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𝑛𝑓

𝜁𝑛

𝑌

∆𝑛𝑐 = (𝑛𝑐𝑓 − 𝑛𝑐)

∆𝑄 ∆𝑛𝑐  ∝ ∆𝑄



∆𝑛𝑐  ∝

∆𝑄 ∝ ∆𝑄𝑠𝑠
∗ ∆𝑄𝑠𝑠

∗

∆𝑛𝑐 ∆𝑄𝑠𝑠
∗

 

〈𝑢 (ℎ,
𝐷

∆𝑥
)〉

〈𝑢 (ℎ,
𝐷

∆𝑥
)〉  = 𝜁𝑛(ℎ) √𝜁𝑆(ℎ) 〈𝑢〉𝐺𝑀𝑆 

𝐴ℎ(ℎ)

𝑄(ℎ, 𝐷)  = 𝐴ℎ(ℎ)
𝜁𝑛(ℎ)  

𝑛𝑐
𝑅ℎ

2

3(ℎ)√𝜁𝑆(ℎ) 
𝐷

∆𝑥
 

 𝑄𝐺𝑀𝑆 = 𝐴ℎ  〈𝑢〉𝐺𝑀𝑆  𝐷(ℎ)

𝑛𝑐 𝐷

𝑛𝑐

∆ℎ/∆𝑡



 

𝐵 𝐵



𝜁𝑆(ℎ) 𝜁𝑛(ℎ)

𝑆𝑤

𝜁𝑆(ℎ) 𝜁𝑛(ℎ)

ℎ𝑏𝑘𝑓𝑢𝑙𝑙

ℎ <

 ℎ𝑏𝑘𝑓𝑢𝑙𝑙 ℎ > ℎ𝑏𝑘𝑓𝑢𝑙𝑙



 

𝑆𝑓



𝑛𝑐

𝑆𝑓 𝑛𝑐

𝑆𝑓

𝑛𝑐

∆ℎ



𝐷/∆𝑥

𝐷/∆𝑥

𝐷/∆𝑥

𝐷/∆𝑥

ℎ𝑅𝐸𝑄 − ℎ𝑇𝐴𝑀

ℎ𝑅𝐸𝑄 − ℎ𝑆𝐴𝑇

∆ℎ

∆ℎ

∆ℎ



𝐷/∆𝑥

𝐷/∆𝑥

ℎ𝑅𝐸𝑄 ℎ𝑇𝐴𝑀

ℎ𝑅𝐸𝑄

𝐷 =  ℎ𝑅𝐸𝑄 − ℎ𝑇𝐴𝑀

𝐷 = ℎ𝑅𝐸𝑄 − ℎ𝑆𝐴𝑇

ℎ𝑅𝐸𝑄 − ℎ𝑇𝐴𝑀 ℎ𝑅𝐸𝑄 − ℎ𝑆𝐴𝑇



∆ℎ

∆ℎ

 

√𝑆0+𝑆𝑤

𝑛



𝑅ℎ
2/3

√𝑆0+𝑆𝑤

𝑛
(𝑅ℎ

2/3
) =

𝑐𝑡𝑒



 

 

𝜃′

𝜃′  𝜃′′

𝜃 = 𝜃′ + 𝜃′′ 

𝜃



𝜃𝑐𝑓 = 𝜃𝑐𝑓
′ + 𝜃𝑐𝑓

′′

𝜃𝑐 = 𝜃𝑐
′ + 𝜃𝑐

′′

𝜃𝑐𝑓

𝜃𝑐
≅

〈𝑢𝑐𝑓〉
2

〈𝑢𝑐〉
2 = 𝜁𝑛

2 

𝜁𝑛

𝜃𝑐𝑓

𝜃𝑐𝑓 = 𝜁𝑛
2 𝜃𝑐 

Δ𝜃 = 𝜃𝑐𝑓 − 𝜃𝑐 Δ𝜃′ = 𝜃𝑐𝑓
′ − 𝜃𝑐

′

Δ𝜃 = 𝜁𝑛
2 𝜃𝑐 − 𝜃𝑐  

𝜃𝑐𝑓
′

Δ𝜃 = Δ𝜃′

𝜁𝑛
2 𝜃𝑐 − 𝜃𝑐 = 𝜃𝑐𝑓

′ − 𝜃𝑐
′  

𝜃𝑐𝑓
′ = 𝜃𝑐

′ + (𝜁𝑛
2 − 1) 𝜃𝑐 



 

 

𝑄𝑠𝑠
∗

𝑄𝑠𝑠
∗ = 𝐵 〈𝑢〉 𝐶0

𝜀𝑠

𝑤𝑠
 [1 − exp (

−𝑤𝑠

𝜀𝑠
ℎ)] 

〈𝑢〉

ℎ 𝐵

 𝐶0 𝜀𝑠  

𝑤𝑠

 

〈𝑢〉

𝜁𝑆 𝜁𝑛

ℎ ≅ 𝑅ℎ 𝐵 ≅ 𝑐𝑡𝑒

 

𝑑∗𝑏

𝜃𝑐𝑟

{
 
 

 
 𝐶0 =

0.0015 𝜃′

exp(0.2 𝑑∗𝑏+4.5 
𝜃𝑐𝑟
𝜃′
)
                               

 𝑑∗𝑏 = 𝑑𝑏 (
𝑔 (𝑠−1)

𝜐2
)

1

3
                                      

     𝜃𝑐𝑟 =
0.25

𝑑∗𝑏
+ 0.055 (1 − exp(−0.02 𝑑∗𝑏))

 

𝜈 = 0.841 10−6

𝑠 = 2.65  𝑑𝑏



𝜃′

𝜃𝑐𝑓
′ = 𝜃𝑐

′ + (𝜁𝑛
2 − 1) 𝜃𝑐

𝜃𝑐

𝜃𝑐 =
𝑢∗
2

𝑔 (𝑠−1)𝑑𝑏
 

𝑢∗

𝜁𝑛 = 1

𝑢∗ = √𝑔 𝑅ℎ  (𝜁𝑆  
𝐷

Δ𝑥
) 

𝜃𝑐
′  

𝜃𝑐
′  =

1

2
 𝑓′ 〈𝑢𝑐〉

2

𝑔(𝑠−1)𝑑𝑏

𝑓′

𝑓′

𝐷𝑐𝑜𝑛𝑑𝑢𝑖𝑡𝑒 = 4 𝑅ℎ



𝑓′

𝑓′ = 2(
𝜅

ln(
30

𝑘𝑠
′ℎ)−1

)

2

 

𝜅 = 0.41 𝑘𝑠
′

𝑘𝑠
′

𝑘𝑠
′ = 2.5 𝑑𝑏

𝑓′ 

 

𝜀𝑠

𝜀𝑠 =
1

6
 𝜅 𝜁𝑛 𝑢∗ 𝑅ℎ  

 

𝑤𝑠 =
𝜈

𝑑𝑠
(√10.362 + 1.049 𝑑∗

3 − 10.36) 

𝜈 𝑑𝑠

𝑑∗

 

𝜁𝑛,2 = 1

𝜁𝑆,2 = 𝜁𝑛
2 𝜁𝑆  

〈𝑢〉  = √𝜁𝑆,2 〈𝑢〉𝐺𝑀𝑆



𝑢∗ = √𝑔 𝑅ℎ  (𝜁𝑆,2  
𝐷

Δ𝑥
) 

𝜃′, 

𝜃′ =
1

2
 𝑓′ 〈𝑢〉2

𝑔(𝑠−1)𝑑𝑏

𝑓′

𝜀𝑠 =
1

6
 𝜅 𝑢∗ 𝑅ℎ  

 

𝑄 = 𝐴ℎ  √𝜁𝑆,2 〈𝑢〉𝐺𝑀𝑆 = 𝐴ℎ  〈𝑢〉 



{
 
 

 
 
  𝑄𝑠𝑠

∗ = 𝑄 〈𝐶𝑠〉                                             

〈𝐶𝑠〉 =
1430 (0.86+√𝜓) 𝜓

1
5

0.016+ 𝜓
                        

   𝜓 =
〈𝑢〉3

[𝑔(𝑠−1) 𝑅ℎ 𝑤𝑠 (log10(
𝑅ℎ
𝑑𝑠
))

2

]

               

 

𝑄𝑠𝑠
∗ 𝜓

𝑆𝑓

𝑓′

 

𝜃𝑐𝑟 → 0.06

𝜃(𝜃′)

𝜃 <  1.5 𝑑𝑏 > 150



𝑄𝑠𝑠
∗ =

0.1

2 √𝑔(𝑠−1)2
 
1

𝑛2
  𝑅ℎ

17/6
 𝑆𝑓
5/2
 𝑑𝑏
−1 𝐵

𝑄𝑠𝑠
∗ =

0.1 √(𝑠−1)

2 √𝑔
 (
𝜁𝑛

𝑛𝑐
)
2
 𝑅ℎ
1/3
 𝜃𝑐𝑓
5/2
 𝑑𝑏
3/2
 𝐵 

𝜃𝑐𝑓 = 𝜁𝑛
2 𝜃𝑐

 





𝑘𝑠
′

𝜃′ = 𝑓(𝜃)

𝜃 𝜃′′ 𝜃′



 





𝛼

𝛼

𝑃

𝛽

 𝑃

 𝑃

 𝛽 ≠ 1

 𝛽 𝑃 ∆𝑃 = ±0.03  𝛼

 



 

〈𝐶〉





〈𝐶〉 

ℎ

〈𝐶〉

𝐶(𝑧) 𝑧

𝑧0 𝑧0 ≪ ℎ

 〈𝑢〉 =
1

ℎ
∫ 𝑢(𝑧)

h

𝑧0
𝑑𝑧

〈𝐶〉 =  
∫ 𝐶(𝑧)×𝑢(𝑧)

ℎ

𝑧0
𝑑𝑧

∫ 𝑢(𝑧)
ℎ

𝑧0
𝑑𝑧

           

 〈𝐶〉



𝐶(𝑧𝜒)

〈𝐶〉 𝐶(𝑧𝜒)

〈𝐶〉 = 𝛼 𝐶(𝑧𝜒) +  𝜉            

𝛼 𝜉

𝜉 = 0

 𝛼 = 〈𝐶〉/𝐶(𝑧𝜒)

𝐶(𝑧𝜒)

𝐶(𝑧𝜒)



 𝛼 = 〈𝐶〉/𝐶(𝑧𝜒)

𝛼

 

 







 

〈𝐶〉

ℎ

 ~0.98 ℎ  0.75 ℎ 0.5 ℎ 0.25 ℎ ~0.15 ℎ ~0.1 ℎ



 

𝐶𝜙 𝜙

𝜙 = 𝑠 𝜙 = 𝑓

 𝜙 𝑑𝜙

𝑑𝜙 =   
∑ 𝑑𝑖 𝑋𝑖𝑖

∑ 𝑋𝑖𝑖
 

𝑋𝑖 𝑑𝜙

𝑤𝜙 𝑑𝜙 

 

