
raising elements, while permanent networks enable to monitor the evolution of physical variables over

longer periods such as years or decades, which allows for the evaluation of local actions. These two

5“When we made it available to the public for consultation, we got a lot of feedback from people who said: *We don’t
understand it, there are too many figures, too many documents’ ” (Saint Quentin en Yvelines)
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time-scales for local measurement are referred to as “short-term” and “long-term” in fig. 3. Nevertheless,

these initiatives require expertise and funding, so that they are mainly implemented by large cities.

With no in situ measurements, medium-sized communities often turn to free satellite data. They
are generally land surface temperature maps retrieved from infrared measurements. Depending on the
satellite products and their spatial and temporal resolution, they can allow monitoring long-term evolution
(from the 1990s) and ongoing changes, and possibly evaluate local projects. The resulting territorial
diagnoses frequently lead to a confusion between surface temperature and air temperature, which are,
however, quite different information 6. Despite this risk of confusion, land surface temperature maps are

widely used by many municipalities as a way to talk about the concepts of urban heating 7.

The classification into Local Climate Zones (LCZ) is another approach used to compensate for the lack
of urban-scale measurements. Proposed in 2012 [Stewart and Oke, 2012], this classification is based on
knowledge of the urban climatology concepts. LCZ was constructed as a logical and universal classification
of both urban and rural areas, based only on surface and urban properties, with the aim to differentiate
locations in terms of their energy response to incoming radiation (thermal admittance, surface albedo)
and thus in terms of local thermal response. The urban properties used for the classification are for
example: building characteristics and construction material, street dimensions and geometry, vegetation
and pervious surface fraction, but also human activities and heat production. Note that this classification
in LCZ does not incorporate directly any weather or climate information, but highlights the different
thermal responses of locations to a typical clear and calm evening. The typical effect on the 2 meters
temperature that one can expect from different LCZ classes were assessed from urban measurements and
numerical modeling, in the simple setting of a clear night [Stewart and Oke, 2012]. Note that the effects
on other meteorological variables (such as wind or humidity) were not assessed, as it was not the focus
of the LCZ classification.

The main advantage of the LCZ classification is that it allows for a first-order assessment of over-
heating risk, using geographical data that urban planners typically have access to or can easily gather
through field visits. For French urban planning agencies with Geographic Information Systems (GIS)
skills, LCZ classification has therefore become a “classic method” (interview ADEME) for the analy-
sis at scale of a few hundreds of meters to a few kilometers. For example, the Paris Region Institute
developed an interactive map of the Ile-de-France region that provides indicators reflecting the effects
of urban overheating in relation to LCZ, urban parameters, and a land surface temperature map from
the 2003 heatwave (https://www.institutparisregion.fr/environnement/changement-climatique/chaleur-
sur-la~ville/). This LCZ approach offers a diagnosis for a fixed mapping of the city at a given time, yet

it cannot be used for evaluation of implemented policies.

Finally, results of numerical modelling of the urban climate are also used by some public actors. They
have the advantage of covering areas where measurements are sparse or non-existent, or even of simulating
and evaluating prospective scenarios. Simulations from research projects such as MAPUCE [Masson et al.,
2015] and PAENDORA (Suher-Carthy et al. [2023], Gardes et al. [2020], Project page) are used for the
cities of Paris and Toulouse. Yet, “many urban planning agencies do not have the chance to have access
to modelling data made on their territories by Météo-France [...]” (interview FNAU). Modelling is more
often provided by engineering firms, or more rarely by certain urban planning agencies. This is the case
of the Paris agency APUR which is developing a simplified model to simulate the city-scale overheating
for favorable weather conditions. However, the interviews revealed a reluctance to use data resulting

from complex climate modelling, as they are generally considered as too complicated and mathematical

6T have seen a lot of nonsense circulating about UHI data. With infrared measurements, people confuse UHI and energy
loss of buildings...” (ADEME)

T“Why do we still use this data? Well, simply because they are accessible and because they enable to talk about the
subject, and being anchored in the territories. Otherwise, we would remain in concepts!” (FNAU)
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8. Simpler models that are better understood and mastered are preferred by non-technical people ?. The
mistrust of non-scientist people can also stem from the perception that these models are based on too
many assumptions and are subject to important uncertainties. The dissemination of climate modelling
results to a non-expert audience is therefore much more delicate than for measurements, and requires

progressive acculturation and guidance.

3.1.3 Which needs have the public actors expressed ?

The public actors interviewed expressed the need for a more detailed territorial diagnosis in order to
target and prioritize the areas where intervention is needed '°. They underline the scarcity of local
measurements for monitoring the temperature in the cities and UHI. In particular, it was deplored by
several respondents that the only station in Paris of the Météo-France weather network is located in a
large urban park (Montsouris), that does not allow for an accurate measurement of the UHI. On the other
hand, some public actors would like finer UHI modelling to get closer to the local scale, but with imprecise
and disparate requests regarding the spatial resolution (from the municipality to the neighborhood level)
1112

Concerning the use of urban development scenario studies as a support for decision-making, the
expectations of public actors are for the production of more operational scenarios than what can be
achieved by some prospective scientific studies (i.e. less generic and more localized), better in line with
public action and implementation constraints 3.

The link between UHI and climate change can rarely be made explicitly because the available data do
not allow it. Public actors are increasingly demanding urban climate data that integrate trends in climate
projections, and take place in an adaptation perspective. This dimension becomes a prerequisite for the
calls for research projects funded by ADEME. Nevertheless, in the absence of such data, the public
actors now complement their territorial diagnoses on UHI with a discussion on the expected increase
in the occurrence of weather situations (especially, heatwaves) that exacerbate the UHI and associated

impacts 4.

3.1.4 'Who do public actors turn to for urban climate data ?

The results from interviews show that there is a very wide disparity in terms of in-house technical and

scientific skills and human and financial resources between structures '°.

The city of Paris is a driving
force in city-scale impacts studies of climate change. It has a dedicated department on these issues, which
can itself contribute to the UHI diagnosis and the implementation of local actions. On the contrary, the
absence of a geomatics department for many organizations is a significant barrier for efficient access
and processing of urban climate raw data, and adapt it to the specific needs of the actors concerned.

Therefore, although some planning agencies have the capacity to produce data or process existing data,

8 “When you present data from modelling to elected officials, there are some who are very perplexed, and who say to us,
but how can you be sure that this will go this way?” (Saint-Quentin-en-Yvelines)

9“we don’t necessarily like very complicated models. For people in urban planning, we prefer them to be able to grasp
the ins and outs [...] We are wary of black box phenomena”

10“having climate projections [...] that are very localized would be very interesting, I think. It would allow us to prioritize
our actions even more, to really know where to start first” (City of Paris)

11410 km would be really good already” (ADEME)

12«What we are really interested in is having a downscaling with a fine mesh, let’s say, almost to the district level” (City
of Paris)

13«“When you talked about doubling the green spaces in Paris, well, that’s interesting, let’s admit it. But it’s not
operational enough: we don’t have a project that is either double or not double the green surface!” (Les Mureaux)

14«Now we have a systematic discussion about climate change in our diagnoses: the heat phenomena that we encounter
today, tomorrow are likely to be multiplied, to concern new territories” (FNAU)

15 4I've seen some [communities] take ownership of datasets, have a geographic information system engineer who deals a
little with climate data. There are really very different levels of involvement, and very different needs depending on the
territories.” (ADEME)
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Figure 4: Schematic view of the actors toward which communities would generally turn to, if they want
some urban climate data. The larger the arrow, the stronger the link.

many structures turn to consultancy firms. This may involve data from measurement campaigns, or

climate modelling on different scales, or modelling on a very local scale for a particular project.

The time constraints may dictate the choice of entrusting an analysis to a private study agency rather
than a research team '6. Research projects (typically 3-4 years long) do not necessarily respond to the
dynamics of public action, which is notably punctuated by local and regional elections. Nevertheless,
the cost of consulting firms is a limiting factor and encourages the local authorities or State services
to turn instead to institutional partners. Some structures are identified as resources for providing or
producing UHI data: the State technical agency CEREMA (Center for studies and expertise on risks, the
environment, mobility and planning) with a recognized expertise on urban thermal issues, the ADEME
for energy issues, the AIRPARIF regional air quality monitoring association, or the Teddif network (Ter-
ritories, environment and development in ile—de—France). The State services can play a role in redirecting
communities to these expert resources.

For public actors, Météo-France is the reference for reliable meteorological and climatic data and

products 7.

Still, except for public actors who have been involved in research projects, Météo-France
is not identified as a resource on UHI-related issues, especially regarding its practical translation for
development and planning actions. According to the Paris Region Institute, which has collaborated a
lot with the research center of Météo-France and CNRS (National center for scientific research), the
project reports are not efficiently publicized to the urban planning community. Although reports and
main results are accessible on Météo-France website and published in the scientific literature, the results

and data from those projects are not clearly identified as available and retrievable by most public actors.

Instead, the interlocutors considered as the real reference on UHI issues in the Paris region are the
urban planning agencies (fig. 4). Both Paris Region Institute and APUR (for the regional and Paris
urban level, respectively) are very well identified by the local authorities, particularly for their expertise
on the link between UHI and public planning policies '®. The local authorities rely on the technical notes
and publications relayed by the Paris Region Institute, which are highly appreciated because they are
truly adapted to operational needs.

16 «consultancies generally work faster [...]. For example, the study with Ranboll took only about four to six months.” (City
of Paris)

17«Obviously when you also have a study stamped from Météo-France, it is always reassuring for everyone. It’s Météo-
France, so it’s reliable” (City of Paris)

1841t is true that we work more particularly with Arec [Energy Climate Regional Agency] or the Paris Region Institute
when we want data like that, that are so specialized. So they are quite the experts. This is part of the missions delegated
to them by the Region.” (Regional Council)
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3.2 Feedback of stakeholders to new research outcomes

The second part of the survey made it possible to collect the reactions of the same actors interviewed to
the presentation of new data resulting from research work on the urban climate and its expected evolution
with climate change. The objective here is to clarify to what extent this data, its method of calculation,
its representation and format can meet the needs of the actors. For this part of the survey, we presented

to the actors some visuals based on research results to illustrate the different aspects discussed.

3.2.1 About the setup of the simulations

Before considering the results, the interviewees were asked about some important configuration elements
for the simulation, i.e., the geographic area covered, the spatial resolution chosen, the main assumptions
of the model. They first reacted on the description of the study area. The use of a fixed land cover
mapping for the region that is based on the current state (as shown previously in fig. 2), with no change in
urbanization during the climate simulation, is unanimously seen as an important limitation . The actors
would have appreciated taking into account the old land use for the simulation of the past period, and a
projection of the land use in the future combined with some generic assumptions of urbanization, thermal
renovation of buildings, increasing installation of air conditioning equipment, etc. The comparison of
different evolution scenarios (e.g. land use planning, energy renovation plan, urban greening) would also

have been very interesting for the public actors 2°.

Despite this, stakeholders were very keen on the results presented, provided that the assumptions made
were highlighted. The 1-km horizontal resolution of the simulation was generally highly appreciated and
considered as an important step in raising awareness about UHI and climate change in the Paris region 2!
22 Nevertheless, some actors, mainly those with a background in urban planning, would like to go to an
even finer resolution (typically, at street level) 2. They therefore insist on the importance of completing

the results at 1 km by local modelling or by measurements.

As for the potential need to aggregate the data from the 1-km grid to an administrative unit, the
stakeholders were unanimous that it was better to keep the native resolution to preserve the maximum
precision 24, Any further change of scale or aggregation of the data may be relevant depending on the
needs and applications, but at a later stage and preferably by the users themselves (section 4). For
example, aggregated numbers on a municipality’s territory could be of use by local geomatics services to

compare more quantitatively different territories, using the raw simulation results.

The presentation of a given result at different levels of zooms appeared very useful to local actors
(fig. 5). They are primarily interested in the issues specific to their own territory 2°. But that way,
they can also compare the impacts and urban effects in their municipality (or department) with those of

neighboring municipalities.