𝐶𝜙(𝑧) 𝑤𝜙

𝜀𝜙
𝜕𝐶𝜙

𝜕𝑧
= −𝑤𝜙 𝐶𝜙 



𝜀𝜙

𝜀𝜙 

𝜀𝑚 

𝜀𝜙

𝜀𝑚
= 𝛽𝜙  

𝛽𝜙

𝜀𝜙

𝑧0

𝐶𝜙(𝑧0) 

𝑧0

 𝑧 =  [𝑧0, ℎ]

𝐶𝜙(𝑧𝜒) 𝐶𝜙(𝑧0) 

𝜀𝜙(𝑧) = 𝛽𝜙 𝜅 𝑢∗ 𝑧 (1 −
𝑧

ℎ
)  



𝜅 𝑢∗ 

 𝑧𝜒 ∈  [𝑧0, ℎ[

 
𝐶𝜙(𝑧)

𝐶𝜙(𝑧𝜒)
= (

𝑧𝜒

𝑧
×

ℎ−𝑧

ℎ−𝑧𝜒
)

𝑃𝜙

 

𝑃𝜙 = 𝑤𝜙 𝛽𝜙𝜅𝑢∗⁄

 𝑃𝜙 

𝐶𝜙(ℎ) ≠ 0

 𝑍 =  √(ℎ − 𝑧)/𝑧

𝜀𝜙(𝑍) =  𝛽𝜙  
𝜅

3
 𝑢∗ ℎ 𝑍 (1 − 𝑍2)3  

 {

𝐶𝜙(𝑧)

𝐶𝜙(𝑧𝜒)
= exp (𝑃𝜙 (Φ(𝑧𝜒) − Φ(𝑧)))

Φ =  
1

2
ln (

(𝑍3+1)(𝑍−1)3

(𝑍3−1)(𝑍+1)3) + √3 arctan (
√3 𝑍

𝑍2−1
)

 

 𝑃𝜙



𝜀𝜙(𝑧 ≥ 0.5 ℎ) =  
𝛽𝜙

4
 𝜅 𝑢∗ ℎ  

 𝑧 ≥ 0.5 ℎ

𝐶𝜙(𝑧)

𝐶𝜙(𝑧𝜒)
= (

𝑧𝜒

ℎ−𝑧𝜒
)

𝑃𝜙

exp [−4 𝑃 (
𝑧

ℎ
−

1

2
)]  

𝜀𝜙

𝜀𝜙 =

 
𝛽𝜙

6
 𝜅 𝑢∗ ℎ

(𝑃𝜙 < 1 𝜀𝜙

𝐶𝜙(𝑧)

𝐶𝜙(𝑧𝜒)
= exp [

6 𝑃𝜙

ℎ
 (𝑧𝜒 − 𝑧)]

𝑧0

𝐶0



 𝛼

 

𝐶𝜙(𝑧)

〈𝐶𝜙〉 𝛼𝜙 =

〈𝐶𝜙〉/𝐶𝜙(𝑧𝜒)

𝛼𝜙

〈𝐶𝜙〉

𝐶𝜙(𝑧𝜒)
= 𝛼𝜙 (

𝑧0

ℎ
,

𝑧𝜒

ℎ
, 𝑃𝜙, 𝑢)

𝑛

 𝜙

𝑑𝜙

𝜙

𝛼 = ∑ 𝛼𝜙
𝑛
𝜙=1  𝑋𝜙 

𝑋𝜙 

𝐶𝜙(𝑧𝜒) (∑ 𝑋𝜙
𝑛
𝑖=1 = 1

𝑃𝜙 < 0.6  𝑃𝜙 < 0.6

𝛼ϕ(𝑧0/ℎ, zχ/ℎ, 𝑃𝜙)

 0.45 <

 𝑑𝑓 < 63 µm 𝑑𝑠 ≥ 63 µm 𝛼

𝛼 = 𝑋𝑓 𝛼𝑓 + 𝑋𝑠 𝛼𝑠



𝑧𝜒 𝛼

  𝛼𝜙

〈𝐶〉 

𝑧0 

𝐶𝜙(𝑧𝜒)

〈𝐶〉

𝑃𝜙
′

𝑃𝜙
′ ≈ 0.93 𝑃𝜙

 𝛼𝜙

𝛼𝜙(𝑧𝜒, 𝑃𝜙) =
exp(6 𝑃𝜙 

𝑧𝑟
ℎ

) (1−exp(−6 𝑃𝜙))

6 𝑃𝜙 exp(0.93 𝑃𝜙 (Φ(𝑧𝑟)−Φ(𝑧𝜒)))
 

𝑧𝑟 𝐶𝜙(𝑧𝜒) 𝑧𝑟

𝑧𝜒  𝑧𝑟 = 0.5 ℎ

𝛼𝜙(𝑧𝜒, 𝑃𝜙) =
exp(3 𝑃𝜙) (1−exp(−6 𝑃𝜙))

6 𝑃𝜙 exp(0.93 𝑃𝜙 (Φ(
ℎ

2
)−Φ(𝑧𝜒)))

 

𝐶𝜙(𝑧𝜒)

 [0.2 ℎ, 0.8 ℎ]

𝛼𝜙(𝑧𝜒, 𝑃𝜙) =
1

6 𝑃𝜙
exp (6 𝑃𝜙  

𝑧𝜒

ℎ
) (1 − exp(−6 𝑃𝜙))  



 

𝑧/ℎ

𝑃𝜙

𝐶𝜙(𝑧𝜒)

(𝑧𝜒/ℎ)

𝑊 𝑧0 ℎ

𝑊(𝑧) = 𝑧 (1 − 𝑧)

𝑧0 𝑧0 =

10−3 ℎ  𝑧0 < 10−2 ℎ 〈𝐶〉 𝑧0

(ℎ − 𝑧0)/(𝑧 − 𝑧0) ≈ 𝑧/ℎ

 

𝑢∗

𝑢∗



 ~[𝑧0, 0.2 ℎ]

~ 0.06 ℎ

0.1 ℎ  0.85 ℎ

𝛼 = 〈𝐶〉/𝐶(ℎ)



 

 

 

𝛼

𝛼

1.3 < 𝛼 < 1.5 𝛼 𝛼 ≅

1.7

𝛼 𝛼 ≅ 2.3 𝛼 ≅ 1.5

𝛼 ≅ 1.4

𝛼

𝛼

𝛼



𝛼

𝑋𝑠 𝛼

𝛼 𝑋𝑠

𝐶𝜒 

𝑋𝑠

 𝑋𝑠

 𝛼

 𝛼



𝛼 = 〈𝐶〉 𝐶(ℎ)⁄

𝑋𝑠.

 

𝑑𝑠 ≅ 80 

𝑑𝑠 ≅ 200 

𝑧 ℎ⁄ < 0.2 𝑃𝜙

𝑑𝑓

𝑑𝑓



𝑑𝑠 μ μ

𝑑𝑠 0.2 ℎ

𝑑𝜙

𝑑𝜙

 𝜙



𝑑𝜙  

 

𝑃𝜙
′

 𝑃𝜙
′ ≈ 0.93 𝑃𝜙 𝑃𝜙



𝑤𝜙(𝑑𝜙) 𝑢∗ 

𝑃𝜙 > 0.5

𝑃𝑓 < 0.1, 1 ≤ 𝛼𝑓(ℎ, 𝑃𝑓) ≤ 1.5

0.2 < 𝑃𝑠 < 0.3

0.35 < 𝑃𝑠 < 0.45 2.3 ≤

𝛼𝑠(ℎ, 𝑃𝑠) ≤ 7.5

𝑤𝜙(𝑑𝜙) 

𝛽𝜙 = 𝑤𝜙 𝑃𝜙𝜅𝑢∗⁄

 

𝜀𝜙(𝑧)

𝜀𝜙

𝜀𝜙

𝜀𝜙(𝑧) 

𝑧 >  0.75 ℎ 𝑧 =

0.75 ℎ



𝜀𝜙(𝑧 ≈ 0.75 ℎ)

Δ𝐶𝜙 = 𝐶𝜙(𝑧 ≈ 0.5 ℎ) − 𝐶𝜙(𝑧 ≈  ℎ) 

𝜀𝜙(𝑧)





 

〈𝐶𝜙〉

𝑃𝜙 < 0.6 〈𝐶𝜙〉

 〈𝐶𝜙〉

𝛼𝜙

𝛼𝜙

𝛼𝜙

𝛼𝑠(ℎ, 𝑃𝑠)

𝛼𝑠(0.5 ℎ, 𝑃𝑠)

𝛼𝑠 

 𝑃𝑠 >

0.5 𝛼𝑓

𝛼𝜙 



 𝑪𝝓(𝒛/𝒉)

𝛼(ℎ)

𝛼𝑓(ℎ, 𝑃𝑓) 𝛼𝑠(ℎ, 𝑃𝑠) 𝑋𝑓 𝑋𝑠

𝛼



𝛼𝜙𝑖

𝛼𝜙  

𝛼𝑠 

𝛼



 

𝛼𝜙(𝑧𝜒, 𝑃𝜙)

𝑧𝜒 ≈ ℎ

𝑃𝜙 > 0.4

𝑃𝜙 𝛼𝜙 

 𝑢∗ 𝑤𝜙 𝛽𝜙, 

𝑢∗ ℎ 𝑃𝜙

 𝛽𝜙

 𝛽𝜙  𝛽𝜙 >

1



𝛽𝜙

𝛽𝜙 𝑤𝜙/𝑢∗ 𝛽𝜙

𝑤𝜙 𝑢∗ 𝑤𝜙/𝑢∗

𝛽𝜙

𝛽𝜙  𝑤𝜙 𝑢∗⁄

 ℎ  (𝑤𝜙 𝑢∗)⁄

𝛽𝑠 𝛽𝑓



 𝑤𝜙

𝑤𝜙(𝑑𝜙)

 𝑤𝜙

𝛽𝜙

 𝑤𝜙/𝑢∗



𝑑𝑠

𝛽𝜙 = 3.1 exp [−0.19 × 10−3  
𝑢∗

𝑤𝜙
 (

ℎ

𝑑𝑠
)

0.6
] + 0.16  

𝛽𝜙

 𝛽𝜙 𝑤𝜙/𝑢∗

𝑤𝜙/𝑢∗

 𝛽𝜙(±0.03

𝛽𝜙

𝛽𝜙 𝑃𝜙 

 𝑃𝜙



𝛽𝜙 

𝑃𝑠 

 𝑃𝑓

 𝑑𝑠 

𝑑𝑓 

𝐶𝜙(𝑧0)

𝐶𝜙(𝑧0)



 𝑑∗ 𝜃𝜙 𝜃𝑐𝑟

𝐶𝜙(𝑧0) =
0.0015 𝜃𝜙

exp(0.2 𝑑∗+4.5 
𝜃𝑐𝑟
𝜃𝜙

)

 

𝑧0

𝑃𝜙

 𝑑𝑠

𝑑𝑠 𝑢∗ = 0.12 m s−1

𝑑𝑠



 

 ∆𝑃𝜙 ±0.03

 𝛼𝜙(𝑧𝜒, 𝑃𝜙 ± ∆𝑃𝜙)

𝑧𝜒  𝛼𝜙

𝛼𝜙 

 ∆𝐶𝜙(𝑧𝜒) /𝐶𝜙(𝑧𝜒)

𝛼𝜙  𝑧𝜒/ℎ

 𝑃𝜙

 
Δ𝐶𝜙

𝐶𝜙
(𝑧𝜒 = 0.5 ℎ) = ±10% 〈𝐶𝜙〉

 𝑧𝜒/ℎ 

𝐶𝜙(𝑧𝜒)  ∆𝐶𝜙(0.5 ℎ)/

𝐶𝜙(0.5 ℎ) = ±10%

〈𝐶𝜙〉

 ~[𝑧0, 0.2 ℎ]



 𝑃𝑓 < 0.1 〈𝐶𝑓〉

 0.5 ℎ

 〈𝐶𝑓〉

 𝑃𝑠 < 0.3

[0.2 ℎ, 0.8 ℎ]  〈𝐶𝑠〉

 〈𝐶𝑠〉

 𝑃𝑠 >

0.3 [0.2 ℎ, 0.8 ℎ]

𝛼𝜙  𝑃𝑠  𝐶𝑠(ℎ)

𝛼𝜙

𝛼𝜙

 𝑧𝜒/ℎ

𝑧𝜒1
𝑧𝜒2

𝑃𝜙 =
ln(

𝐶𝜙(𝑧𝜒1)

𝐶𝜙(𝑧𝜒2)
)

ln(
𝑧𝜒2
𝑧𝜒1

 (ℎ−𝑧𝜒1)

 (ℎ−𝑧𝜒2)
)
  

𝑧𝜒1
= 0.7 ℎ 𝑧𝜒2

= 0.3 ℎ 𝑃𝜙 =

0.59 ln(𝐶𝜙(0.3 ℎ) 𝐶𝜙(0.7 ℎ)⁄ )



𝑃𝜙 < 0.6

ℎ 𝑒 ≈ 0.37 ℎ⁄ 𝑒

 𝛼𝜙(ℎ/𝑒, 𝑃𝜙)

{𝛽𝑓, 𝛽𝑠} ≈ {0.16, 1}

 𝛼𝜙(ℎ/𝑒, 𝑃𝜙)

 𝑧𝜒

 〈𝑢〉 ≈ 𝑢(ℎ/𝑒)

𝑞𝑠𝜙

𝑞𝑠𝜙 = 𝛼𝜙 × 𝐶𝜙 (
 ℎ

𝑒
) × 𝑢 (

 ℎ

𝑒
) ≅ 𝐶𝜙 (

 ℎ

𝑒
) × 〈𝑢〉  ± 10%  

 

𝛼𝜙 𝜙



𝛼𝜙 𝑃𝜙

𝑢∗  ℎ  𝑃𝜙

 𝑤𝜙 𝑢∗⁄ ℎ 𝑑𝑠 ⁄ 𝛽𝜙  𝑃𝜙 ± 0.03

𝛼𝜙

[0.2 ℎ, 0.5 ℎ],

 𝑃𝑠 > 0.3

 𝑧𝜒 = 0.37 ℎ

𝛼𝜙  𝛼

〈𝐶〉

〈𝐶𝑓〉



 

 

.𝑓 0.45 < 𝑑𝑓 < 63 µm)

.𝑠 𝑑𝑠 > 63

𝐶 

𝑑 

𝑑∗ = 𝑑 (
𝑔 (

𝜌

𝜌𝑤
−1)

𝜐2 )

1

3

𝑔

ℎ

𝑘𝑠

𝑃

𝑞𝑠

𝑢

𝑢∗

𝑤

𝑋

𝑧

𝛼

𝛽

𝜀

𝜀𝑚

𝜅

𝜐

𝜌𝑤

𝜌

𝜃

𝜃𝑐𝑟

〈 〉

 

.𝜒

.0

.𝑟

.𝜙 𝜙



 

𝑤 =
𝜈

𝑑
(√10.362 + 1.049 𝑑∗

3 − 10.36)  

 

 

𝑢(𝑧) =
𝑢∗

𝜅
 ln (

30 𝑧

𝑘𝑠
)  

 

𝑢(𝑧) =  𝑈𝑚𝑎𝑥 − 2 ×
𝑢∗

𝜅
arctanh (

ℎ−𝑧

ℎ
)

3

2

 

 

𝜀𝜙

𝜑

 𝛽𝜙

𝛽𝜙



𝛽𝜙 

 

〈𝐶〉 

𝑃𝜙 < 0.6

〈𝐶𝜙〉

~[𝑧0 − 0.1 ℎ]



𝑃𝜙 ≥ 0.6

〈𝐶𝜙〉

𝑃𝑓 < 0.1

〈𝐶𝑓〉



𝐾𝑠 𝐾𝑠

 



𝑢(𝑧)/𝑢(0.37 ℎ)



〈𝐶𝜙〉 𝑃𝜙



 

𝑢∗

𝑢∗

𝑢∗



 



 〈𝑢〉

 (𝑢(𝑧) =

 
𝑢∗

𝜅
ln (

𝑧

𝑧0
)) 〈𝑢〉

〈𝑢〉  ≅ 𝑢 (
ℎ

𝑒
) ≅ 𝑢(0.37ℎ)

∫
𝑢∗

𝜅
ln (

𝑧

𝑧0
) 𝑑𝑧 ≅  

𝑢∗

𝜅
(ln(ℎ) − 1) − 

ℎ

𝑧0

𝑢∗

𝜅
ln(𝑧0) ≅

𝑢∗

𝜅
ln (

ℎ

𝑒

𝑧0
) = 𝑢 (

ℎ

𝑒
) ln(𝑒) = 1 ℎ ≫ 𝑧0 







 

 



 





 

 



 

 

 



 



 

𝑡𝑐𝑜𝑛𝑐

𝑡𝑙𝑎𝑡

𝑅𝑠𝑢𝑟𝑓
𝑡 = (𝑅′𝑠𝑢𝑟𝑓

𝑡 + 𝑅𝑠𝑡𝑜𝑟
𝑡−∆𝑡) [1 − exp (

−𝑡𝑙𝑎𝑡

𝑡𝑐𝑜𝑛𝑐
) ⁡]⁡

𝑅𝑠𝑢𝑟𝑓
𝑡 𝑡 𝑅′𝑠𝑢𝑟𝑓

𝑡

𝑅𝑠𝑡𝑜𝑟
𝑡−∆t



𝑡𝑐𝑜𝑛𝑐

𝑡𝑐𝑜𝑛𝑐 𝑡𝑙𝑎𝑡

 

 



 

 

 





 

 

𝑚𝑐ℎ = 2

𝑊𝑏𝑘𝑓𝑢𝑙𝑙 ⁡ ℎ𝑏𝑘𝑓𝑢𝑙𝑙

𝐴𝑑

𝑊𝑏𝑘𝑓𝑢𝑙𝑙 = 1.278⁡𝐴𝑑
0.6004⁡

ℎ𝑏𝑘𝑓𝑢𝑙𝑙 = 0.1291⁡𝐴𝑑
0.4004⁡

𝑊𝑏𝑘𝑓𝑢𝑙𝑙 ℎ𝑏𝑘𝑓𝑢𝑙𝑙

𝑆0

𝑛

⁡𝑊𝑏𝑘𝑓𝑢𝑙𝑙 ℎ𝑏𝑘𝑓𝑢𝑙𝑙 𝑆0 𝑛

𝑚𝑐ℎ



𝑚𝑓𝑝 = 4 𝑊𝑓𝑝 =

5⁡ ×𝑊𝑏𝑘𝑓𝑢𝑙𝑙

 

𝑉𝑐ℎ,𝑖⁡ 𝑖

∆𝑡⁡

𝑄𝑖+1

𝐾𝑒𝑚

𝐾𝑒𝑚 =
∆𝑉𝑐ℎ

∆𝑄
⁡

𝑉𝑐ℎ,𝑖
𝑡+∆t − 𝑉𝑐ℎ,𝑖

𝑡 = 𝐾𝑒𝑚⁡(𝑄𝑖+1
𝑡+∆t − 𝑄𝑖+1

𝑡 )⁡

𝑄𝑖

𝑄𝑖+1

∆𝑉 = ⁡𝑉𝑐ℎ,𝑖
𝑡+∆t − 𝑉𝑐ℎ,𝑖

𝑡 = (
𝑄𝑖
𝑡⁡+⁡𝑄𝑖

𝑡+∆t

2
−
𝑄𝑖+1
𝑡 +⁡𝑄𝑖+1

𝑡+∆t

2
⁡) ∆𝑡⁡



(
𝑄𝑖
𝑡⁡+⁡𝑄𝑖

𝑡+∆t

2
−
𝑄𝑖+1
𝑡 +⁡𝑄𝑖+1

𝑡+∆t

2
⁡) ∆𝑡 = 𝐾𝑒𝑚⁡(𝑄𝑖+1

𝑡+∆t − 𝑄𝑖+1
𝑡 )

⁡𝐶 =
∆𝑡

𝐾𝑒𝑚+
∆𝑡

2

𝐶

𝑄𝑖+1
𝑡+∆t = 𝑄𝑖+1

𝑡 + 𝐶(𝑄𝑖
𝑡 − 𝑄𝑖+1

𝑡 ) +
1

2
𝐶(𝑄𝑖

𝑡+∆t − 𝑄𝑖
𝑡)

𝐾𝑒𝑚

𝐿𝑐ℎ

〈𝑢〉⁡ 𝑡 

𝐾𝑒𝑚 =
𝐿𝑐ℎ

〈𝑢〉⁡

𝐶 𝐾𝑒𝑚

𝐶

 

𝑋

𝐾

𝐾𝑏𝑛𝑘𝑓𝑢𝑙𝑙 𝐾0.1⁡𝑏𝑛𝑘𝑓𝑢𝑙𝑙

𝐾 =⁡𝐶𝑜𝑒𝑓1⁡𝐾𝑏𝑛𝑘𝑓𝑢𝑙𝑙 + 𝐶𝑜𝑒𝑓2⁡𝐾0.1⁡𝑏𝑛𝑘𝑓𝑢𝑙𝑙

𝐶𝑜𝑒𝑓1 𝐶𝑜𝑒𝑓2⁡ 𝐾𝑏𝑛𝑘𝑓𝑢𝑙𝑙 𝐾0.1⁡𝑏𝑛𝑘𝑓𝑢𝑙𝑙

𝐾−

𝑐𝑘



{
𝐾− =

⁡𝐿𝑐ℎ

𝑐𝑘
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

⁡⁡𝑐𝑘 =
5

3
⁡〈𝑢〉 ⁡=

5

3
⁡
1

𝑛
𝑅ℎ
2 3⁄
√𝑆0

𝐿𝑐ℎ 〈𝑢〉

𝑅ℎ 𝑆0 𝑛 𝐾

𝑆0⁡

𝑛

𝑐𝑘⁡

 

 