14



a. Regional level b. County level ¢. Municipality level

i it

LX eil

2km N ]

15 16 17 18

Figure 5: Visual presented during the interviews, showing the same 1 km resolution simulation data at
three zoom levels. Average nighttime temperature for the hottest summer simulated by one model over
the historical period 1976-2005.

1976 2005 2020 2049 2070 2099,

For climate science:

For public policies:

Figure 6: Tllustration of the different time scales at scales for Climate sciences compared to public policies,
with regular elections, urban plans (such as the SDRIF -Schéma directeur Ile-de-France-, carbon emission
reduction objectives, etc.
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3.2.2 About the hypothesis and temporal characteristics of the climate projections

In a second stage, the question of the choice of emission scenarios and climate projections, as well as the
temporality of these projections and their analysis, was addressed. Stakeholders did not express a strong
preference for one of the greenhouse gas emission scenarios, and seem satisfied with the scientific results
often based on the RCP8.5 scenario with the highest emission levels and the strongest warming signal,
as far as the definitions are explained. However, this extreme scenario may be difficult to back up by the
State services given its incompatibility with the carbon neutrality objectives by 2050 26. As a result, they
could be more comfortable with medium (RCP4.5) to low (RCP2.6) emission scenarios. Stakeholders
agreed that showing different possible futures raises awareness of the importance of mitigation actions
and of a scalable and flexible adaptation 27. Nonetheless, they preferred the results to be limited to a
few scenarios (three at maximum) for the sake of clarity 28. In their opinion, it is not necessarily useful
to systematically overlay the results of several emission scenarios. They suggested illustrating the main
message based on a single selected scenario, then showing how this can be amplified or reduced with
other emission scenarios on a few chosen examples.

The climate simulations that led to the results presented in the survey covered the period 1970-2099.
As most climate analyses based on a statistical approach of trends, the results were presented as averages
of three 30-years periods, i.e. historical (1976-2005), near future (2020-2049), and far future (2070-2099)
as illustrated on fig. 6. The survey revealed that this presentation of the results in the form of a 30-year
time-slice was very difficult to grasp for stakeholders, because it is such a long period compared to the

29 There is a gap between the information expected by the actors

timescale of most public actions
on the one hand, and the scientific results and analysis methods on the other. Due to the inter-annual
climate variability, it is not statistically robust to reduce significantly the length of the periods over which
climate trends and impacts are calculated. Therefore, to speak of “time horizons” instead of “periods”
by referring to the central year of the 30-years time-slice (e.g. “2020-2049” becomes “horizon 2035”) is a
simple communication element that allows to take up the usual codes in public policy.

Climate projections to the end of the 21st century did not emerge as deadlines that interested and
challenged most of the public actors 3°. The temporality that was relevant for them had to be linked to the
rhythm of public action and elections 3! and planning documents (for ex. 20 years for the SCOT, a local
urban planning document). Therefore, from the perspective of adaptation decision-making by elected
public actors, it appeared to be more effective and relevant to present them with short and medium-term

projections (until 2040, even 2050) rather than long-term. Nevertheless, the projection data up to 2100

19 “The city extent of 1970 is not one of today! The year 1990 can only be used if you have access to the urbanization of
that time, otherwise it is strongly recommended to run the model only on recent years.” (APUR)

20 “Tf you make several scenarios, it would be very interesting. There are big debates about nature in the city, these are
electoral and political issues.” (DRIEAT - Energy Climate)

214 think that what you are presenting, this downscaling [to 1 km], is really capable of moving the lines.”(DRIEAT -
Energy Climate)

22«1 km is already something very interesting, especially for a planning exercise.” (FNAU)

23«you should in fact give a degree of precision that makes it possible to deal with the district, [otherwise] the project
leaders, the elected representatives, they will find it difficult to use what we bring them.” (DRIEAT - departmental unit)

24 “Temperature does not stop at the municipal boundary! If we take the average at the commune level, we risk having
a wrong interpretation afterward, within the same territory, the results are heterogeneous. No, I don’t see the point of
aggregation.” (FNAU)

254“the map zoomed in on Paris, that’s absolutely certain, because that’s our territory, and that’s where we’re compe-
tent.” (City of Paris)

26 “We need to be in line with what the SNBC [Stratégie Nationale Bas Carbone] and the government say about our
climate targets.” (DRIEAT - Departmental unit)

27 «If you show two scenarios, you show a range of possible, credible futures.”(DRIEAT - Energy Climate)

28 “We could present a few scenarios, but not too many, because if you present more of them, people are lost. Two, three,
but not more!” (Saint-Quentin-en-Yvelines)

29 “When you say 2020-2049, I find it hard to see what it means. Can’t we work on time horizons that are a little more
precise?” (City of Paris)

3049080, it’s a long way off. The further away the targets are, the less concerned the people.” (Regional Council)

31 “Town representatives are in place for 6 years: they want to do things now, that have an impact now.” (Saint-Quentin-
en-Yvelines)
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Figure 7: Temporal evolution of the average summer urban air temperature over Paris. The background
lines represent the variability associated with the multiple models used and their natural variability. Two
scenarios are represented: RCP4.5 in orange and RCP8.5 in red. The smooth lines and envelope represent
the multimodel mean and the 90% uncertainty range smoothed by polynomial regression. The dashed
horizontal line indicates the temperature anomaly relative to the 1976-2005 mean.

should remain available for technical services and for actors of long-term energy prospective or urban
planning.

As for the temporal integration of a result, the interlocutors generally advised against the use of
averages, when aiming at raising awareness: the concept of mean seems not easy to grasp 32. Instead, the
interviewees’ advice to highlight the results on extremes, which can impact people, health and activity
sectors a lot: for example heatwaves or extreme temperatures 33.

Last but not least, the presentation of models uncertainties to elected officials or the general public
appeared to be counterproductive, based on the survey feed-backs. These uncertainties based on statistical
notions made the information more cumbersome and complex, which could confuse the core of the message
for a non-technical public ?*. On an evolution curve, a colored band around the average value could be
enough to remind people of the dispersion of the models without making the graph too heavy (fig. 7). Still,

for technical services, uncertainty assessment would be necessary to define robust adaptation strategies
35

3.2.3 About the choice of indicators

Respondents were asked about the relevance and interest of the different indicators that have been selected
in the research work to assess the local impacts of climate change on the Paris region (see table 1). First,

the surface air temperature was presented and discussed, and by extension the associated UHI (fig. 8).

324In my experience, when you communicate with the general public or policymakers, people do not understand what an
average is.” (APUR)

33“There are times when the thresholds of acceptability are crossed. [...] If we say that there will be 32 days in the
summer when our infrastructure will be at the breaking point, when the rails will bend because it will be too hot [...] this
can really mark people.” (DRIEAT - Energy Climate)

34¢T think you need to have the clearest message possible. The min and max will confuse a more complete reading of the
graph.” (DRIEAT - Departmental unit )

35«The mustache box [showing the standard deviation around the mean for a given value, as presented during the
interview] is of no use to the elected representatives I think, but for the technical services of the climate plans it is worth
having this report in detail”(ADEME)
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The surveys showed that these data over the region was already of great interest to the actors. The
surface air temperature and UHI maps were considered to be relevant tools for awareness and diagnosis.
All respondents found these maps to be very meaningful and useful for diagnosing and viewing the
geographic sectors affected by UHI hazard, even in areas that may not be perceived as problematic in
peri-urban municipalities. Some respondents felt that confusion or misunderstandings are still possible,
depending on the vocabulary used. Stakeholders and municipality services usually work with their own
definition, for example a local-scale evaluation of UHI on their own territory and for a specific weather
situation, as opposed to the evaluation that was proposed here for the whole region and for a summer
average. Besides, for energy and transports operators, the surface air temperature appeared to be of
great interest to estimate the risk of rupture of specific infrastructures 36.

Two other meteorological indices related to temperature emerged as particularly relevant for some
stakeholders because they are frequently used in their territorial studies: heatwave days and tropical
nights. According to the French warning system, a heatwave is defined as a period of at least three
consecutive days when the daily mean temperature does not fall below a threshold prescribed for each
county by the national health agency [Pascal et al., 2021b]. The tropical nights corresponds to days when
the minimum temperature does not fall below 20°C (ETCCDI: https://etccdi.pacificclimate.org/
indices.shtml, Karl et al. [1999], Zhang et al. [2011]).

Indicators relating to thermal comfort (or heat stress) were presented in a second step. They are
similar to the notion of perceived temperature depending on environmental conditions (i.e. combination
of temperature, humidity, wind, and radiation). This concept is still emerging in France and needs
a minimum of guidance, but it was very well received by the respondents because it addresses the
individual’s scale 37. The feedback from the surveys indicated that comparing spatial data (map) and
temporal data (evolution over a day) helped to understand the exposure of individuals according to their
mobility and the time of day. In addition, integrated over the day, they provided daily exposure maps
under heat stress conditions which was very informative for urban planning. Respondents emphasized
the complementarity of these results to the nighttime temperature maps, with the influence of urban form
and compactness on wind and sunlight sometimes leading to counter-intuitive results on urban comfort.
Nevertheless, there was a strong demand to give even more informative data concerning the impact of
thermal discomfort on health, if possible in a quantitative way 32.

The last indicators concerned energy. The evolution of energy consumption for air-conditioning and
heating has undoubtedly emerged as a prospective data much awaited by municipalities and operators
to prepare for the energy transition 39> 9. An important point of vocabulary was underlined by some
respondents: it would be more appropriate to speak of cooling demand rather than air conditioning
demand. The message thus referred to a more systemic reflection on the renovation of buildings to ensure
summer comfort, rather than an incentive for the systematic development of air conditioning systems.
The respondents reminded that two levels of information could be useful, i.e. (1) the evolution in annual
energy consumption to support municipalities in their planning and (2) the evolution of peak power
to address the electricity supply issues of grid operators. For energy, the question of the unit and the
appropriation of these quantities is crucial to communicating to a non-technical audience. An analogy

with concrete quantities would help for a better understanding of the consumption volumes (expressed

36 “If you say, it will reach 50°C around the regional trains catenaries, or if the tar melts too fast in some areas, that will
be of great interest for them.”(DRIEAT - Energy Climate)

37«[Universal Thermal Comfort Index is interesting] because it’s on a human scale, and not just on the physical scale of
Météo-France [laughs]: it’s not just a thermometer.” (Plaine Commune)

38 “What does it mean to spend 3 hours in thermal stress? Personally, I don’t know if there is a clear difference between
2 hours and 6 hours. One needs to give a framework, a context that is established.” (Plaine Commune)

39 «All these elements of the evolution of the demand for air-conditioning in a changing climate, in the urban and periurban
areas, these are very, very precious elements to situate the extent of the challenges today!” (Paris Region Institute)

40 «This will be of great interest to Enédis [a French electricity distributor] and RTE [the French electricity grid operator],
who will have to make sure that they can supply the necessary electricity.” (DRIEAT - Energy Climate)
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Figure 8: Visual presented during the interviews, showing different ways of representing the impacts of
nighttime Urban Heat Islands. Average nighttime temperature for the hottest summer simulated by one
model over the historical period. Top left: the temperature at 2 meter from the ground, with a continuous
color-scale; top right: the same temperature field to which its regional mean has been subtracted, giving
the Urban Heat Island field, with a discrete color-scale. Bottom left: a transect of the temperature field
through Paris city center, from West to East; bottom right: table with the number of people in the Paris
area affected by given levels of UHI.

in kWh m~=2 yr=!) for instance by referring to an equivalent number of nuclear reactors, or a number of
wind turbines or a surface area of solar panels.

The indicators mentioned above were all welcomed with interest but also led to an expression of needs
from the actors in relation to their fields of intervention. Stakeholders expressed a strong demand to
cross-reference climate data with sectorial data to assess new types of impacts (e.g. the effect of high
temperatures on urban infrastructure and transport networks). Not surprisingly, the impact on health
emerged as a central issue. Even if thermal comfort is already a very relevant information, the transition
to the evaluation and understanding of the vulnerability of the inhabitants is at the heart of the concerns.
Putting sociodemographic data or data on sensitive equipment into perspective with climate data could

support action for risk prevention.

3.2.4 About the visualization and data accessibility

In a last stage, the respondents also commented on the proposed visual media and formats for presenting
indicator information. The first important result is that the cartographic medium is clearly the easiest
to access and the most meaningful for the actors (but also for the general public) 4*. This is in line with
current practices in the urban planning sector, where this type of medium is widely used. The scientific
curve - such as a temperature transect across the region - is much less common and more complex for a

non-expert audience.

41«This section curve chart speaks much less than the map. You would have to be used to reading graphs. Besides,
this form of graph is not often used. I think that the average person who does planning will find it difficult to under-
stand.” (DRIEAT - Planification)
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To facilitate reading and interpretation, but also to reinforce the message, the maps (or other graphic
media) should be supplemented by reading elements in the form of combined map data, key messages,
diagnosis, etc. For example, superimposing land use and occupation information on UHI maps (location
of parks and urban centers by colored or hatched areas) raises awareness of the link between soil sealing
and urban overheating. Technical services could rely on these media to support the preservation of
natural areas. Another example, the data on the population affected by different UHI levels (Table
in fig. 8) is a key figure highly appreciated by respondents 42 because it reinforces in a concrete way
the information provided by the map. Even if the respondents would like these figures to be refined
especially by accounting for sociodemographic variability, they considered the figures to already provide
crucial information on a first level of impact, and could feed into more detailed studies carried out directly
by the municipalities.

For map plotting, the survey outputs highlighted that the choice of color scales and temperature ranges
(with continuous or discrete values) was important in reading the map and the resulting perception.
Although the zoning effect associated with discrete thresholds can help identify high-stakes areas, it can
also be counterproductive for taking action in areas where mitigation goals may seem unattainable. This
point emerged from the respondents’ feedback on the UHI maps, for which a discrete scale may be suitable
for a regional overview, while a continuous scale is preferred when the maps are zoomed in on smaller

areas.

Finally, concerning the way to show the evolution of indicators over time, three approaches were
presented at the interviews: maps at different time frames, tables of key figures, and curves of temporal
evolution. Again for stakeholders, the comparison of maps for the current state and the expected future
stood out as the most meaningful medium, as map visualization is widely used in planning so that elected
officials are familiar with it 43. A key figure extracted from curves or maps could also be sufficient to convey
a message, to raise awareness among all types of actors 44 5. In contrast, the respondents recommended
avoiding the graph as time evolution curve (perceived as too mathematical) when addressing elected
officials or the general public 6. The presentation of time series to a non-specialist audience requires a
real work of formatting. The reader must be guided through the graph to make it more accessible, for
instance with storytelling.

Lastly, the respondents were asked about how they would like to access this kind of data. The first
mode of diffusion should be ready-to-use information at the Ile-de-France regional level, in the form of
a synthetic summary, that would be of use for most type of actors. This summary should present the
project results in broad terms; it should explain where the simulation data comes from (model principle,
hypothesis and inherent limits) and give general results, such as the spatial structure of UHI and its
projected evolution in the future*”. It should also highlight the kind of output that could be provided
from these simulations, with an example for each variable. The respondents highlighted that for such a
document to be used by technical agencies or public actors, it had to be very clear and self-explanatory.
Any impact map (e.g., a UHI map with localized maxima in certain areas) that may highlight areas

that are more vulnerable than others should therefore be accompanied by explanatory information 4%, In

42«That’s the first thing people ask us: but how many people does your thing impact?” (Paris Region Institute)

43 “The map is what speaks, and it is what makes it possible to illustrate to elected representatives.” (DRIEAT - Depart-
mental unit)

44“Some key figures that elected members could feed back into their speeches.” (FNAU)

454It’s more like key figures that we give to show the need for action [...], it’s meant to reinforce the message.” (Plaine
Commune )

46 4T really think that there is not a great culture of mathematical graphs in urban planning and the population in
general.” (DRIEAT - Energy Climate )

47“For technicians like me, it allows us to understand how it was set up. It shouldn’t be 70 pages long because we
won’t have the time. I read the quick notes that the Paris Region Institute makes, which are between 6 and 10 pages
long.” (Saint-Quentin-en-Yvelines)

48 «If there are maps, we need explanations. To enable us to use them, to present them, and to answer the questions we
will be asked.” (Saint-Quentin-en-Yvelines)
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Figure 9: Visual presented during the interviews, showing different ways of representing the future
evolution of a given variable. By row: average summer nighttime temperature, yearly energy consumption
due to heating, average number of hours in heat stress per summer day.
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this way, the technical staff of a municipality can truly take ownership of these results and explain them
themselves to their elected officials.

The second mode of diffusion should be raw data, that anyone can work on. Indeed, the interviews
revealed that some of the stakeholders needed to perform their own tailored analysis at a smaller scale, or
to cross-reference with sociodemographic or technical data °. Thus, a selection of interesting simulation
outputs should be made available freely online. It would make sense to incorporate this into already
existing platforms like DRIAS (https://www.drias-climat.fr/) from Météo-France, especially as it
is becoming well-known by French public services. It is noteworthy to highlight that the respondents
were not necessarily familiar with the format usually used for climate data (NetCDF files), therefore data
should also be provided in a georeferenced format more common in the field of urban planning (e.g.,
Shapefiles, ASCII or geodatabase). Finally, once the data is available online, it appears imperative to

publicize its existence and availability on a regular basis.

4 Recommendations and conclusions

These analyses gave a better understanding of the current practices of Ile-de-France stakeholders in terms
of their use of climate information for public policies in territorial development and urban planning, of
their potential needs and expectations, and of who are the actors considered as reference for the UHI
issue. This work made it possible to formulate a set of recommendations with a view to disseminating
and promoting the current research results more effectively, and to provide guidelines for future studies.

With regard to the general dissemination strategy, several levels of information and data are expected.
The results must be disseminated first as a level of information that is accessible and usable directly by
all local authorities. The major issue is that every stakeholder can appropriate and use the data without
the need for specific technical expertise, such as an internal geomatics department or a consulting firm,
which not all municipalities have at their disposal. A second level of provision, with reworkable and
geo-referenced data, is also expected by some of the stakeholders to carry out processing and analyzes
based on their own expertise. Lastly, some of the scientific data produced can be shared in open access
to other scientific communities of users (in particular by engineering firms) for feeding into new impact
studies on finer spatial scales that address more diversified sectoral impacts.

To succeed in this transfer of data and knowledge, it is necessary to reinforce the visibility of the work
already done, which is currently very insufficient because it is too restricted to the academic research
community. With this aim, researchers must rely on key local interlocutors as relays between the field of
research and the field of operationalization. Urban planning agencies can play this strategic role: they
have both a very good understanding of scientific results, perfect knowledge of territorial policies, and a
very well-established network of stakeholders and users. A generalization of this dissemination process
to other cities in France will therefore require to systematically identify the entities that are located in
these territories and active on climate and urban-overheating issues, in order to work with them. These
could be the urban planning agencies in priority, some decentralized State services, but also local and
regional climate and energy associations.

Several ways to improve the presentation of results were identified. Numerical modeling tools and their
results are complex, therefore it is essential to clearly explain the configuration and the main concepts and
assumptions of the simulations with the implications on the results (for example, the choice of a fixed land
use and urbanization map must be justified). Besides, to effectively raise awareness on vulnerabilities, it

seems more relevant to communicate on extreme conditions (e.g. during heatwaves) which often results

49 “Planning agencies will want reusable data, where they can adapt the mode of representation, cross-reference with other
data, etc.” (FNAU)

22



in increased risks for population, urban systems and networks, rather than presenting annual average

values that are usually not appropriately understood.

The stakeholder feedback highlighted that surface air temperature is considered to be a relevant
tool for awareness and diagnosis of UHI and its evolution with climate change. In this way, a shortcut
is too often made between surface temperature and UHI. To avoid confusion and in the absence of
increased skills among stakeholders, we strongly suggest not to use surface temperature from satellite
data to deal with UHI, as it does not represent the temperature felt by citizens, and does not compare
with either modeled or measured surface air temperature The selected panel of climate and impacts
indicators is already very relevant and informative according to our results and does not necessary need
to be completed. Still, suggestions have been made to guide the calculation of indicators based on the
stakeholders’ needs, particularly for energy where municipalities are interested in annual consumption at
the scale of their territory, when energy suppliers are rather interested in peaks of consumption in the
region during extreme events. Respondents regularly express new perspectives and areas of interest on
risk and impact assessment. The current tools and results do not meet all these expectations, but could

serve as a basis for further studies by experts in the concerned fields.

To sum up, it is crucial to work for a good comprehension and accessibility of the data, to reinforce

its diffusion through local operational actors, and to adapt the format to the different needs.

A final important point concerns climate projections. The time frames chosen for the presentation of
climate change and impacts should be reviewed. Stakeholders are in demand of short- and medium-term
prospective data that are in coherence with the temporality of political action and public policies, and
could be a relevant support in decision-making for adaptation. The next few decades are of particular
interest for public actors, which highlights the need to foster and improve projections at the decadal
scale. Yet if such results are given, the uncertainties linked to natural variability must be properly
highlighted. Regarding terminology, it could be more meaningful and understandable to speak of a
“time horizon” (using a central year, e.g. “horizon 2035”) rather than the corresponding 30-years climate
period over which the analyses were performed (2020-2049). Finally, the feedback from respondents
highlights the difficulty to deal with complex uncertainty representation (whether related to the dispersion
of multimodel climate projections or to the different emission scenarios). When the aim is to raise
awareness, we recommend simplifying the representations of uncertainties (showing for example the multi-
model mean and a single scenario or level of warming). However, scientists should explain the importance
of uncertainty in climate projections and convince stakeholders of the need to take it into account for the
appropriate planning and sizing of adaptation levers. How to deal with uncertainties and communicate

this information to decision makers is still an open question.
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A Appendix - Logical framework diagram for the interviews

The logical framework diagrams shown in fig. 10 and ?? highlight the chronology and the logical links

between the questions that we asked during the interviews.

B Appendix - Climate simulations and impact indicators

The research work that motivated and fed the reflection on the information dissemination to potential
actors and users comes from the PhD thesis of Le Roy [2021]. An original methodology has been developed
to study the impacts of climate change in cities, taking into account the evolution of the regional climate
and its interactions with the local urban climate generated by the city itself. This methodology was
applied to the Paris region to produce a set of multi-sectoral indicators (described below) reflecting the
evolution of the impacts of climate change at city-scale during the 21st century and according to two
greenhouse gas emission scenarios. This required three major steps: (1) to configure an urban climate
model, as well as associated descriptive databases, for the Paris region ; (2) to spatially downscale climate
projections provided by regional climate models to run the urban model with atmospheric conditions
tailored to city-scale ; (3) to define and calculate indicators to quantify some relevant impacts on urban

climate, thermal comfort and energy consumption.

Urban climate model

Here, the future evolution of Paris urban climate is simulated using the modelling platform SURFEX
(Surface Externalisée; Masson et al. [2013]) that describes and processes the surface with a regular square-
mesh 2D grid. SURFEX combines three main land surface models devoted, respectively, to rivers and
inland waters (FLake; Salgado and Le Moigne [2010]), natural soils and vegetation covers (Interaction
Sol-Biosphere-Atmosphere (ISBA); Noilhan and Planton [1989]), and urban areas (Town Energy Balance
(TEB); Masson [2000]).

TEB is a state-of-the-art urban canopy model for meteorological modelling applications, covering
horizontal resolutions from few hundred meters to several kilometers. This is a parametrization that does
not explicitly resolve each building but applies the average urban canyon assumption [Nunez and Oke,
1977] at the model mesh scale. This simple shaped canyon is defined by average parameters for geometry,
land use and surface distribution, material properties, etc. This set of parameters is mapped according
to the model grid to reflect to some extent the heterogeneity of the urban landscape. TEB incorporates
urban vegetation in interaction with the built environment [Lemonsu et al., 2012], by separating the
ground vegetation and the tree-foliage layer [Redon et al., 2017, 2020]. TEB also includes a building
energy module (BEM; Bueno et al. [2012]) that resolves internal balance of buildings in interaction with

outdoor climate conditions.