𝑆𝑌



⁡𝑆𝑌⁡

𝐴𝑈𝑅𝐻

𝑅𝑠𝑢𝑟𝑓

⁡𝑆𝑌 =
𝑎⁡((𝐴𝑈𝑅𝐻⁡𝑅𝑠𝑢𝑟𝑓)⁡𝑞𝑝𝑘⁡)

𝑏
⁡𝐾⁡⁡𝐿𝑆⁡𝐶⁡𝑃⁡

𝐴𝑈𝑅𝐻
⁡𝐶𝑓𝑟𝑔⁡

𝑞𝑝𝑘 𝑎 𝑏

𝑎 = 11.8 𝑏 = 0.56

𝐶𝑓𝑟𝑔⁡

𝐾 𝐿𝑆 𝐶 𝑃



 𝐾

 𝐿𝑆

𝐿𝑆 𝛼

𝐿

{
⁡⁡𝐿𝑆⁡ = ⁡ (

𝐿

22.1
)
𝑚
⁡×⁡ (65.41⁡ sin(𝛼)2 + ⁡4.56⁡sin⁡(𝛼) ⁡+ ⁡0.065)

𝑚⁡ = ⁡0.6⁡ × ⁡[1 − exp(−35.835⁡tan⁡(𝛼))]⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

 

 



⁡𝑆𝑌
⁡𝑆𝑌0 𝑞𝑝𝑘 ⁡

 

𝑡𝑐𝑜𝑛𝑐 𝑡𝑙𝑎𝑡

𝑅𝑠𝑢𝑟𝑓



𝐾, 𝐶

𝐿𝑆

𝐹𝑐𝑎𝑙 = ⁡𝑎⁡𝐾⁡𝐿𝑆⁡𝐶⁡𝑃⁡𝐶𝑓𝑟𝑔⁡

𝐿𝑆

⁡𝑆𝑌 =
⁡𝐹𝑐𝑎𝑙((𝐴𝑈𝑅𝐻⁡𝑅𝑠𝑢𝑟𝑓)⁡𝑞𝑝𝑘)

𝑏
⁡⁡

𝐴𝑈𝑅𝐻
⁡

𝑏

𝑞𝑝𝑘 〈𝐶𝑠〉 ⁡= 𝑓(𝑄)



 

 



 

 

𝑑50

𝑑50



 

 

𝐶∗ = 𝑎⁡𝑢𝑝𝑘
𝑏

𝐶∗ 𝑞𝑠
∗

〈𝑢(ℎ)〉 = 𝑄(ℎ)/𝐴(ℎ)

𝑝𝑟𝑓 𝑢𝑝𝑘

𝑝𝑟𝑓

𝑎

𝑎 𝑏



𝑎 𝑏

𝑎 𝑏

𝑞𝑠,𝑠𝑢𝑠𝑝
∗

𝑞𝑠,𝑠𝑢𝑠𝑝
∗ ≅ 0.01⁡ (

𝜏0

𝑤⁡(𝜌𝑠−𝜌)𝑔
)⁡𝑢2

𝑎 0.01⁡ (
𝜏0

𝑤⁡(𝜌𝑠−𝜌)𝑔
) 𝑏 = 2

𝑏

𝐶∗

{
Si⁡𝐶 > 𝐶∗,⁡⁡⁡𝑀𝑠,𝐷 = (𝐶 − 𝐶

∗)⁡𝑉𝑐ℎ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡
⁡⁡

⁡⁡⁡Si⁡𝐶 < 𝐶∗,⁡⁡⁡𝑀𝑠,𝐸 =⁡−(𝐶 − 𝐶
∗)⁡𝑉𝑐ℎ⁡⁡𝐾𝑐ℎ⁡𝐶𝑐ℎ⁡

⁡

𝑀𝑠,𝐷

𝑀𝑠,𝐸 𝑉𝑐ℎ



⁡𝐾𝑐ℎ ⁡𝐶𝑐ℎ

𝑀𝑠,𝑐ℎ
𝑡+∆𝑡

𝑀𝑠,𝑐ℎ
𝑡

𝑀𝑠,𝑐ℎ
𝑡+∆𝑡 = 𝑀𝑠,𝑐ℎ

𝑡 −𝑀𝑠,𝐷
∆𝑡 +⁡𝑀𝑠,𝐸

∆𝑡

𝐶𝑖→𝑖+1
𝑡+∆𝑡 ⁡

𝑉𝑖→𝑖+1
𝑡+∆𝑡

𝐶𝑖→𝑖+1
𝑡+∆𝑡 =

𝑀𝑠,𝑖→𝑖+1
𝑡+∆𝑡

𝑉𝑖→𝑖+1
𝑡+∆𝑡 =⁡

𝑀𝑠,𝑐ℎ
𝑡+∆𝑡

𝑉𝑐ℎ,𝑖
𝑡+∆𝑡

 

𝜉∗

𝜉∗

{
⁡⁡𝜉𝑏𝑒𝑑
∗ = 𝑘𝑑,𝑏𝑒𝑑(𝜏𝑒,𝑏𝑒𝑑 − 𝜏𝑐,𝑏𝑒𝑑)⁡10⁡

−6

𝜉𝑏𝑘
∗ = 𝑘𝑑,𝑏𝑘(𝜏𝑒,𝑏𝑘 − 𝜏𝑐,𝑏𝑘)⁡10⁡

−6⁡⁡⁡⁡⁡⁡

𝜏𝑒,– 𝜏𝑐,–

𝑘𝑑,–

{
 
 

 
 𝜏𝑒,𝑏𝑘 = [(

𝑆𝐹𝑏𝑘

100
)⁡
(𝑊𝑐ℎ+𝑃𝑏𝑒𝑑)⁡sin⁡(𝜃)

4⁡ℎ
⁡] 𝜌𝑔ℎ𝑆0⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

⁡𝜏𝑒,𝑏𝑒𝑑 = [(1 −
𝑆𝐹𝑏𝑘

100
)⁡
(𝑊𝑐ℎ+𝑃𝑏𝑒𝑑)

2⁡𝑃𝑏𝑒𝑑
] ⁡𝜌𝑔ℎ𝑆0⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

⁡⁡ln(𝑆𝐹𝑏𝑘) = −1.4026 × ln (
𝑃𝑏𝑒𝑑

𝑃𝑏𝑘
+ 1.5) + 2.247

⁡⁡⁡⁡



𝑆𝐹𝑏𝑘⁡ 𝜏𝑒,𝑏𝑘 ⁡

⁡𝜏𝑒,𝑏𝑒𝑑 ⁡ 𝜃 𝑃𝑏𝑒𝑑

𝑃𝑏𝑘 𝑊𝑐ℎ

𝑆0 𝜌

𝜏𝑐,– 𝑘𝑑,–

𝜏𝑐,–

𝑋𝑆𝐶,–⁡

⁡𝐶𝑐ℎ,– 

𝜏𝑐,– = (0.1 + 0.1779⁡𝑋𝑆𝐶,– + 0.0028⁡𝑋𝑆𝐶,–
2 − 2.34⁡10−5⁡⁡𝑋𝑆𝐶,−

3 )⁡𝐶𝑐ℎ,–⁡⁡



𝑘𝑑,–

𝑘𝑑,– = 0.2⁡𝜏𝑐,–
1/2
⁡⁡

𝑀𝑠,𝐸
∗ = 𝑀𝑠,𝐸,𝑏𝑘

∗ +𝑀𝑠,𝐸,𝑏𝑒𝑑
∗

𝜏𝑒,–

𝜉∗ 𝜉𝑏𝑘
∗ ⁡ 𝜉𝑏𝑒𝑑

∗

{
𝑀𝑠,𝐸,𝑏𝑘
∗ = 𝜉𝑏𝑘

∗ ⁡𝑆𝑏𝑘⁡𝜌𝑏,𝑏𝑘 ⁡× 84600⁡⁡⁡⁡⁡⁡⁡

𝑀𝑠,𝐸,𝑏𝑒𝑑
∗ = 𝜉𝑏𝑒𝑑

∗ ⁡𝑆𝑏𝑒𝑑 ⁡𝜌𝑏,𝑏𝑒𝑑 ⁡× 84600
 

𝜌𝑏,–⁡ 𝑆–

𝐶∗

𝐶

∆𝑀𝑠
∗

∆𝑀𝑠
∗ =⁡(𝐶∗ − 𝐶)⁡𝑉𝑐ℎ

𝐶∗

(∆𝑀𝑠
∗ > 0)

𝑀𝑠,𝐸 =⁡𝑀𝑠,𝐸,𝑏𝑘 +𝑀𝑠,𝐸,𝑏𝑒𝑑

𝑀𝑠,𝐸
∗ = 𝑀𝑠,𝐸,𝑏𝑘

∗ +𝑀𝑠,𝐸,𝑏𝑒𝑑
∗

𝑀𝑠,𝐸
∗ > ∆𝑀𝑠

∗ ∆𝑀𝑠
∗

𝑀𝑠,𝐸 = ∆𝑀𝑠
∗⁡⁡

𝑀𝑠,𝐸
∗ < ∆𝑀𝑠

∗ 𝑀𝑠,𝐸 = 𝑀𝑠,𝐸
∗



𝑀𝑠,𝐸

𝑀𝑠,𝑐ℎ⁡

{
⁡⁡𝑀𝑠,𝐷 = −(1 −

1

exp⁡(𝑥)
) ⁡𝑀𝑠,𝑐ℎ

⁡⁡𝑥 =
1.055 𝐿𝑐ℎ  𝜔(𝑑50) 

〈𝑢〉 ℎ 
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

𝑀𝑠,𝐷 𝐿𝑐ℎ 〈𝑢〉

ℎ 𝜔(𝑑50) 



〈𝑢〉 = 1.5 ℎ = 10

 

 

 



 

 



 

 

𝐾







 



 

 

 

 

 



 

≤

 

𝑋𝑜𝑏𝑠
𝑡 𝑡 𝑋𝑠𝑖𝑚

𝑡

𝑅𝑀𝑆𝐸 = √
1

𝑛
∑ (𝑋𝑠𝑖𝑚

𝑡 − 𝑋𝑜𝑏𝑠
𝑡 )

2𝑛
𝑡=1 ⁡

𝜎𝑜𝑏𝑠

𝑅𝑆𝑅 = √
∑ (𝑋𝑠𝑖𝑚

𝑡 −𝑋𝑜𝑏𝑠
𝑡 )

2𝑛
𝑡=1

∑ (𝑋𝑜𝑏𝑠
𝑡 −𝜇𝑜𝑏𝑠)

2𝑛
𝑡=1

=⁡
𝑅𝑀𝑆𝐸

𝜎𝑜𝑏𝑠



 

𝜇𝑜𝑏𝑠

−∞

𝑁𝑆𝐸 = 1 −
∑ (𝑋𝑠𝑖𝑚

𝑡 −𝑋𝑜𝑏𝑠
𝑡 )

2𝑛
𝑡=1

∑ (𝑋𝑜𝑏𝑠
𝑡 −𝜇𝑜𝑏𝑠)

2𝑛
𝑡=1

= 1 − 𝑅𝑆𝑅2

 

−∞⁡

𝐾𝐺𝐸 = 1 − √(𝛽𝐾𝐺𝐸 − 1)
2 + (𝛼𝐾𝐺𝐸 − 1)

2 + (𝑟𝑝 − 1)
2

𝛽𝐾𝐺𝐸

𝛽𝐾𝐺𝐸 =
𝜇𝑜𝑏𝑠

𝜇𝑠𝑖𝑚

𝛼𝐾𝐺𝐸

𝛼𝐾𝐺𝐸 =
𝜎𝑠𝑖𝑚

𝜎𝑜𝑏𝑠

𝑟𝑝

𝑟𝑝 =
∑ (𝑋𝑜𝑏𝑠

𝑡 ⁡−⁡𝜇𝑜𝑏𝑠)(𝑋𝑠𝑖𝑚⁡
𝑡 −⁡𝜇𝑠𝑖𝑚)

𝑛
𝑡=1

√[∑ (𝑋𝑜𝑏𝑠
𝑡 ⁡−⁡𝜇𝑜𝑏𝑠)

2𝑛
𝑡=1 ][∑ (𝑋𝑠𝑖𝑚

𝑡 ⁡−⁡𝜇𝑠𝑖𝑚)
2𝑛

𝑡=1 ]



𝑟𝑝

 

𝑃𝐵𝐼𝐴𝑆 = 100⁡ ×⁡(
∑ (𝑋𝑜𝑏𝑠

𝑡 −𝑋𝑠𝑖𝑚
𝑡 )𝑛

𝑡=1

∑ 𝑋𝑜𝑏𝑠
𝑡𝑛

𝑡=1
)

 



𝐾𝑏𝑘𝑓𝑢𝑙𝑙

𝐾

𝐾0.1𝑏𝑘𝑓𝑢𝑙𝑙

𝐾



 

 



𝐾







 

𝑊𝑏𝑘𝑓𝑢𝑙𝑙 = 0.81⁡𝐴𝑑
0.53

ℎ𝑏𝑘𝑓𝑢𝑙𝑙 = 1.44⁡𝐴𝑑
0.19⁡



ℎ𝑏𝑘𝑓𝑢𝑙𝑙 = 1.20⁡𝐴𝑑
0.20

𝑊𝑏𝑘𝑓𝑢𝑙𝑙 𝐴𝑑 ℎ𝑏𝑘𝑓𝑢𝑙𝑙

𝑊𝑏𝑘𝑓𝑢𝑙𝑙



𝑅ℎ = 𝐴 𝑃⁄

〈𝑢〉 =

⁡
1

𝑛
𝑅ℎ
2/3
√𝑆0







 





 

 

𝑆0

𝐿𝑐ℎ

𝑉𝑖→𝑖+1 𝑖 𝑖 + 1

𝑄𝑖 𝑖 ∆𝑡

𝑄𝑖→𝑖+1 ⁡𝑖 + 1 𝑄𝑖→𝑖+1

ℎ𝑖 𝐴ℎ,𝑖

𝐿𝑐ℎ,𝑖

𝑛

𝑆𝑓 ≅ 𝑆0 + 𝑆𝑤

𝑄𝑖→𝑖+1

𝐿𝑐ℎ,𝑖

𝑄𝑖→𝑖+1 𝑖 𝑖 + 1



 





ℎ 𝐴ℎ

 

ℎ⁡ >>

⁡ℎ𝑏𝑘𝑓𝑢𝑙𝑙



𝑢𝑓𝑝 = ⁡0

 

 





𝐵 𝑊𝑓𝑝 𝜃𝑓𝑝



 

𝐾

𝐾(ℎ) 0.1⁡ℎ𝑏𝑘𝑓𝑢𝑙𝑙 ℎ𝑏𝑘𝑓𝑢𝑙𝑙

𝐾(ℎ𝑏𝑘𝑓𝑢𝑙𝑙) 𝐾(0.1⁡ℎ𝑏𝑘𝑓𝑢𝑙𝑙)

𝑀𝑠𝑘𝐶𝑜1 𝑀𝑠𝑘𝐶𝑜2

𝐾 𝐾(ℎ > ℎ𝑏𝑘𝑓𝑢𝑙𝑙)

(ℎ − ℎ𝑏𝑘𝑓𝑢𝑙𝑙) 𝑀𝑠𝑘𝐶𝑜3

{
 
 

 
 

⁡⁡
𝐾(ℎ < 0.1⁡ℎ𝑏𝑘𝑓𝑢𝑙𝑙) = ⁡𝐾(0.1⁡ℎ𝑏𝑘𝑓𝑢𝑙𝑙)⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

𝐾(0.1⁡ℎ𝑏𝑘𝑓𝑢𝑙𝑙 ≤ ℎ ≤ ℎ𝑏𝑘𝑓𝑢𝑙𝑙) = 𝑎⁡ℎ + 𝑏⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

⁡⁡⁡⁡𝐾(ℎ > ℎ𝑏𝑘𝑓𝑢𝑙𝑙) = ⁡𝑀𝑠𝑘𝐶𝑜1⁡ × 𝐾(ℎ𝑏𝑘𝑓𝑢𝑙𝑙) + ⁡𝑀𝑠𝑘𝐶𝑜3⁡(ℎ − ℎ𝑏𝑘𝑓𝑢𝑙𝑙)
⁡⁡



{
⁡⁡⁡⁡𝑎 =

𝑀𝑠𝑘𝐶𝑜1⁡×⁡𝐾(ℎ𝑏𝑘𝑓𝑢𝑙𝑙)⁡−⁡𝑀𝑠𝑘𝐶𝑜2⁡×⁡𝐾(0.1⁡ℎ𝑏𝑘𝑓𝑢𝑙𝑙)

0.9⁡ℎ𝑏𝑘𝑓𝑢𝑙𝑙

𝑏 = 𝑀𝑠𝑘𝐶𝑜1⁡ × 𝐾(ℎ𝑏𝑘𝑓𝑢𝑙𝑙) − 𝑎⁡ℎ𝑏𝑘𝑓𝑢𝑙𝑙⁡⁡⁡⁡⁡⁡

𝐾

𝐾

𝐾

𝐾⁡



𝐾

𝐾

 

𝑆0 𝑆𝑤



 

 

 

 

 

 

 



 

 

∆𝑡 𝑛⁡∆𝑡 = 1⁡jour

𝜕𝑉𝑖

𝜕𝑡
≅

𝑉𝑖
𝑡+∆𝑡⁡−⁡𝑉𝑖

𝑡

∆𝑡
⁡⁡⁡

 

𝐴ℎ𝑖
𝑡 𝑃ℎ𝑖

𝑡 𝑅ℎ𝑖
𝑡

ℎ𝑖
𝑡 𝑉𝑖

𝑡

ℎ𝑖
𝑡 ≤ ℎ𝑏𝑘𝑓𝑢𝑙𝑙𝑖

ℎ𝑖
𝑡 =

𝑉𝑖
𝑡

∆𝑥𝑖⁡𝐵𝑖

ℎ𝑖
𝑡 ≥ ℎ𝑏𝑘𝑓𝑢𝑙𝑙𝑖

 

ℎ𝑖
𝑡 =

𝑉𝑖
𝑡−(∆𝑥𝑖⁡𝐵𝑖⁡ℎ𝑏𝑘𝑓𝑢𝑙𝑙𝑖

)

∆𝑥𝑖⁡(𝐵𝑖⁡+⁡𝑊𝑓𝑝𝑖
)
+ ⁡ℎ𝑏𝑘𝑓𝑢𝑙𝑙𝑖

𝑊𝑓𝑝𝑖
= 𝑘𝑓𝑝𝑖

⁡𝐵𝑖 𝑘𝑓𝑝𝑖



 

ℎ𝑖
𝑡 = max⁡(

−𝑏−√∆

2⁡𝑎
,
−𝑏+√∆

2⁡𝑎
) + ⁡ℎ𝑏𝑘𝑓𝑢𝑙𝑙𝑖

{
 
 

 
 𝑎 =

∆𝑥𝑖

2⁡tan⁡(𝜃𝑓𝑝)
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

𝑏 = 𝑊𝑓𝑝𝑖
⁡∆𝑥𝑖⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

⁡⁡⁡⁡𝑐 = ∆𝑥𝑖⁡𝐵𝑖 ⁡ℎ𝑏𝑘𝑓𝑢𝑙𝑙𝑖
− 𝑉𝑖

𝑡

⁡∆= 𝑏2 − 4⁡𝑎⁡𝑐⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

⁡⁡⁡⁡

𝜃𝑓𝑝

 

 

𝑆𝑓𝑖
𝑡 = 𝑆0𝑖⁡

𝑡 𝑄𝑖
𝑡

〈𝑢𝑐𝑖
𝑡〉 =

√𝑆0𝑖

𝑛𝑐𝑖
⁡(𝑅ℎ𝑖

𝑡)
2/3

𝑄𝑖
𝑡 = 𝐴ℎ𝑖

𝑡⁡〈𝑢𝑖
𝑡〉⁡



 

𝑉𝑖
𝑡+∆𝑡 = 𝑉𝑖

𝑡 + (𝑄𝑖−1
𝑡 − 𝑄𝑖

𝑡)∆𝑡 + 𝑉𝑅𝑖
𝑡 − 𝑉𝐸𝑖

𝑡 − 𝑉𝑇𝑖
𝑡

𝑉𝐸𝑖
𝑡 𝑉𝑇𝑖

𝑡

𝑉𝑅𝑖
𝑡

 

𝑛𝑐𝑓𝑖
(ℎ𝑖
𝑡)

 

𝑛𝑓𝑖 ℎ𝑚𝑎𝑥𝑖

{
 
 

 
 

⁡⁡⁡

𝑛𝑐𝑓𝑖
𝑡 =

1

2
[(1 − 0.9⁡ (

𝑛𝑓𝑖
𝑛𝑐𝑖
)
−
1

6
) cos (

𝜋⁡(ℎ𝑖
𝑡−ℎ𝑏𝑘𝑓𝑢𝑙𝑙)

ℎ𝑚𝑎𝑥𝑖
) + (1 + 0.9⁡ (

𝑛𝑓𝑖
𝑛𝑐𝑖
)
−
1

6
)]⁡𝑛𝑐𝑖, si⁡ℎ ≤ ℎ𝑚𝑎𝑥

𝑛𝑐𝑓𝑖
𝑡 = ⁡0.9⁡ (

𝑛𝑓𝑖
𝑛𝑐𝑖
)
−
1

6
𝑛𝑐𝑖,⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡si⁡ℎ > ℎ𝑚𝑎𝑥

 

(ℎ𝑖
𝑡 − ℎ𝑏𝑘𝑓𝑢𝑙𝑙𝑖

)

𝑛𝑐𝑓𝑖
𝑡 =⁡(1 + 𝐶𝑖 ⁡(ℎ𝑖

𝑡 − ℎ𝑏𝑘𝑓𝑢𝑙𝑙𝑖
))𝑛𝑐𝑖



𝐶𝑖

 