Data and hypotheses for simulation

The simulation domain is a 157 km x 128 km rectangle covering the entire Ile-de-France region with
square meshes of 1 km sides. The descriptive characteristics of the study area that the land surface
models need to run are derived from several databases. The land cover mapping of natural areas (crops,
forests, grasslands, etc.) around the Paris urban area, is provided by the ECOCLIMAP-I database [Cham-
peaux et al., 2005]), derived from the CORINE Land Cover European inventory [Bossard et al., 2000])
(and dating from the 1990s. For urban areas, the more recent and accurate data produced during the
MApPUCE project are used. They improve among other things the representation of land use, urban

morphology [Bocher et al., 2018], materials of buildings and their physical properties [Tornay et al.,
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if no
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post-process
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If the main source is a
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why this strong

preference?
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design offices to make
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territories?

Figure 10: Logical framework diagram of the interview grid, Part 1: What are your current usage and

need of urban climate data?

Are you familiar with
the resources given by
Météo-France and
DRIAS database?

What skills and
background has the
person taking care

of these data?

Do you have
in-house geomatics
resources?

Why not?
For budgetary
reasons?
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Figure 11: Logical framework diagram of the interview grid, Part 2: Feedbacks about current results on
future urban climate?
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2017], and building usage typologies (residential, tertiary, commercial and industrial). This data was
combined with a more accurate description of urban vegetation, distinguishing between ground-based
and tree-vegetation strata, provided by the region urban planning agency.

This description of the region and the urban area is prescribed as fixed data, i.e. it remains unchanged

for the complete study time period.

Local climate conditions over the 21st century

To simulate the evolution of the urban climate with climate change, the surface modelling platform was
fed by atmospheric conditions provided by regional climate projections, first adapted to local and urban
scales. This so-called statistical-dynamical downscaling methodology is described in details by [Le Roy
et al., 2021, 2024]. It corrects the regional atmospheric fields to incorporate the city’s air temperature
footprint on the local atmosphere, which is not explicitly taken into account by the regional climate
models [Daniel et al., 2019, Langendijk et al., 2019]).

A set of 55 climate projections has been processed from the EURO-CORDEX database [Jacob et al.,
2014, 2020], using different pairs of general circulation and regional climate models, allowing the spread
of climate models to be considered. The data cover the domain of interest with a horizontal resolution
of 1 km, and the time period 1970-2099 continuously. They include 14 projections with the moderate
emission scenario RCP4.5 and 41 projections with the high emission scenario RCP8.5. Before running
the urban climate simulations, the regional climate projections used to drive the urban climate model
were bias adjusted. This correction was carried out for the air temperature, as some of the impact
indicators calculated can be very sensitive to thresholds being crossed (e.g. the activation of heating
or air conditioning in buildings). A conservative adjustment of the average monthly temperature was
chosen in order to maintain the representation of local climatic conditions simulated by the regional

climate models. (see [Le Roy et al., 2024] for more details).

Impact indicators and main results

The use of the SURFEX platform including the TEB dedicated urban model makes it possible to compute
meteorological variables and to derive more specific multi-sectoral indicators (summarized in table 1) that
are of interest for public stakeholders or decision makers. One of the main question regarding the impact
of climate change on the urban climate is related to the expected evolution of the UHI phenomenon. Prior
studies have found conflicting results and are quite uncertain because of different methodologies [Doblas-
Reyes et al., 2021]. The use of SURFEX and TEB makes it possible to analyze this evolution by
comparing the urban and rural temperatures throughout the century. Le Roy et al. [2020] have proposed
two indicators of the UHI, one focusing on its intensity and the other one on its extent (i.e. the area of
the city where the temperature is a certain number of degrees higher than in the rural area).

To be able to quantify the outdoor thermal comfort of inhabitants inside the city beyond simply using
the air temperature, a simplified version of Fiala et al. [2012]’s Universal Thermal Comfort Index (UTCI)
has been implemented in TEB [Kwok et al., 2019, Redon et al., 2020]. The UTCI model computes a per-
ceived temperature based on the thermal exchanges between an individual and the outdoor atmospheric
conditions. It relies on the individual’s physical characteristics, its clothing, and level of activity, as well
as the temperature, humidity, radiation and wind conditions in the street. The UTCI scale (in °C) is
divided into 10 classes of thermal stress [Brode et al., 2012] ranging from “Extreme Cold Stress” (UTCI
< -40 °C) to “Extreme Heat Stress” (UTCI > 446 °C).

In TEB, the UTCI is computed at every dynamical step of the model for every urban grid point, which

allows knowing how much time per hour was spent in each class. The results can then be aggregated in

31



time: average number of hours per day spent in some stress class, or in space: average conditions per
type of building or land cover (fig. 9).

The last indicator that was studied is the energy consumption of buildings due to heating and cooling.
It is simulated thanks to the BEM module. The amount of energy consumed depends on the air temper-
ature outside the building as well as a setpoint temperature inside the building. Depending on the type
of buildings and their usage, different setpoint temperatures and hours of occupancy are defined. Other

behaviors are also taken into account, such as ventilation by opening the windows or the use of shading.
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Abstract

The impact of the spring climate on the Northern Hemisphere’s summer vegetation activity and
extremes has been extensively researched, but less attention has been devoted to whether and how
the winter climate may additionally influence vegetation extremes in the summer. Here, we provide
insights into the influence of winter temperature and precipitation on summer vegetation extremes
in the Northern Hemisphere. To do this, we identify positive and negative extremes in the summer
leaf area index (LAI, a proxy for vegetation activity) and assess winter effects on those extremes
using logistic regression at the regional scale. Over a quarter of the regions in the Northern
Hemisphere show strong winter climate preconditioning on summer LAI extremes, which is
typically stronger for croplands than forests. In regions with strong winter preconditioning, the
spring LAI mediates the link between winter climate and summer LAI extremes through the
ecological memory in seasonal legacy effects. Our findings suggest that extremely low summer LAI
in both croplands and forests is preconditioned by colder and drier winters, while extremely high
summer LAI in forests is associated with warmer and wetter winters. For low summer LAI in
croplands, warmer winters are associated with an increased likelihood of extremes in mid-latitude
regions and a reduced likelihood in high-latitude regions. Consideration of winter preconditioning
effects may improve our understanding of inter-annual variability of vegetation activity and
support agricultural and land management practitioners in anticipating the detrimental effects of
winter on crop yields and forest conditions.

1. Introduction 2003, Bastos et al 2013, Gonsamo et al 2016, Zhu et al

2017) as well as climatic trends (Peng et al 2011, Piao

Global vegetation activity is strongly influenced by
the variability in climatic conditions on sub-seasonal
to decadal timescales, with the relative importance
of temperature, radiation and water availability vary-
ing regionally (Ding et al 2020, Menzel et al 2020).
Both the interannual climate variability (Nemani et al

© 2024 The Author(s). Published by IOP Publishing Ltd

etal 2011, 2014, Barichivich et al 2013, Fu et al 2015,
Penuelas et al 2017, Wang et al 2018a) directly influ-
ence the year-to-year differences in vegetation activity
and carbon uptake. Understanding the seasonal pre-
dictability of future vegetation growth that emerges
from climate variability may also assist agricultural
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practitioners with planning and decision-making
(e.g. Ogallo et al 2000, Bruno Soares 2017, An-Vo et al
2021).

Memory in land-surface properties—so-called
preconditioning or legacy effects—can contribute to
the lagged influence of seasonal climate anomalies.
For example, winter precipitation and snowmelt can
influence vegetation growth over the next growing
season in water-limited regions (Peng et al 2010, Chen
et al 2018). Vegetation activity itself can also mediate
seasonal legacy effects, which can result in contrasting
impacts throughout the growing season. Vegetation-
mediated legacy effects arise, for example, in response
to warmer spring temperatures than usual, resulting
in increased springtime plant activity (Buermann et al
2018). This earlier onset of the growing season causes
higher water use and faster water depletion until sum-
mer (Wolf et al 2016, Lian et al 2020, Bastos et al
2020a, Li et al 2022), with especially severe impacts
during warm and dry summers (Bastos et al 2020a,
Bevacqua et al 2021). The spring phenology may
also influence autumn senescence timing, although
the mechanisms of this relationship are not yet fully
understood (Liu et al 2016).

While the preconditioning effects of spring warm-
ing have been widely studied, the influence of the
winter climate on spring and summer vegetation
activity is not so well understood. For example,
warmer winter temperatures can lead to increased
vegetation growth by increasing the water supply
from glacial melting (Zhang et al 2016). However,
warm winters can also have negative effects on plant
growth due to the reduction in protective snow cover
(Kreyling 2010) and fewer chilling days (Tominaga
et al 2022). Warm winters that induce an earlier
onset of the growing season may increase the risk of
frost exposure in the leafing, budding and blossom-
ing stages (Marino et al 2011, Bigler and Bugmann
2018), and such events could become more likely
under climate change in some regions (Pfleiderer et al
2019, Vautard et al 2023). Short but extreme warm-
ing events have been shown to severely damage sub-
Arctic landscapes, leading to considerably reduced
summer growth (Bokhorst et al 2009).

There is mounting evidence of the influence
of winter snow on the timing and productivity of
the growing season across the Northern Hemisphere
(Wang et al 2018b, Kelsey et al 2021) and the influence
of winter precipitation on net primary productivity
during the early growing season in forest—grassland
ecosystems (Liu et al 2022). Chen et al (2018) invest-
igated the preconditioning effects of winter temper-
ature and precipitation on spring vegetation activ-
ity across Europe and North America and also found
that reduced winter precipitation limited the spring
vegetation activity over water-limited regions. In their
study, the inclusion of climate information from the
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previous season in regression models improved their
capability to predict (the normalized difference veget-
ation index, a proxy for vegetation greenness). In
Central Europe, winter teleconnections (including
those associated with the North Atlantic Oscillation,
the East Atlantic and the Scandinavian Patterns) sig-
nificantly influence vegetation productivity during
the growing season (Bastos et al 2016, Gonsamo et al
2016, Zhu et al 2017). Winter legacy effects may reach
beyond the spring season, and compensatory effects
across seasons also have to be considered (Buermann
et al 2018, Bastos et al 2020a). To our knowledge, no
studies have yet systematically addressed the impact
of winter climate on vegetation activity extremes in
subsequent summers.

Here, we assess the effect of interannual variab-
ility in the winter climate conditions on the vegeta-
tion activity extremes in the following summer across
the Northern Hemisphere between 1982 and 2020.
We use the leaf area index (LAI) as a proxy for veget-
ation activity and study the effect of winter tem-
perature and precipitation on summer LAI extremes
using logistic regression. Our study focuses on sub-
continental regions and examines crops and forests
separately, given the different controls on phenology,
growth and stress responses between these two land
cover types (Aspinwall et al 2015, Liu et al 2021,
Miguez-Macho and Fan 2021).

2. Data and methods

2.1. Data

2.1.1. LAI

LAl data for the Northern Hemisphere were
obtained from the GLOBMAP global LAI Version
3 product (Liu et al 2012). The GLOBMAP LAI com-
bines data from the Moderate Resolution Imaging
Spectroradiometer and the Advanced Very High
Resolution Radiometer to provide a long-term LAI
dataset from 1981 to 2020 at an 8 km spatial hori-
zontal resolution. The LAI temporal resolution was
fortnightly from 1981 to 2000 and at eight-day inter-
vals from 2001 onwards. The LAI data were gridded
to a spatial resolution of 0.25° x 0.25° using area-
weighted averages. In our analysis, we use data from
1982 to 2020.