𝑆𝑓𝑖
𝑡 = 𝑆0𝑖 + 𝑆𝑤𝑖

𝑡

〈𝑢𝑖
𝑡〉 =

1

𝑛𝑐𝑖
⁡(𝑅ℎ𝑖

𝑡)
2/3
√𝑆0𝑖 + 𝑆𝑤𝑖

𝑡⁡

𝑆0𝑖 + 𝑆𝑤𝑖
𝑡 =

(ℎ𝑖+1
𝑡 ⁡+⁡𝑧𝑖+1−⁡ℎ𝑖

𝑡−⁡𝑧𝑖)

∆𝑥

𝑛∆𝑡

𝑆𝑓 =⁡𝑆0 + 𝑆𝑤

𝑆0

𝑆𝑓 =⁡𝑆0

 

~∆𝑄 ∆𝑡⁄



𝑄𝑖
𝑡+∆𝑡 ⁡=

𝑄𝑖
𝑡⁡−𝑔⁡ℎ𝑖

𝑡⁡𝐵⁡∆𝑡⁡(𝑆0𝑖+𝑆𝑤𝑖
𝑡)

1+𝑔⁡ℎ𝑖
𝑡⁡∆𝑡⁡𝑛𝑐𝑖

2⁡
𝑄𝑖
𝑡

𝐵⁡ℎ𝑖
𝑡10/3

⁡⁡

𝑡 + ∆𝑡 𝑡

𝑉𝑖
𝑡+∆𝑡 = 𝑉𝑖

𝑡 + (𝑄𝑖−1
𝑡+∆𝑡 − 𝑄𝑖

𝑡+∆𝑡)∆𝑡 + 𝑉𝑅𝑖
𝑡 − 𝑉𝐸𝑖

𝑡 − 𝑉𝑇𝑖
𝑡

𝑉𝑖
𝑡+∆𝑡 = 𝑉𝑖

𝑡 + (
𝑄𝑖−1
𝑡 +⁡𝑄𝑖−1

𝑡+∆𝑡

2
−
𝑄𝑖
𝑡+⁡𝑄𝑖

𝑡+∆𝑡

2
)∆𝑡 + 𝑉𝑅𝑖

𝑡 − 𝑉𝐸𝑖
𝑡 − 𝑉𝑇𝑖

𝑡

 



 

∆𝑡⁡ ≤ ⁡𝛼⁡∆𝑡𝐶 = ⁡𝛼⁡
∆𝑥

√𝑔⁡ℎ
⁡

∆𝑡𝐶 𝛼

0.2⁡ ≤

⁡𝛼 ≤ 0.7

∆𝑡



 

𝑡 + ∆𝑡 2⁄

𝑡 + ∆𝑡

𝜀

⁡𝑉̂𝑖
𝑡+∆𝑡 𝑡 + ∆𝑡

𝑄𝑛𝑒𝑡,𝑖
𝑡 = 𝑄𝑖−1

𝑡 − 𝑄𝑖
𝑡

𝑡 + ∆𝑡

𝑉𝑖
𝑡+∆𝑡 = 𝑉𝑖

𝑡+∆𝑡 2⁄ +⁡
∆𝑡

2
⁡𝑄𝑛𝑒𝑡,𝑖
𝑡+∆𝑡 2⁄ +

1

2
(𝑉𝑅𝑖

𝑡 − 𝑉𝐸𝑖
𝑡 − 𝑉𝑇𝑖

𝑡)⁡

𝑉𝑖
𝑡+∆𝑡 2⁄ 𝑉𝑖

𝑡 

𝑉𝑖
𝑡+∆𝑡 2⁄ = 𝑉𝑖

𝑡 +⁡
∆𝑡

2
⁡𝑄𝑛𝑒𝑡,𝑖

𝑡 +
1

2
(𝑉𝑅𝑖

𝑡 − 𝑉𝐸𝑖
𝑡 − 𝑉𝑇𝑖

𝑡)⁡

𝑉𝑖
𝑡+∆𝑡 = 𝑉𝑖

𝑡 +⁡(𝑄𝑛𝑒𝑡,𝑖
𝑡 +⁡𝑄𝑛𝑒𝑡,𝑖

𝑡+∆𝑡 2⁄ )⁡
∆𝑡

2
+ (𝑉𝑅𝑖

𝑡 − 𝑉𝐸𝑖
𝑡 − 𝑉𝑇𝑖

𝑡)⁡

𝑖 𝑡 + ∆𝑡 2⁄ 𝑡

⁡𝑄̂𝑖
𝑡+∆𝑡 𝑡 + ∆𝑡 



𝑄𝑖
𝑡+∆𝑡 2⁄ =

1

2
⁡(𝑄̂𝑖

𝑡+∆𝑡 + 𝑄𝑖
𝑡)⁡

𝑄𝑛𝑒𝑡,𝑖
𝑡+∆𝑡 2⁄ =

1

2
⁡(𝑄̂𝑛𝑒𝑡,𝑖

𝑡+∆𝑡 + 𝑄𝑛𝑒𝑡,𝑖
𝑡 )⁡

𝑡 + ∆𝑡 

𝑉𝑖
𝑡+∆𝑡 = 𝑉𝑖

𝑡 +⁡(
3

4
⁡𝑄𝑛𝑒𝑡,𝑖

𝑡 +
1

4
⁡ 𝑄̂𝑛𝑒𝑡,𝑖

𝑡+∆𝑡)∆𝑡 + 𝑉𝑅𝑖
𝑡 − 𝑉𝐸𝑖

𝑡 − 𝑉𝑇𝑖
𝑡

𝑉𝑖
𝑡+∆𝑡

𝑡 + ∆𝑡 2⁄

𝑉𝑖
𝑡+∆𝑡 𝑡 + ∆𝑡 2⁄



 

 

 

 

 𝑆0

 𝑛

 𝑛𝑓

 

 𝐵

 𝑊𝑓 = 5⁡𝐵

 𝛼𝑓 = ⁡0.01°

 



 



 



𝑈𝑓𝑝 

𝑄
𝑓𝑝

 𝑄
𝑈𝑓𝑝=⁡0⁡𝑜𝑢⁡>⁡0

 

𝑈𝑓𝑝 = 0

𝑈𝑓𝑝 > 0

 

𝑆𝑓 ≥⁡𝑆0 𝑆𝑓 ≤⁡𝑆0

𝑆𝑓 →⁡𝑆0





 

1

g

∂u

∂t
,



𝑆0



 

 

 

ℎ, 𝑢(ℎ)

〈𝑢〉 = 𝑄/𝐴

𝛽𝑚



〈𝑢(ℎ)〉 𝑄(ℎ)



𝑄(ℎ) 〈𝑢(ℎ)〉

𝐵 = 650⁡m ⁡ℎ𝑏𝑘𝑓𝑢𝑙𝑙 = 9⁡m 𝛽𝑚 = 1 𝐵 = 500⁡m ⁡ℎ𝑏𝑘𝑓𝑢𝑙𝑙 = 11.5⁡m 𝛽𝑚 = 1

𝐵 = 650⁡m ⁡ℎ𝑏𝑘𝑓𝑢𝑙𝑙 = 15⁡m 𝛽𝑚 = 1.4



 

 



𝑛⁡ ∝ (ℎ − ℎ𝑏𝑘𝑓𝑢𝑙𝑙)



 

 

𝑢𝑠𝑖𝑚(ℎ𝑠𝑖𝑚)



 

ℎ⁡– ⁡𝑄 ℎ⁡–⁡〈𝑢〉

𝑛⁡ ∝ (ℎ − ℎ𝑏𝑘𝑓𝑢𝑙𝑙)

 





ℎ⁡– ⁡𝑄 ℎ⁡– ⁡𝑢

𝑛⁡ ∝ (ℎ − ℎ𝑏𝑘𝑓𝑢𝑙𝑙) ℎ

ℎ





 

 

∆𝑡 𝑛⁡∆𝑡 = 1

𝜕𝑉𝑠𝜙𝑖
𝜕𝑡

≅
𝑉𝑠𝜙𝑖

𝑡+∆𝑡⁡−⁡𝑉𝑠𝜙𝑖
𝑡

∆𝑡
⁡⁡

𝑉𝑠𝜙 𝜙

 𝑖 𝑡

𝑡 〈𝐶𝜙𝑖
𝑡〉 𝑖

〈𝐶𝜙𝑖
𝑡〉 =

𝑉𝑠𝜙𝑖
𝑡

ℎ𝑖
𝑡⁡𝐵𝑖⁡∆𝑥𝑖⁡



𝑄𝑠𝜙𝑖
𝑡

𝑄𝑠𝜙𝑖
𝑡 = 86400⁡𝑄𝑖

𝑡 ⁡〈𝐶𝜙𝑖
𝑡〉⁡

 𝑡

𝑄𝑠𝑠
∗
𝑖
𝑡

 𝑓′𝑖
𝑡

𝑓′𝑖
𝑡
= 2(

𝜅

ln(
30

𝑘𝑠
′
𝑖
ℎ𝑖
𝑡)−1

)

2

𝑘𝑠
′
𝑖
= 2.5⁡𝑑𝑏𝑖 𝑑𝑏𝑖

 𝜃𝑐
′
𝑖
𝑡

𝜃𝑐
′  𝑖
𝑡 =

1

2
⁡𝑓′𝑖

𝑡
⁡〈𝑢𝑐𝑖

𝑡〉2

𝑔(𝑠−1)𝑑𝑏𝑖

〈𝑢𝑐𝑖
𝑡〉2 =⁡

〈𝑢𝑖
𝑡〉2

(𝜁𝑛𝑖
𝑡)
2

𝜁𝑛𝑖
𝑡

𝜁𝑛𝑖
𝑡 =⁡

𝑛𝑐𝑖
𝑛𝑐𝑓𝑖

𝑡

𝑛𝑐𝑖

 𝜃𝑐𝑖
𝑡

𝜃𝑐𝑖
𝑡 =

(𝑢∗𝑖
𝑡)
2

𝑔⁡(𝑠−1)𝑑𝑏𝑖



𝑢∗𝑖
𝑡 = √𝑔⁡ℎ𝑖

𝑡⁡𝑆𝑓𝑖
𝑡

 𝜃′𝑖
𝑡

𝜃′𝑖
𝑡
= 𝜃𝑐

′
𝑖
𝑡
+ [(𝜁𝑛𝑖

𝑡)
2
− 1] ⁡𝜃𝑐𝑖

𝑡

 𝐶0
∗
𝑖
𝑡

𝐶0
∗
𝑖
𝑡 =

0.0015⁡𝜃′𝑖
𝑡

exp(0.2⁡𝑑∗𝑏𝑖
+4.5⁡

𝜃𝑐𝑟

𝜃′𝑖
𝑡)

⁡⁡⁡

 𝜀𝑠

𝜀𝑠𝑖
𝑡 =

1

6
⁡𝜅⁡𝜁𝑛𝑖

𝑡⁡𝑢∗𝑖
𝑡⁡ℎ𝑖

𝑡

 𝑖⁡ 𝑡 𝑠 =

2.65

𝑄𝑠𝑠
∗
𝑖
𝑡 =⁡86400⁡𝐵𝑖⁡𝑠⁡〈𝑢𝑖

𝑡〉⁡𝐶0
∗
𝑖
𝑡 ⁡

𝜀𝑠𝑖
𝑡

𝑤𝑠𝑠𝑖
𝑡 ⁡[1 − exp (

−𝑤𝑠𝑠𝑖
𝑡

𝜀𝑠𝑖
𝑡 ℎ𝑖

𝑡)]

 𝑖 𝑡

Δ𝑄𝑠𝑠𝑖
𝑡 𝑄𝑠𝑠

∗
𝑖
𝑡 𝑄𝑠𝑠𝑖

𝑡

𝑖 𝑡

Δ𝑄𝑠𝑠𝑖
𝑡 =⁡𝑄𝑠𝑠

∗
𝑖
𝑡 −⁡𝑄𝑠𝑠𝑖

𝑡

 Δ𝑄𝑠𝑠𝑖
𝑡 ⁡> 0 

𝐸𝑏𝑒𝑑𝑖
𝑡

𝐸𝑏𝑒𝑑𝑖
𝑡 = 𝐾𝑏𝑒𝑑⁡𝑖⁡Δ𝑄𝑠𝑠𝑖

𝑡



𝐾𝑏𝑒𝑑𝑖

𝐾𝑏𝑒𝑑 ≪ 1

𝑄𝑠𝑠𝑖
𝑡 = 𝑄𝑠𝑠𝑖

𝑡 +⁡𝐸𝑏𝑒𝑑𝑖
𝑡

𝐾𝑏𝑒𝑑 ⁡≠ 1

 Δ𝑄𝑠𝑠𝑖
𝑡 ⁡≤ 0 

𝑄𝑠𝑠𝑖
𝑡 = 𝑄𝑠𝑠

∗
𝑖
𝑡

 

∆

𝑡

𝑉𝑠𝜙𝑖
𝑡+∆𝑡 𝑖

𝑉𝑠𝜙𝑖
𝑡+∆𝑡 = 𝑉𝑠𝜙𝑖

𝑡 + (𝑄𝑠𝜙𝑖−1
𝑡 − 𝑄𝑠𝜙𝑖

𝑡)∆𝑡 − 𝐷𝑙𝑎𝑡,𝜙𝑖
𝑡 ⁡− 𝐷𝑜𝑣𝑏𝑘,𝜙𝑖

𝑡 + 𝐸𝑏𝑘,𝜙𝑖
𝑡

𝐷𝑙𝑎𝑡,𝜙𝑖
𝑡 ⁡



𝐷𝑜𝑣𝑏𝑘,𝜙𝑖
𝑡

𝐸𝑏𝑘,𝜙𝑖
𝑡

 

 

𝐷𝑓𝑝𝑐,𝑓

𝐷𝑏𝑎𝑟,𝑓

𝐷𝑙𝑎𝑡,𝑓 =

𝐷𝑏𝑎𝑟,𝑓 + 𝐷𝑓𝑝𝑐,𝑓

∆𝑛 𝐷𝑙𝑎𝑡 ⁡ ∝ ⁡∆𝑛⁡ ∝ (ℎ − ℎ𝑏𝑘𝑓𝑢𝑙𝑙)

∆𝑛

𝜁𝑛𝑖
𝑡 ∆𝑛

𝐷𝑙𝑎𝑡,𝑓𝑖
𝑡 =⁡

𝐾𝑙𝑎𝑡𝑖

𝜁𝑛𝑖
𝑡 ⁡𝑉𝑠𝑖

𝑡

𝐾𝑙𝑎𝑡𝑖

 

𝐷𝑓𝑝𝑐,𝑠

𝐷𝑙𝑎𝑡,𝑠 = 𝐷𝑏𝑎𝑟,𝑠 +



0

𝑡

𝑉𝑠𝑠𝑖
𝑡+∆𝑡 = 𝑉𝑠𝑠𝑖

𝑡 + (𝑄𝑠𝑠𝑖−1
𝑡 − 𝑄𝑠𝑠𝑖

𝑡)∆𝑡⁡ − 𝐷𝑜𝑣𝑏𝑘,𝑠𝑖
𝑡 + 𝐸𝑏𝑘,𝑠𝑖

𝑡

 

∆𝑉𝑓𝑝𝑖
𝑡→𝑡+∆𝑡 ∆𝑡

𝐷𝑜𝑣𝑏𝑘𝑖
𝑡→𝑡+∆𝑡

𝐷𝑜𝑣𝑏𝑘,𝜙𝑖
𝑡 =⁡∆𝑉𝑓𝑝𝑖

𝑡→𝑡+∆𝑡⁡𝐶𝜙𝑖
𝑡(𝑧𝑠𝑢𝑝𝑖

𝑡)

𝐶𝜙𝑖
𝑡 (𝑧𝑠𝑢𝑝𝑖

𝑡)

𝑧𝑠𝑢𝑝𝑖
𝑡 =⁡

ℎ𝑖
𝑡⁡−⁡ℎ𝑏𝑘𝑓𝑢𝑙𝑙

2
+ ℎ𝑏𝑘𝑓𝑢𝑙𝑙  

𝐶𝜙𝑖
𝑡 (𝑧𝑠𝑢𝑝𝑖

𝑡) = ⁡
〈𝐶𝜙𝑖

𝑡〉

𝛼𝜙𝑖
𝑡(𝑧𝑠𝑢𝑝𝑖

𝑡,𝑃𝜙𝑖
𝑡)

𝛼𝜙𝑖
𝑡

𝛼𝜙(𝑧𝑠𝑢𝑝𝑖
𝑡, 𝑃𝜙) =

1

6⁡𝑃𝜙𝑖
𝑡 ⁡exp (6⁡𝑃𝜙𝑖

𝑡 ⁡
𝑧𝑠𝑢𝑝𝑖

𝑡

ℎ
) (1 − exp (−6⁡𝑃𝜙𝑖

𝑡))

𝑃𝜙𝑖
𝑡 =

𝑤𝜙

𝛽𝜙,𝑖
𝑡 ⁡𝜅⁡𝑢∗𝑖

𝑡

𝛽𝜙,𝑖
𝑡

𝛽𝜙,𝑖
𝑡 = 3.1 exp [−0.19⁡ × 10−3

⁡𝑢∗𝑖
𝑡

𝑤𝜙
(
ℎ𝑖
𝑡

𝑑𝑠
)
0.6

] + 0.16⁡

𝛽𝑓,𝑖
𝑡 ≈ 0.16 𝐶𝑓𝑖

𝑡 (𝑧𝑠𝑢𝑝𝑖
𝑡) ≈ 0.9 〈𝐶𝑓𝑖

𝑡〉



 

∆𝑉𝑓𝑝𝑖
𝑡→𝑡+∆𝑡

∆𝑉𝑓𝑝𝑖
𝑡→𝑡+∆𝑡 < 0

𝐸𝑏𝑘,𝜙𝑖
𝑡 =⁡−∆𝑉𝑓𝑝𝑖

𝑡→𝑡+∆𝑡 ⁡𝐶𝑏𝑘,𝜙𝑖
𝑡

𝐸𝑏𝑘,𝜙𝑖
𝑡 𝐶𝑏𝑘,𝜙𝑖

𝑡

 

𝑄𝑠𝜙 = f(𝑄)

 

𝑄𝑠𝑓 = f(𝑄)



𝑄𝑠𝑓 = f(𝑄) 𝑄𝑠𝑓_𝑠𝑖𝑚

𝑄𝑠𝑓_𝑜𝑏𝑠

𝑄𝑠𝑓 = f(𝑄)

𝐶𝑏𝑘,𝑓 = 1000

𝐶𝑏𝑘,𝑓 = 0



 

⁡𝐾𝑏𝑒𝑑 = 0

𝑑𝑏 = 200 𝑑𝑠𝑠 = 90 𝐶𝑏𝑘,𝑠 = 500

𝐶𝑏𝑘,𝑠

𝐾𝑏𝑒𝑑 = 0



 







 

𝛼𝑓





 

 



 

 

𝐶𝑓

𝑅𝑟𝑠(𝑁𝐼𝑅)

𝑅𝑟𝑠(𝑅𝑒𝑑)

𝑅 =
𝑅𝑟𝑠(𝑁𝐼𝑅)

𝑅𝑟𝑠(𝑅𝑒𝑑)

π 



𝑅 =
𝑅𝑟𝑠(𝑁𝐼𝑅)

𝑅𝑟𝑠(𝑅𝑒𝑑)
𝐶𝑓(ℎ)

𝐶𝑓(ℎ) = 822.8 × [
𝑅𝑟𝑠(𝑁𝐼𝑅)

𝑅𝑟𝑠(𝑅𝑒𝑑)
]

2.86
+ 0.001 × exp [10.4 ×  

𝑅𝑟𝑠(𝑁𝐼𝑅)

𝑅𝑟𝑠(𝑅𝑒𝑑)
] 



𝐶𝑓

π

π 



 

𝑅𝑟𝑠(𝑁𝐼𝑅) 𝑅𝑟𝑠(𝑅𝑒𝑑)

< 63

𝑅𝑟𝑠(𝑁𝐼𝑅) 𝐶𝑓

𝑅𝑟𝑠(𝑅𝑒𝑑) 𝐶𝑓



𝑅𝑟𝑠(𝑁𝐼𝑅)

𝐶(𝑧 = ℎ) 𝑅𝑟𝑠(𝑅𝑒𝑑)

𝐶(𝑧 = ℎ) 𝑅𝑟𝑠(𝑁𝐼𝑅)/𝑅𝑟𝑠(𝑅𝑒𝑑) 𝐶(𝑧 = ℎ) 𝑅𝑟𝑠(𝑁𝐼𝑅) 𝐶𝑓(𝑧 = ℎ) 𝑅𝑟𝑠(𝑅𝑒𝑑) 𝐶𝑓(𝑧 =

ℎ) 𝑅𝑟𝑠(𝑁𝐼𝑅)/𝑅𝑟𝑠(𝑅𝑒𝑑) 𝐶𝑓(𝑧 = ℎ)

𝑅 =
𝑅𝑟𝑠(𝑁𝐼𝑅)

𝑅𝑟𝑠(𝑅𝑒𝑑)
𝐶𝑓



𝑅𝑟𝑠(𝑁𝐼𝑅) 𝐶𝑓(𝑧 = ℎ)

𝑅𝑟𝑠(𝑁𝐼𝑅)/𝑅𝑟𝑠(𝑅𝑒𝑑) 𝐶𝑓(𝑧 = ℎ)

𝑅𝑟𝑠(𝑁𝐼𝑅) 𝐶𝑓



𝑧 = ℎ

𝑢∗

𝐶(𝑧 = ℎ) 𝑧0 = 10−4 𝐶(𝑧 = 𝑧0)

𝑢∗ = 0.05 𝑢∗ = 0.2

𝑧0

0.05 < 𝑢∗ < 0.2

𝑅𝑟𝑠(𝜆) ∝ 𝑓′ 𝑏𝑏(𝜆)