2.1.2. Climate variables

Climate data were obtained from the European
Centre for Medium-Range Weather Forecasts’ ERA5
reanalysis (Hersbach et al 2020). We use monthly
total precipitation (P), temperature at 2m (T),
total column volumetric soil water content and
snow depth for the period 1982-2020 over the
Northern Hemisphere (25°-75° North). ERA5 data
are provided on a regular lat/lon grid with 0.25° x
0.25° spatial resolution.
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2.1.3. Land cover

We use the European Space Agency Land Cover data-
set (Santoro et al 2017) to quantify the fraction of
forest and crop cover for each grid cell. The original
land cover classification data are provided at 300 m
spatial resolution for the period 1982-2019, and we
regridded these data to a 0.25° lat/lon grid using
the LC-CCI user tool. We use the lookup table from
Poulter et al (2015), reproduced in table A1, to clas-
sify crop and forest grid cells. We aggregate the classes
10, 20 and 30 to represent cropland, and the classes
40-100 to represent forest. To minimise the influence
of land cover changes in our analysis, only locations
that are classified as forest or cropland for the entire
38 years are used for further analysis.

2.1.4. Reference regions

To explore the distinct regional dynamics over the
Northern Hemisphere, we use the Intergovernmental
Panel on Climate Change’s (IPCC) Sixth Assessment
Report Working Group I reference regions (Iturbide
et al 2020). Of the 46 land regions, we only con-
sider regions in the Northern Hemisphere and fur-
ther remove regions if the crop cover or forest cover
amounts to less than 100 grid cells. We analyse the
vegetation activity of 19 regions in the Northern
Hemisphere: 17 regions include both cropland and
forest, the Russian Arctic (RAR) region contains only
forests, and Eastern Central Asia contains only crops
(figure A1). This leads to two different but largely
overlapping sets of 18 regions (table A2).

2.2. Data preprocessing

We are interested in analysing how the climate affects
the interannual variability of the summer LAI. To do
this, we preprocess the data by taking the seasonal
average precipitation, temperature, soil moisture,
snow depth and LAI for boreal winter (December,
January and February), spring (March, April and
May) and summer (June, July and August). The
seasonal averages are linearly detrended to remove
potential long-term trends due to climate change
since our interest is in the interannual variability. The
detrended data are then standardised to unit variance.
We identify high (LAIpig,) and low (LAlj,,) summer
LAI extremes using the local (pixel-wise) 90th and
10th percentiles of the detrended and standardised
seasonal LAI averages. To analyse the trends in the
fraction of pixels with extreme LAI for each year, we
use the Mann—Kendall non-parametric test (Mann
1945, Kendall 1975).

We separately consider croplands and forest areas
in our results, referring to low and high summer LAI
extremes for croplands as LAI}>" and LAIﬁE‘g’E, and
respectively for forest areas as LAI™" and LAI{S;“.
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2.3. Quantifying winter preconditioning effects
Logistic regression is a suitable method to analyse
drivers of extreme impacts (Vogel et al 2021, Le Grix
etal 2023) and specifically preconditioned compound
events (Zscheischler et al 2020, Bevacqua et al 2021,
Bastos et al 2023). Here, we extend the approach pro-
posed by Bevacqua et al (2021) for the study of pre-
conditioning effects of meteorological conditions on
LAI extremes.

To quantify the importance of winter precon-
ditioning, we train two separate logistic regression
models to predict summer LAI extremes. The first
model uses only spring and summer meteorological
predictors (temperature and precipitation), while the
second model additionally includes winter meteoro-
logical predictors. The first model is represented as

1
\w
1+ exp (7Xextreme>

with Xf})::reme =op+ 0 Tsu + O(ZPsu

+Oé3TSP —|—oz4PSp. (1)

P(LAIextreme| \W) =

Here, Ty, and Ty, correspond to the temperature
in summer and spring, and Py, and Py, correspond
to the precipitation in summer and spring, respect-
ively. Regression coefficients are given by «y, ..., a4.
Extreme summer LAI is abbreviated as LAleyremes
where extremes can be low or high. The term \w
indicates that winter climate was not included for this
particular model. The model is used to predict how
likely the occurrence of extreme summer LAI in sum-
mer is without considering the influence of winter cli-
mate, P(LALextreme| \ W)-

The second model additionally includes the
winter temperature (T,,) and winter precipitation
(Py) as well as their corresponding regression coef-
ficients o5 and oy

1
1+ exXp (_Xg(treme)
with X‘gmme =g+ oy Tsu 4+ Oézpsu —+ a3 Tsp
+044Psp+a5Tw+Oé6Pw~ (2)

P (LAIextreme |W) =

We train the logistic regression models based on
pooled data for cropland and forest pixels separ-
ately and for each region. This increases the sample
size, allowing us to analyse regional patterns but not
sub-regional variability. We further consider LAIpg
and LAl separately so that we consider 72 pairs
of models for the Northern Hemisphere (two land-
cover types, 18 regions, two types of extremes). The
sample size N varies per region depending on the
number of crop and forest pixels within that region
(N = fyears X Hpixels» table A2).

Rearranging the logistic regression equation,

Xextreme = ln(%), which are the log odds.
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Hence, for interpretation of the fitted model, we
take the exponential raised to the power of the
coefficient of the logistic regression model as they
provide a more direct interpretation with respect
to the odds of experiencing an extreme over no
P(LALyeme) _, it
extreme, TP for example, for a unitincrease
in Ty, or P, and keeping all the other variables
fixed, the odds of experiencing an extreme relat-
ive to a non-extreme LAI change by e* or e“,
respectively.

The model without winter climate (equation (1))
is a nested model with respect to the model with
winter climate (equation (2)), as the latter contains all
the parameters of the former as well as the paramet-
ers s and as. We therefore test whether including the
winter climate significantly improves the prediction
of summer LAI extremes using the likelihood ratio
test with significance level av=0.05. The likelihood
ratio test assesses the goodness of fit of two competing
nested statistical models and provides a p-value asso-
ciated with the null hypothesis that both models are
equally good. A low p-value therefore means that the
model with more parameters is better than the model
with fewer parameters.

Given the very large sample size for each region
(table A2), the likelihood ratio test might show sig-
nificant differences even when the differences in
predictability between the models are very small.
To rank model differences across regions, we use
the receiver operating characteristics curve, which
is the plot ofplots the true positive rate against the
false positive rate for different threshold settings
for a binary classifier. The area under the receiver
operating characteristics curve (AUROC) is then a
predictive performance metric ranging between 0
and 1, with a value of 0.5 representing predic-
tion by random chance and a value of 1 repres-
enting perfect prediction. We quantify the strength
of winter preconditioning based on the difference
in AUROC between models with winter predictors
(AUROC|w) and models without winter predictors
(AUROC| \ w).

For regions with strong winter preconditioning,
we further analyse the standardised seasonal averages
of anomalies in meteorological variables (i.e. com-
posites) in the years with extreme LAI in summer to
complement the interpretation of the results based on
the logistic regression coefficients. We create compos-
ites from the predictors used in the logistic regression
and also consider a few additional variables: winter,
spring and summer precipitation, temperature, soil
moisture, winter and spring snow depth, and spring
LAL As there is no snow in summer in many of the
regions, we exclude summer snow from our analysis.
We also exclude winter LAI from our analysis because
of the very low vegetation activity in winter in the
Northern Hemisphere.
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3. Results

3.1. Occurrence of summer LAI extremes

There is large interannual variability in the spatial
extent of LAI extremes between 1982 and 2020 for
each of the IPCC regions in the Northern Hemisphere
(figure 1). Several regions show high temporal correl-
ation between the cropland and forest extents exper-
iencing LAI extremes (numbers in figure 1). The cor-
relation of LAlj,,, between crops and forests tends to
reach higher values (seven regions showing correla-
tions above 0.6) than for LAlyg, (four regions). The
Mediterranean (MED) region shows the highest tem-
poral correlation of all regions for both LAl and
LATyigh.

Five regions show a significantly increasing trend
in the extent of LAI'*", and ten regions show sig-
nificantly increasing extents of LAL P (p <0.05,
table A3). The only region showing a significantly
increasing trend (p < 0.05) in the extent of LAT{ret
is the RAR.

3.2. Preconditioning effect of winter climate on LAI
extremes

In general, we find that extremes over cropland
are better predicted compared to forests (tables A4
and A5). In all regions, the winter climate signific-
antly improves the prediction of extreme LAI in sum-
mers, as determined by the likelihood ratio test of the
logistic regression models in equations (1) and (2)
(p < 0.05). However, despite the effect of the winter
climate being significant, in many regions the pre-
conditioning strength is small (overall, AUROC|w
minus AUROC|\w ranges between 0 and 0.08;
tables A4 and A5). For the subsequent analysis, we
consider regions with preconditioning strength lar-
ger than 0.02 as winter ‘preconditioned regions. This
threshold is fixed for all regions and the subjective
choice is based on visual investigation of the strength
of winter preconditioning for both LAl},,, and LAIpigy
for crops and forests (figures 2(a), (c), (e) and (g)).
This results in five preconditioned regions for both
LAIL P and LAI;E;E , eight preconditioned regions for
LAIlfg;fStS, and five for LAIE@S‘S (figure 2). East Asia
(EAS) is the only region where winter precondition-
ing effects are found for both LA/ and LAL P
Eastern Siberia (ESB) and RAR are the only regions
with high winter preconditioning for both LAIfg;fStS
and LALGEs®.

For LAl the change in odds ratios associ-
ated with P, (e*¢) is predominantly below 1 across
most preconditioned regions for both cropland and
forest (figure 3(a), y-axis). This indicates that posit-
ive P,, anomalies decrease the odds of LAI,, com-
pared to non-extreme summer LAI in these regions.
For instance, the decrease in odds of LAI,,,, is more
than 40% for Western Central Asia (WCA) for a one
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Figure 1. Fraction of cropland (orange bars) and forest (green bars) grid cells with extremely low (left panel) and high (right
panel) LAI extremes (LAl}q,, and LAy, respectively) for each year over the 1982-2020 period. For each region, the correlation
between the orange and green bars is shown on the right side.

standard deviation increase in P, over croplands. A
notable exception is EAS, where no effect (forests) or
the opposite effect (crops) of Py is observed. In con-
trast, the effects of T,, (¢**) are more variable across
regions (figure 3(a), x-axis) with the odds of LAl
changing between —35% and +40% for a one stand-
ard deviation increase in T,,. Four regions show posit-
ive effects of T, on LA}y, either in croplands (MED),
forests (Central North America (CNA)), or both cro-
plands and forests (EAS, WCA). Two regions show
negative T, effects (Northeastern North America
(NEN), Western Siberia (WSB)) for both croplands

and forests, and two regions show negative effects of
T, in forests (Russian Far East (RFE), ESB). These
differences largely correspond to background climate
conditions: warmer regions (below 40° N) consist-
ently show that positive T,, anomalies increase the
odds of LAl},y. Conversely, cooler regions (above
40° N) consistently show that positive T,, anomalies
decrease the odds of LAIL,,.

For LAlpgh, we observe a symmetric effect of T,
with positive T, anomalies increasing the odds of
LAlpigh in the northern regions but decreasing them
in southern regions (figure 3(b), x-axis). Positive P,,
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Figure 2. Regions in which winter climate improves prediction of extreme summer LAI for low (b), (d) or high (f), (h) extremes
in crops (orange) and forests (green). The left panels (a), (c), () and (g) show the ranked strength of winter preconditioning
(AUROC|w — AUROC]| \ w) on summer LAI extremes for different IPCC regions (highlighted in colour are the regions for which
the threshold of 0.02 is exceeded). The right panel (b), (d), (f) and (h) shows these winter preconditioned regions highlighted on
a map of the Northern Hemisphere (25° N-75° N). The orange and green shades on the right panel indicate the winter
preconditioned regions for crops and forests, respectively.

anomalies increase the odds of LAlyg, in northern
regions and decrease them in southern regions, with
the exception of crops in North Central America
(NCA) that show positive P, anomalies increase the
odds of LAlyg, (figure 3(b), y-axis). The effect of T,
on the odds ratios of LAlyg, is stronger than that of
P,,, with changes of —43% to 58% for one standard
deviation change in T, compared to —25% to 38%
for P,.

To understand how relevant the effect of winter
is, compared to spring and summer, we compute
the odds ratios associated with all predictors for all
seasons (tables A6—A9). In many winter precondi-
tioned regions, the effect of a change in T, is stronger
than the effect of a change in the spring or summer
climate. This holds for two cropland regions (EAS,
NEN) and three forest regions (CNA, WSB, ESB) for
LAlIjoy. Similarly, in three crop regions (Northwestern
North America (NWN), South Asia (SAS), Tibetan

Plateau (TIB)) and one forest region (ESB), changing
T\ leads to the largest change in the odds of LAlIyg.
P, is affecting the odds of LAlj,, the most in two
regions (MED for croplands and WCA for forests).
Even though in some regions neither T, nor P, lead
to the strongest odds ratio, the effects of winter cli-
mate are often stronger than many predictors from
spring or summer. For LAl Py, is particularly rel-
evant in forests, with seven out of eight regions show-
ing a more strongly reduced odds ratio for P, than
those associated with precipitation in the spring and
summer (CNA, ESB, NEN, RAR, RFE, WCA, WSB).
Such a strong effect of P,, compared to spring or sum-
mer is only found in two out of the five LAI} " regions
(MED, NEN). For LAlyigy, regions, the effect of P,, can
be stronger than that of spring (TIB for croplands and
Eastern Europe (EEU) for forests), summer (ESB and
Northern Europe (NEU) for forests), or spring and
summer (EAS for croplands, Eastern North America
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Figure 3. Importance of winter temperature (7T) and precipitation (Py) for predicting (a) extremely low (LAl},,,) and (b)
extremely high (LAIpg,) summer LAL Displayed are the odds ratios of experiencing an LAI extreme relative to no extreme
associated with a one standard deviation increase in Ty (x-axis) and Py (y-axis), assuming all other variables being fixed, for
crops (orange) and forests (green). The numbers are based on the coefficients of the logistic regression model (a5 and a,
respectively, from equation (2)). The preconditioned regions are coloured, all other regions are in grey.

(ENA) and RAR for forests) precipitation. Even when
T\, is not the most relevant predictor for LAIyig, (see
above), in many regions the effect is still stronger than
that of spring (in NCA and EAS croplands and EEU
and NEU forests), and stronger than or comparable
to that of summer (in ENA forests and EAS croplands,
respectively).

3.3. Direct and indirect climate contributions to
summer extremes in winter preconditioned
regions
Our analysis reveals that in many regions, winter
climate conditions have substantial preconditioning
effects on summer LAI extremes. The contribution
of a given climatic driver in each season to sum-
mer LAI extremes depends not only on the sensitiv-
ity of vegetation to the driver but also on the mag-
nitude of the anomalies experienced in those years.
Furthermore, for those regions where winter precon-
ditioning effects are relevant, the effects might be dir-
ect (e.g. with winter frost leading to vegetation dam-
age) or indirect (e.g. through the winter climate’s
influence on spring LAI, which then impacts the sum-
mer LAI). To further understand the link between
winter preconditioning and summer LAI extremes,
we quantify the composites of anomalies in T, P and
soil moisture in winter, spring and summer; snow
depth in winter and spring; and LAl in spring.
Winters corresponding to LAlj,, in croplands
and forests (figures 4(a) and (b)) tend to be drier
than average, with predominantly negative anom-
alies in P,,, SM,, and SDy. Especially for forests,
they also tend to be colder than average (negative T

anomalies). The strongest negative T\, anomalies are
experienced by WSB (—0.44¢ for forests and —0.40
for croplands), while croplands in WCA, MED and
WSB and forests in WCA and NEN show the strongest
negative P, anomalies (below —0.40). Exceptions
to this pattern are EAS for croplands and forests
and CNA for forests, where LAl,,,, is associated with
warmer than average winters, and WCA and MED,
where T, anomalies are close to neutral.

In the spring and summer of LA}, years, both
croplands and forests show persisting negative anom-
alies in water-related variables in the spring (pre-
cipitation, soil moisture and snow depth), but show
opposite anomalies in the summer: croplands are
associated with drier and forests with wetter than
average conditions for LA}, years. Temperature
anomalies are strongly positive in the spring and sum-
mer for croplands (except NEN), especially WCA,
MED and WSB (with magnitudes >0.50). However,
for forests, a switch from normal or warmer-than-
average spring conditions to cold summers is found.
CNA and WCA are exceptions to this pattern over
forests, showing a pattern more consistent with crop-
lands of persisting warmer and drier conditions over
spring and summer. In some regions, spring is already
associated with lower than average LAI, particularly
WCA and MED over croplands and EAS for both cro-
plands and forests. This indicates a potentially indir-
ect effect of winter preconditioning through spring
LAI for these regions. However, most regions do
not show strongly negative spring LAI anomalies,
and RAR even shows positive spring LAI (0.230),
indicating that winter preconditioning effects on the
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Figure 4. Climate and vegetation anomalies for regions where winter climate preconditions summer LAI extremes. Values are
composite averages for years with extremely low LAI (LAl,,,,) in crops (a) and forests (b), as well as years with extremely high LAI
(LAlyigp) for crops (c) and forests (d). Shown are normalised anomalies of precipitation (P), temperature (T) and soil moisture
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negative summer LAI extremes are unlikely to be only
due to their effects on spring vegetation activity.

Preconditioned regions with LAly;,, extremes
tend to show opposite patterns for precipitation
anomalies in years with LAIj,,, extremes for croplands
and forests: most regions experience wetter than aver-
age winter and spring conditions, while summer pre-
cipitation is above average for croplands and below
average for forests. The few exceptions, EAS and NCA
for croplands and RAR and ENA for forests, show
below-average anomalies in one water-related vari-
able (e.g. SD,, in NCA croplands), but these anom-
alies are compensated by positive anomalies in the
other water-related variables. T,, anomalies are pre-
dominantly strong and negative (—0.500 to —0.220)
across most preconditioned cropland regions. Unlike
croplands, T,, over forest regions is predominantly
positive for LAlyg, extremes (0.210-0.250) except
ENA (—0.170).

The increased water availability during years with
LATpg extremes through winter and spring leads to
a strong positive LAI anomaly already in the spring
for all cropland (0.180-0.600) and, less markedly,
for most forest regions (0.060-0.330) except NEU
(—=0.150). In the summer, as for LAlj,,, croplands
and forest regions show opposing climate anomaly
patterns: cropland regions are associated with colder
and wetter summers with the exception of TIB, with
a small but negative summer precipitation anom-
aly (—0.080); in forest regions LAly;,, extremes are

associated with drier and warmer conditions in all
regions, although the anomalies are small for ENA.

4, Discussion

4.1. Patterns and trends in LAI extremes

Extremes for LAl},,, tend to co-occur in croplands
and forests more than LAly,, extremes, possibly
because the drivers of LA}, extremes (mostly water
limitation) are more consistent between croplands
and forests than those of LAIpg, extremes (figures 3
and 4). However, this could also be due to the rel-
atively coarse resolution of the LAI data (0.25° X
0.25°), which does not allow for full separation of cro-
plands and forests where the land cover heterogeneity
is high.

Several regions in the Northern Hemisphere show
significant positive trends in the spatial extent of
extreme summer LAI over croplands (five regions for
LAL™P and ten for LAI;;E). The positive trends in

low
LAI? could be associated with an increase in the
spatial extent of compound hot-dry events, e.g. in
China (Yang et al 2023), India (Chen et al 2016,
Sharma and Mujumdar 2017, Mishra et al 2020),
Europe (Manning et al 2019) and in central and west-
ern North America (Alizadeh et al 2020). The pos-
itive trends in the spatial extent of LA’} might be
explained by the increased availability of nutrients
(through fertilisers and deposition) that contribute
to increased crop productivity and growth, especially
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during favourable years (Zeng et al 2014). For forest
regions, the spatial extent of LAI extremes is roughly
stable over time (with only one region with a signi-
ficant trend for LAIP™"). This might be due to the
higher resistance of forests to heat and drought stress
(Flach et al 2018, Xiao et al 2023), their longer devel-
opment times (multi-annual) compared to many cro-
plands (seasonal) as well as the higher diversity in
traits influencing their stress responses (Martinez-
Vilalta et al 2014, Aspinwall et al 2015, Anderegg et al
2016).

4.2. Winter climate is preconditioning LAI
extremes

We show that the winter climate preconditions
LAl and LAly,, extremes across large parts of
the Northern Hemisphere. In many of the winter
preconditioned regions, both high and low extreme
summer LAI events are more strongly influenced by
winter precipitation and temperature than by spring
and summer conditions (tables A6—A9). Odds ratios
range from 0.54 to 1.58, indicating an up to 58%
change in the odds of occurrence of LAI extremes due
to one standard deviation increase in the winter tem-
perature or precipitation. This underscores the crit-
ical role of the winter climate in determining extreme
summer LAI events, independent of spring and sum-
mer weather conditions. Some regions emerge as
being particularly sensitive to winter climate condi-
tions: EAS for LALiP, LAL PP and LAL®, WCA,
WSB and NEN for LAIE;E and LAI"°?, and RAR for

low >

low
ditioning effects.

Similarities between forests and crops are found
for low LAI extremes: drier winter conditions gener-
ally increase the odds of LAlj,, (figure 3), and con-
sistently, LAl},,, extremes are generally preceded by
dry winters (figure 4). Among the preconditioned
regions, MED and WCA show the strongest sensitivity
to winter precipitation and also the strongest negative
anomalies in winter precipitation for extreme years.
In these regions, summers are typically dry and the
growing season starts earlier than in other regions, so
drought extremes are more relevant when occurring
in the winter and early spring (El-Madany et al 2020).
Long droughts that span multiple months, including
months before planting, have been shown to lead to
lower-than-normal yields in various parts of the globe
(Zampieri et al 2017, Webber et al 2018, Santini et al
2022). Droughts also have an adverse effect on forest
productivity (Park Williams et al 2013, Anderegg et al
2015, Pohl et al 2023, van der Woude et al 2023).

Consistent with negative winter precipitation
anomalies preceding LAl},,, extremes, we observe
negative snow cover anomalies in the winter, which
are still prevalent in the spring in all of the precondi-
tioned regions. Reduced snow cover in winter can lead

LAIE;;%St and LAI™, showing strong winter precon-
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to a reduction of soil temperature due to decreased
bulk thermal insulation (Henry et al 2018, Zhang et al
2018). Such conditions have been shown to signific-
antly reduce winter crop productivity by increasing
the sensitivity to freezing stress (Trnka et al 2014, Zhu
et al 2019, 2022, Beillouin et al 2020). Additionally,
the reduced snowpack coupled with below average
precipitation in winter results in low soil water avail-
ability during the spring (figure 4), inhibiting the
development of vegetation at the onset of the grow-
ing season (Buermann et al 2018, Heino et al 2023).
In contrast to the precipitation effects, the tem-
perature effects are more complex, with large vari-
ability in the odds of LAlj,, for both croplands and
forests (figure 3), and opposite patterns for crops and
forests for LAl;gn; in forests, warmer winters tend to
increase the likelihood of LAly;g, and vice versa for
croplands. Consistently, the years of LAI;E;E are asso-
ciated with colder than average temperatures, while
LAI{:};‘;St years show warmer than average temperat-
ures. This is supported by Zscheischler et al (2014),
who found that low productivity extremes are associ-
ated with colder conditions in boreal forests in mul-
tiple vegetation models. Overall, higher winter tem-
peratures reduce the risk of frost days, which impedes
tree growth and regeneration (Girardin et al 2022).
In croplands, the sensitivity of LAl},,, to winter
temperature follows a latitudinal gradient: warmer
winters are associated with a higher likelihood of
LAl in mid-latitude regions and a reduced likeli-
hood of LAlj,, in high-latitude regions. This is sup-
ported by a regional study in Sweden, where increased
temperatures favoured crop yields in the north but
had a negative impact in the south over the period
1965-2020 (Sjulgard et al 2023). The relevance of
warm winter temperatures for extremely low crop
yields has also been highlighted for Europe in previ-
ous studies (Ben-Ari et al 2018, Beillouin et al 2020).

4.3. Winter preconditioning is modulated by
spring LAI

In most preconditioned regions, the winter climate
effect is already visible in the spring LAI, with sim-
ilar directions in spring anomalies to those of sum-
mer (figure 4). This is consistent with the import-
ance of memory effects in ecological processes (Ogle
et al 2015, Cranko Page et al 2021) and seasonal leg-
acy effects between spring and summer (Buermann
et al 2018), including for extremes (Wolf et al 2016,
Bastos et al 2020a, Bevacqua et al 2021). The cli-
mate and spring LAl anomalies in extreme years are
generally stronger for crops than forests, reflecting
the former’s faster response times and also leading
to better predictability of extreme years over crop-
lands (tables A4 and A5). The higher predictability
over cropland areas may thus be explained by the
limited legacy effects of multi-year climate variations
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on crops, which are typically annual plants, whereas
forest growth and functioning are more likely to show
multi-annual legacy effects (Bastos et al 2021, Yu et al
2022, Cranko Page et al 2023a, Anand et al 2024). For
instance, droughts can have an effect on forest veget-
ation activity even two years after their occurrence
(Yu et al 2022), which by far exceeds the nine-month
time-span studied here, but could contribute to some
variability in the results.

Interestingly, in three snow-dominated regions
over forests, we see a reverse direction in the spring
LAI anomalies compared to summer LAI anomalies.
Specifically, for LAIlfgf;StS in RAR and RFE, higher
than usual spring LAI (>>0.1) anomalies are observed,
which might appear counter-intuitive. However, both
regions are also associated with low spring snow cover
anomalies, aiding in early greening in these years, but
are followed by strongly negative summer temper-
ature anomalies (< —0.4) and slightly wetter than
average summer conditions. The cold anomalies in
the summers, especially for those regions with short
growing seasons, might result in damage to the newly
budded leaves, leading to LAIlfgf:StS.

Over NEU for LALIZ®, we see a negative anom-
aly for spring LAI (—0.150), but these are followed
by warmer and slightly drier summers. As the corres-
ponding spring temperatures are not warmer, vegeta-
tion development may only catch up in summers but
is favoured by the previous seasons’ average moisture.
Wang et al (2018b) also analysed the impact of snow
water equivalent (SWE) in the Northern Hemisphere
and found that higher SWE leads to a negative growth
effect on vegetation by delaying the snowmelt and
reducing the vegetative period, explaining the negat-
ive anomalies in the spring LAI. Furthermore, many
of these high-latitude regions are typically energy-
limited in summer, so colder than average and wetter
(i.e. more cloudy) summers tend to be associated with
low forest productivity and growth, and the oppos-
ite for warm and dry summers (Walther et al 2019,
Bastos et al 2020Db).

4.4. Compounding drivers and possible extensions
Large anomalies occur in different variables and sea-
sons, highlighting the compounding nature of the
drivers of extreme summer LAI events. For instance,
a drier winter followed by a hotter and drier spring
and summer typically leads to LAI})°" in WCA, MED
and WSB. To fully understand the risks associated
with such compound events, multivariate approaches
are required that take into account the correla-
tion structure across time and between variables
(Ogle et al 2021, Cranko Page et al 2023a). For
instance, Zscheischler et al (2017) found that bivari-
ate return periods of precipitation and temperature
can well explain crop yields in different European
countries. Similarly, using a new index tailored to
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bivariate variations in temperature and precipita-
tion, Li et al (2022) found that compound warm-
dry events increase vegetation productivity at high
latitudes, consistent with the fact that these eco-
systems are typically energy-limited in the summer.
In contrast, such events reduce productivity in the
mid-latitudes, and compound warm-dry springs can
cause and amplify summer droughts, thereby redu-
cing summer productivity.

Our study provides a first report on the large-
scale winter preconditioning effects of summer LAI
extremes. However, we note that we do not explore
the effects of ecological and human factors in modu-
lating the impacts on LAI (Bastos et al 2023). Such
modulating factors include regional differences in
phenology, the effects of landscape management,
irrigation, topography, succession, as well as climate-
driven disturbances such as fire or insects (Seidl et al
2017). However, we expect that these processes play
minor roles at the coarse spatial and temporal res-
olution considered here. As such, our study lays the
basis for more detailed, high-resolution regional ana-
lyses. Our approach is anchored in identifying lin-
ear relationships with no interactions, which eases
the interpretation but with limited predictive skill.
Nonlinear approaches based on machine learning
can be combined with interpretation techniques to
identify drivers of impact extremes (Jiang et al 2022,
2024) but require careful model calibration when
working with spatiotemporal data (Sweet et al 2023).
We also do not identify causal relationships between
variables. As our results indicate multiple relevant cli-
mate anomalies across seasons, chains of weather pat-
terns and their impacts (like droughts and heat waves)
should be further studied to identify causal links and
carry-over effects across seasons. Such causal links
could be investigated using process-based models that
simulate the climatic and non-climatic controls for
vegetation functioning, structure and dynamics.

5. Conclusions

In this study, we analyse the influence of winter cli-
mate on summer LAI extremes for croplands and
forests in the Northern Hemisphere. We define winter
preconditioning strength based on the ability of the
winter climate to improve the prediction of extremes
in the summer LAI in comparison to using only
spring and summer climate information. Winter pre-
conditions the occurrence of summer LAI extremes
for both crops and forests in more than a quarter
of the IPCC Northern Hemisphere regions studied.
We find that winter climate anomalies allow a bet-
ter explanation of summer LAI extremes in many
regions, but with importance differences between
crops and forests and across regions. Low LAI
extremes in summer are typically associated with
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colder and drier winter conditions in most regions.
More diverse responses are identified for high LAI
extremes in summer, with the differences being par-
ticularly large between crops and forests. Generally,
in forests, high summer LAI extremes are associ-
ated with warmer and wetter winters. For crops, we
also find that the effect of winter climate on high
LAI extremes in summer is dependent on latitude.
In many regions, the influence of winter climate is
already visible in the spring LAI, highlighting the
importance of ecological memory in seasonal legacy
effects. Moreover, the observed anomalies in differ-
ent climate and state variables across different sea-
sons illustrate the compound nature of the drivers of
extreme LAI events. In particular, the winter temper-
ature and precipitation precondition the summer LAI
through multiple variables (soil moisture, snow depth
and LAI) over winter and spring, highlighting the
challenges associated with identifying drivers of sum-
mer LAI extremes and the importance of ecological
memory for impact assessments. Overall, our study
presents evidence for lagged climate and ecological
effects spanning from winter to summer for many
regions in the Northern Hemisphere, and provides a
basis for more in-depth studies at the regional scale.

Data availability statement

All datasets that support the findings of this study
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Appendix. Additional figures and tables

M Anand et al

Crop Forest [ |Regions with no data

IPCC regions with acronyms

demarcates the regions with no pixels for crops (RAR) or forests (ECA).

Central North-America (CNA} Fast Asia (EAS) Eastern Central-Asia (ECA) Eastern Europe (EEU}

FEastern North-America (ENA) Eastern Siberia (ESB) Mediterranean (MED) North Central-America (NC'A)
Northeastern North-America (NEN) Northern Europe (NEU} Northwestern North-America (NWN) Russian Arctic (RAR)

Russian Far Fast (RFE) South Asia (SAS) Tibetan Plateau { TTB} West & Central Europe (WCE}
Western Central-Asia (WCA) Western North-America (WNA) Western Siberia {WSB)

Figure Al. Crop (top) and forest cover (bottom) for different IPCC regions along with their acronyms. The grey colour

Table A1. Crop vs forest definition in this study.

Class Description Type
10 Cropland, rainfed Crop
20 Cropland, irrigated or post-flooding Crop
30 Mosaic cropland (>50 %) nat. veg. (tree, shrub, herb.) (<50 %) Crop
40 Mosaic nat. veg. (tree, shrub, herb.) (>50 %)/cropland (<50 %) Forest
50 Tree cover, broadleaf, evergreen, closed to open (>15 %) Forest
60 Tree cover, broadleaf, deciduous, closed to open (>15 %) Forest
70 Tree cover, needleleaf, evergreen, closed to open (>15 %) Forest
80 Tree cover, needleleaf, deciduous, closed to open (>15 %) Forest
90 Tree cover, mixed leaf type (broadleaf and needleleaf) Forest
100 Mosaic tree and shrub (>50 %)/herbaceous cover (<50 %) Forest
Table A2. Total number of pixels and forest and crop fraction in the IPCC regions.
IPCC region (abbreviation) Crop fraction (%) Forest fraction (%) Total pixels
Central North America (CNA) 33.80 16.95 4944
East Asia (EAS) 20.85 22.98 118 46
Eastern Central Asia (ECA) 3.92 0 4800
Eastern Europe (EEU) 27.92 44.67 6400
Eastern North America (ENA) 9.09 37.27 9638
Eastern Siberia (ESB) 4.60 72.09 12800
Mediterranean (MED) 16.65 12.35 12000
North Central America (NCA) 3.55 11.54 2876
Northeastern North America (NEN) 1.25 19.85 19259
Northern Europe (NEU) 2.58 23.41 142 80
Northwestern North America (NWN) 2.98 32.54 20672
Russian Arctic (RAR) 0 26.68 23589
Russian Far East (RFE) 1.13 40.06 12138
South Asia (SAS) 42.58 19.12 2400
Tibetan Plateau (TIB) 4.58 11.08 3600
Western Central Asia (WCA) 16.28 5.01 9010
Western North America (WNA) 6.63 30.91 5522
Western Siberia (WSB) 16.94 31.13 9600
West & Central Europe (WCE) 52.29 26.26 7720
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IPCC region (abbreviation)
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Table A4. AUROC curve for the prediction of LAI,,. Scores are bold for preconditioned regions.

M Anand et al

Table A3. Levels of statistical significance for temporal trends in fractions of pixels with low and high LAI for crop and forest each year,
indicated by asterisks and dots. Significance levels: p < 0.001 (s % *), p < 0.01 (%), p < 0.05 (%), and p < 0.1 (-). If trends are significant,
they are always increasing.

IPCC region (abbreviation) Crop\" Crop" Forest\" Forest™
Central North America (CNA) 0.693 0.694 0.616 0.653
East Asia (EAS) 0.577 0.626 0.610 0.634
Eastern Central Asia (ECA) 0.713 0.721 — —

Eastern Europe (EEU) 0.822 0.824 0.565 0.565
Eastern North America (ENA) 0.636 0.642 0.595 0.597
Eastern Siberia (ESB) 0.703 0.703 0.572 0.608
Mediterranean (MED) 0.793 0.818 0.765 0.773
North Central America (NCA) 0.815 0.816 0.715 0.720
Northeastern North America (NEN) 0.618 0.655 0.726 0.752
Northern Europe (NEU) 0.725 0.729 0.648 0.655
Northwestern North America (NWN) 0.818 0.824 0.704 0.709
Russian Arctic (RAR) — — 0.685 0.730
Russian Far East (RFE) 0.714 0.713 0.625 0.659
South Asia (SAS) 0.676 0.676 0.656 0.665
Tibetan Plateau (TIB) 0.623 0.632 0.653 0.652
Western Central Asia (WCA) 0.806 0.831 0.689 0.722
Western North America (WNA) 0.738 0.739 0.636 0.648
Western Siberia (WSB) 0.791 0.811 0.624 0.659
West & Central Europe (WCE) 0.745 0.746 0.608 0.627
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Table A5. AUROC curves for the prediction of LAIp;g,. Scores are bold for preconditioned regions.

IPCC region (abbreviation) Crop\" Crop" Forest\" Forest"

Central North America (CNA) 0.623 0.625 0.583 0.592

East Asia (EAS) 0.587 0.651 0.558 0.567

Eastern Central Asia (ECA) 0.712 0.721 — —

Eastern Europe (EEU) 0.754 0.756 0.615 0.638

Eastern North America (ENA) 0.648 0.666 0.561 0.585

Eastern Siberia (ESB) 0.664 0.677 0.591 0.624

Mediterranean (MED) 0.795 0.799 0.733 0.735

North Central America (NCA) 0.824 0.849 0.730 0.733

Northeastern North America (NEN) 0.595 0.600 0.681 0.683

Northern Europe (NEU) 0.680 0.697 0.669 0.701

Northwestern North America (NWN) 0.637 0.669 0.645 0.661

Russian Arctic (RAR) — — 0.697 0.723

Russian Far East (RFE) 0.566 0.558 0.627 0.638

South Asia (SAS) 0.639 0.660 0.586 0.595

Tibetan Plateau (TIB) 0.596 0.677 0.639 0.655

Western Central Asia (WCA) 0.735 0.754 0.653 0.663

Western North America (WNA) 0.700 0.702 0.633 0.640

Western Siberia (WSB) 0.717 0.734 0.626 0.641

West & Central Europe (WCE) 0.697 0.698 0.585 0.591

Table A6. Odds ratio of different regions for LAI ¥ Winter preconditioned regions are in bold.

IPCC region (abbreviation) Tw Py Tsp Py, Tou Psy
Central North America (CNA) 1.044 1.119 0.894 0.966 1.499 0.71
East Asia (EAS) 1.442 1.11 0.987 0.828 1.392 1.122
Eastern Central Asia (ECA) 1.196 1.095 1.077 0.45 1.124 0.685
Eastern Europe (EEU) 1.001 0.833 1.679 0.512 1.478 0.553
Eastern North America (ENA) 1.22 0.919 1.046 1.164 1.007 0.682
Eastern Siberia (ESB) 0.784 1.043 1.968 0.779 1.313 0.775
Mediterranean (MED) 1.099 0.566 1.721 0.603 1.448 0.644
North Central America (NCA) 1.079 1.013 1.018 0.472 1.292 0.257
Northeastern North America (NEN) 0.631 0.725 0.818 1.197 1.358 0.868
Northern Europe (NEU) 1.15 0.959 1.395 0.815 1.0 0.528
Northwestern North America (NWN) 0.924 0.645 0.723 0.416 0.975 0.45
Russian Far East (RFE) 0.972 1.099 1.87 0.615 1.738 0.76
South Asia (SAS) 1.04 0.957 1.373 1.097 1.891 1.154
Tibetan Plateau (TIB) 1.029 0.845 1.315 1.176 1.605 1.435
Western Central Asia (WCA) 1.076 0.538 1.336 0.474 1.314 0.71
Western North America (WNA) 1.028 0.973 1.203 0.53 0.971 0.643
Western Siberia (WSB) 0.763 0.714 1.697 0.669 1.401 0.532
West & Central Europe (WCE) 1.075 1.041 1.713 0.687 1.14 0.629
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Table A7. Odds ratio of different regions for LA

Ifo rest
low

. Corresponding winter preconditioned regions are in bold.

M Anand et al

IPCC region (abbreviation) Tw Py Tsp Py, Tou Py,

Central North America (CNA) 1.292 0.797 1.208 0.939 1.13 0.836
East Asia (EAS) 1.297 1.0 1.307 1.001 1.067 1.276
Eastern Europe (EEU) 0.941 1.108 1.017 0.946 0.813 0.99

Eastern North America (ENA) 0.906 1.061 1.257 0.813 0.86 1.069
Eastern Siberia (ESB) 0.786 0.868 1.107 0.912 0.801 1.078
Mediterranean (MED) 1.038 0.748 1.815 0.717 1.324 0.659
North Central America (NCA) 0.974 0.801 0.858 0.776 1.988 0.821
Northeastern North America (NEN) 0.903 0.615 1.476 0.862 0.434 0.928
Northern Europe (NEU) 1.063 0.82 0.962 0.808 0.625 0.985
Northwestern North America (NWN) 0.943 0.858 1.05 0.755 0.448 0.78

Russian Arctic (RAR) 0.792 0.703 1.073 0.824 0.475 0.897
Russian Far East (RFE) 0.964 0.725 0.975 1.007 0.599 0.911
South Asia (SAS) 0.867 1.108 1.575 1.085 1.186 1.611
Tibetan Plateau (TIB) 0.922 0.946 1.242 0.985 1.084 1.613
Western Central Asia (WCA) 1.14 0.64 1.261 0.705 1.129 0.702
Western North America (WNA) 0.983 0.814 1.006 0.62 0.889 1.069
Western Siberia (WSB) 0.704 0.893 1.146 0.905 0.725 1.08

West & Central Europe (WCE) 1.294 1.062 1.121 0.766 0.955 1.063

Table A8. Odds ratio of different regions for LAI

crop

Corresponding winter preconditioned regions are in bold.

high*
IPCC region (abbreviation) Tw Py Tsp Py, Tea  Pa

Central North America (CNA) 0.916 1.012 1.163 0.977 0.9 1.441
East Asia (EAS) 0.719 0.755 1.125 1.153 0.716 1.077
Eastern Central Asia (ECA) 0.856 1.149 1.053 1.706 0.914 1.557
Eastern Europe (EEU) 0.923 1.087 0.647 1.8 0.614 1.334
Eastern North America (ENA) 0.739 1.147 1.186 0.813 1.155 1.59

Eastern Siberia (ESB) 0.968 0.8 1.002 1.433 0.798 1.493
Mediterranean (MED) 0.973 1.255 0.601 1.704 0.618 1.37

North Central America (NCA) 0.607 1.318 1.293 1.667 0.461 1.707
Northeastern North America (NEN) 0.984 1.194 0.936 1.004 1.307 1.354
Northern Europe (NEU) 1.556 0.82 0.487 1.198 0.733 1.285
Northwestern North America (NWN) 1.584 1.26 0.783 1.283 0.819 1.39

Russian Far East (RFE) 1.049 0.875 1.09 0.961 1.201 0.983
South Asia (SAS) 0.729 0.947 0.938 1.223 0.736 1.071
Tibetan Plateau (TIB) 0.569 0.754 1.001 1.171 0.823 0.753
Western Central Asia (WCA) 0.893 1.478 0.864 1.642 0.784 1.231
Western North America (WNA) 1.042 1.04 0.81 1.545 0.996 1.464
Western Siberia (WSB) 1.548 0.992 0.671 1.05 0.788 1.817
West & Central Europe (WCE) 0.941 1.094 0.651 1.35 0.791 1.34
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Table A9. Odds ratio of different regions for LAIﬁ‘;;f‘. Corresponding winter preconditioned regions are in bold.

M Anand et al

IPCC region (abbreviation) Tw Py Tsp Py, Tsu Pqu

Central North America (CNA) 0.858 0.978 0.9 0.966 0.936 1.306
East Asia (EAS) 0.87 0.909 0.924 1.111 1.102 0.933
Eastern Europe (EEU) 1.14 1.269 1.022 1.061 1.269 0.768
Eastern North America (ENA) 0.839 0.89 0.805 1.011 1.115 0.984
Eastern Siberia (ESB) 1.293 1.087 1.117 1.198 1.25 0.962
Mediterranean (MED) 1.073 1.092 0.658 1.412 0.67 1.366
North Central America (NCA) 0.958 0.842 0.845 1.37 0.514 1.247
Northeastern North America (NEN) 0.878 1.028 0.676 1.245 1.95 1.247
Northern Europe (NEU) 1.21 1.311 0.862 1.323 1.782 0.993
Northwestern North America (NWN) 0.933 1.334 0.891 1.309 1.718 1.288
Russian Arctic (RAR) 1.131 1.385 1.307 1.124 2.05 1.058
Russian Far East (RFE) 1.053 1.186 1.215 0.978 1.476 0.95

South Asia (SAS) 1.12 0.957 1.02 1.228 0.888 0.742
Tibetan Plateau (TIB) 1.039 0.777 0.745 1.061 0.731 0.707
Western Central Asia (WCA) 1.046 1.269 0.94 1.175 0.715 1.244
Western North America (WNA) 1.114 1.15 0.81 1.369 0.998 1.111
Western Siberia (WSB) 1.26 1.123 1.091 0.94 1.473 0.962
West & Central Europe (WCE) 0.919 0.999 0.851 1.203 0.931 0.993
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Résumé : Le changement climatique a un impact si-
gnificatif sur les régimes de précipitations, en par-
ticulier dans la région méditerranéenne, un point
chaud du changement climatique. La littérature exis-
tante suggére un “paradoxe du cycle de I'eau” dans
cette région (baisse des précipitations moyennes et
hausse des extrémes), en particulier au nord de la
Méditerranée, mais cela n’est pas encore clair dans
les observations.

Cette étude examine comment la distribution des
précipitations en Méditerranée a évolué dans le passé
et comment elle pourrait évoluer a l'avenir. En uti-
lisant les données de la réanalyse ERA5 (1950-
2020) et les simulations Euro-CORDEX (1950-2100),
I'étude analyse les tendances temporelles des quan-
tiles de précipitations. Nous étudions les distributions
des jours de pluie (jours avec plus de 1 mm/jour) et
de I'ensemble des jours, ainsi que la fagon dont les
changements dans la fréquence des jours secs in-
fluencent ces tendances. Létude identifie quatre com-
portements distincts en matiere de précipitations : les
zones présentant une tendance en “U” (diminution

Titre : Caractérisation de I'évolution de la distribution de précipitations en région Méditerranée avec le chan-
gement climatique, dans le passé et le futur, en considérant a la fois les pluies extrémes et les jours secs

Mots clés : précipitation, changement climatique, distribution, extrémes, jours secs

puis intensification des extrémes), le schéma inverse
(augmentation des quantiles faibles a moyens avec
diminution des extrémes) et les régions ou tous les
quantiles de jours de pluie augmentent ou diminuent
de fagon constante. A I'aide d’'un modéle de distribu-
tion de Weibull, I'étude classifie davantage ces ten-
dances et met en évidence des différences régionales
significatives. Dans la région méditerranéenne, les
changements dans les précipitations sont en fait do-
minés par 'augmentation de la fréquence des jours
secs.

Les projections futures sous le scénario RCP5.8
(fortes émissions) suggérent des tendances robustes,
avec une augmentation forte de la fréquence des
jours secs dans toute la Méditerranée, contrastant
avec la baisse du nombre de jours secs et linten-
sification des jours de pluie en Europe du Nord.
Lémergence de ces tendances est plus rapide en Eu-
rope du Nord qu'en Méditerranée. Cette étude sou-
ligne le role essentiel de la fréquence des jours secs
dans I'évolution de la distribution des précipitations en
Méditerranée.

Abstract : Climate change significantly impacts pre-
cipitation at global and regional scale, especially in
the Mediterranean region, a climate change hotspot.
Existing literature suggests a “water cycle paradox”
in this region (decrease of mean precipitation but in-
tensification of heavy precipitations) particularly in the
Northern part of the Mediterranean, but this is not yet
clear in observations.

This study investigates how the entire precipitation
distribution in the Mediterranean has changed over
the past and how it might evolve in the future.
Using ERA5 reanalysis data (1950-2020) and Euro-
CORDEX simulations (1950-2100), the study ana-
lyzes temporal trends in precipitation quantiles. We
firsy study wet-days (days with more than 1 mm/day)
in the past distributions, then look at how changes
in dry-day frequency influence the all-days distribu-
tion. The study identifies four distinct precipitation re-
gimes : a “U-shape” quantile trend curve (decreasing

Title : Characterisation of changes in the overall distribution of precipitation in the Mediterranean region with
climate change, in the past and in the future, considering both extreme rainfall and dry-days frequency.

Keywords : precipitation, climate change, distribution, extremes, dry-days

low to medium quantiles but intensifying extremes), a
reversed “U-shape”, and two regimes where all quan-
tiles either consistently increase or decrease. Using a
Weibull model for the wet-days distribution, the study
further determines these four regimes thanks to two
parameters. We find regional differences, with a signi-
ficant intensification in Europe, while in the Mediterra-
nean, changes in precipitation are actually dominated
by the increase of dry-days frequency.

Future projections under the RCP5.8 scenario (high
emissions) suggest robust trends, with a sharp in-
crease in the frequency of dry-days across the Medi-
terranean, contrasting with a decline in dry-days and
an intensification of wet-days in Northern Europe. The
time of emergence of these trends is faster in Nor-
thern Europe than in the Mediterranean. This study
underlines the essential role of dry-day frequency in
the evolution of the precipitation distribution in the Me-
diterranean.
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