𝑏𝑏(𝜆)+𝑎(𝜆)

𝑎(𝜆) 𝜆 𝑏𝑏(𝜆)

𝑓′



≈ 𝑎𝑁𝐴𝑃

𝐶 =

𝐶𝑠  =

𝑅𝑟𝑠(𝑁𝐼𝑅) 𝐶𝑓 





 

𝑅 =
𝑅𝑟𝑠(𝑁𝐼𝑅)

𝑅𝑟𝑠(𝑅𝑒𝑑)

𝐶𝑓 𝑅𝑟𝑠(𝑁𝐼𝑅) 𝐶𝑓

𝐶𝑓(ℎ) = 95874 × [𝑅𝑟𝑠(𝑁𝐼𝑅)]2.3  +  0.1 × exp[52.5 × 𝑅𝑟𝑠(𝑁𝐼𝑅)] 

𝑅𝑟𝑠(𝑁𝐼𝑅) 𝐶𝑓(𝑧 = ℎ)

𝑅𝑟𝑠(𝑁𝐼𝑅)/𝑅𝑟𝑠(𝑅𝑒𝑑) 𝐶𝑓(𝑧 = ℎ)



𝑄𝑠𝑓,𝑜𝑏𝑠 𝑄𝑠𝑓,𝑠𝑎𝑡

𝑅𝑟𝑠(𝑁𝐼𝑅) 𝐶𝑓(𝑧 = ℎ) 𝑅𝑟𝑠(𝑁𝐼𝑅)/𝑅𝑟𝑠(𝑅𝑒𝑑) 𝐶𝑓(𝑧 = ℎ)

 





 



 

 







 



∑ 𝑎𝑝𝑝𝑜𝑟𝑡𝑠 𝐴𝑛𝑑𝑖𝑛𝑠

∑ 𝑎𝑝𝑝𝑜𝑟𝑡𝑠 𝐴𝑛𝑑𝑖𝑛𝑠
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A B S T R A C T   

The Mekong river is one of the largest rivers in the world, which flows through six countries of Southeast Asia 
(China, Myanmar, Laos, Thailand, Cambodia and Vietnam). Its hydro-sedimentary regime is changing rapidly, as 
a consequence of a regional shift of land use (agriculture, road, etc.), damming, sand mining and climate 
changes, among others. This study assesses the behavior of particles transported in suspension in the Lower 
Mekong River (LMR), along approximately 1700 km from fluvial to estuarine environments. Suspended sediment 
properties were estimated, simultaneously with hydrodynamic conditions, during three field campaigns. In 
addition, further investigations were performed in the laboratory to assess the structures of particles (flocculated 
or not), their capacity to flocculate (and the impacts on siltation), under a wide range of sediment concentration 
(20–30,000 mg.L� 1). This study confirms that suspended sediment transported in the LMR are predominantly 
(75% by volume) flocculi (or freshly eroded soils aggregates), with median aggregated particle size in the range 
10–20 μm and median settling velocity of the order of 0.01–0.1 mm s� 1. These flocculi are robust under the 
hydrodynamic conditions (turbulence and suspended sediment concentration – SSC) existing in the LMR. Lab
oratory investigations reveal the existence of a threshold sediment concentration (400 mg.L� 1), beyond which 
flocculation and sedimentation increase of orders of magnitudes. Thus, concentration that exceeds this threshold 
might promote the formation of so-called fluid mud layers. Because of the nonlinear response of flocculation and 
sedimentation with SSC and considering the ongoing changes at a regional scale in the LMR, higher occurrence of 
fluid mud layers in the fluvial upstream waterbodies might be anticipated, and a lower occurrence in estuaries 
and alongshore where the concentration decrease. The geomorphology could be impacted, with an over-siltation 
in dams and an exacerbated erosion of the muddy-mangrove coast.   

1. Introduction 

The Mekong river is the tenth longest river in the world with a length 
of 4909 km and has a basin area of 795,000 km2. Its mean annual 
discharge is approximately 475 km3, i.e. the sixth largest in the world. 

The river originates from the Tibetan Plateau (China) with an elevation 
of more than 5000 m above sea level (a.s.l.); then, the river flows 
through a variety of geomorphological and climatic systems and ends in 
the fertile delta of Vietnam (55,000 km2), before discharging into the 
South East Sea of Vietnam (Mekong River Commission portal - MRC, 
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Abstract: We investigate the mass balance of the Cenozoic Andes-Amazon source to sink system
using rock uplift proxies and solid sedimentation of the Marañón Basin in Peru. The evolution of
sedimentation rates is calibrated with regional structural restored cross-section. The quantification
of eroded sediments from reliefs to sedimentary basin is achieved with ×10 Myr resolution
and compared to present day proxies from the HYBAM (HYdrologie et Biogéochimie du Bassin
Amazonien) Critical Zone Observatory. Erosion of the early Andean landforms started during the
Upper Mesozoic period, but sediment rates significantly increase during the Neogene. This is in
agreement with the calibrated increase of rock uplift in the Andean orogenic belt.

Keywords: source to sink; mass balance; erosion; sedimentation rate; Andes; Peru; Marañón
Basin; Cenozoic

1. Introduction

Quantification of sedimentary basin is one of the numerous steps to understand the interaction
and resulting product of the solid earth with the external envelopes of the Earth (Sediment Routing
Systems; e.g., [1]). Foreland basins represent one of the repositories of the mountain building history
and its evolution [2]. Vertical movements and horizontal shortening of the sedimentary wedge [3]
are the main topics of interest of foreland basin studies, whereas the movements of mass and flux
associated with sedimentary signal represent of least studied aspects of these geological structures [4].
Due to the focus of interest on the uplifted structures at the transition between the main relief and
sedimentary basin, efforts have been made towards the qualification and quantification of erosion
in the hinterland (e.g., [2,5]). The depositional record of the foreland sedimentation and erosion in a
growing mountain range is associated with unconformities that make the deconvolution of geological
processes difficult to establish [6].

The northern Central Andes of Peru are characterized by the absence of Altiplano, the flat slab
subduction of the Nazca oceanic plate [7–9] and an extensive deformation of the eastern Andean
orogenic wedge with an amount of shortening greater than 140 km [10]. As a result, this region shows
the easternmost propagation of the Subandean orogenic front [11] and record the foreland basin
system [12] related to the rise of the Andean orogenic wedge and its erosion.

Total suspended sediment yield exported from the current Andean orogenic wedge to the
Amazon retro-foreland basin has been estimated by the HYBAM (HYdrologie et Biogéochimie
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The Madeira River is the second largest tributary of the Amazon River. It contributes approximately 13%
of the Amazon River flow and it may contribute up to 50% of its sediment discharge to the Atlantic Ocean.
Until now, the suspended sediment load of the Madeira River was not well known and was estimated in a
broad range from 240 to 715 Mt yr�1. Since 2002, the HYBAM international network developed a new
monitoring programme specially designed to provide more reliable data than in previous intents. It is
based on the continuous monitoring of a set of 11 gauging stations in the Madeira River watershed from
the Andes piedmont to the confluence with the Amazon River, and discrete sampling of the suspended
sediment concentration every 7 or 10 days. This paper presents the results of the suspended sediment
data obtained in the Madeira drainage basin during 2002–2011. The Madeira River suspended sediment
load is estimated at 430 Mt yr�1 near its confluence with the Amazon River. The average production of
the Madeira River Andean catchment is estimated at 640 Mt yr�1 (±30%), the corresponding sediment
yield for the Andes is estimated at 3000 t km�2 yr�1 (±30%), and the average denudation rate is estimated
at 1.20 mm yr�1 (±30%). Contrary to previous results that had mentioned high sedimentation rates in the
Beni River floodplain, we detected no measurable sedimentation process in this part of the basin. On the
Mamoré River basin, we observed heavy sediment deposition of approximately 210 Mt yr�1 that seem to
confirm previous studies. But while these studies mentioned heavy sedimentation in the floodplain, we
showed that sediment deposition occurred mainly in the Andean piedmont and immediate foreland in
rivers (Parapeti, Grande, Pirai, Yapacani, Chimoré, Chaparé, Secure, Maniqui) with discharges that are
not sufficiently large to transport their sediment load downstream in the lowlands.
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Abstract Formation of mountain ranges results from complex coupling between lithospheric deformation, 
mechanisms linked to subduction and surface processes: weathering, erosion, and climate. Today, erosion of 
the eastern Andean cordillera and sub-Andean foothills supplies over 99% of the sediment load passing 
through the Amazon Basin. Denudation rates in the upper Ucayali basin are rapid, favoured by a marked 
seasonality in this region and extreme precipitation cells above sedimentary strata, uplifted during Neogene 
times by a still active sub-Andean tectonic thrust. Around 40% of those sediments are trapped in the Ucayali 
retro-foreland basin system. Recent advances in remote sensing for Amazonian large rivers now allow us to 
complete the ground hydrological data. In this work, we propose a first estimation of the erosion and 
sedimentation budget of the Ucayali River catchment, based on spatial and conventional HYBAM 
Observatory network. 
Key words Ucayali; Pachitea; Andes; Amazon; erosion; sedimentation; MODIS; Peru; hydrology 
 
INTRODUCTION 

The Ucayali River is a main Andean tributary of the Amazon River, the largest river system in the 
world. It drains a large region, from the Nevado Mismi (5597 m a.s.l.), recognized today as the 
source of the Amazon River, to its confluence with the Marañón river (~90 m a.s.l.), near Iquitos. 
A large part of its drainage area is Andean (~56%, considering the Andean domain limit at 500 m 
a.s.l.). The Ucayali River basin is of great economic interest for Peru, as it hosts large reserves of 
gas, supports fluvial transportation of goods and people, tourism and wood commerce. 
Consequently, the basin is facing recent transformations and increasing anthropogenic pressure.  
 Since 2003, the work of the HYBAM program (Geodynamical, hydrological and 
biogeochemical control of erosion/alteration and material transport in the Amazon basin; 
www.ore-hybam.org) have allowed quantification of discharges, sediment loads and geochemical 
fluxes from major Amazonian tributaries with accuracy, precision and over a long period. The first 
ever suspended sediment yields (SSY) and budgets estimates for the Peruvian Amazon were 
published by the HYBAM program, showing stable balances from upstream to downstream 
(Guyot et al., 2007, Armijos et al., 2013). However, these studies did not address erosion and 
sedimentation processes in the foreland basins. The sedimentary contributions from Andean 
tributaries and re-suspension processes could mask a very strong sedimentation in subsidence 
zones localized between the control points of the HYBAM’s network. Also, the spatial distribution 
of SSY into the Peruvian Amazon-Andean basin is poorly documented. In this work, we thus 
propose an assessment of the sediment budget of the Ucayali River using ground and remote-
sensing data for the 2009–2012 hydrological cycles. Indeed, the development of remote sensing 
techniques such as the continental altimetry and water colour monitoring with MODIS images 
today allow us to complement conventional hydrologic network data (Calmant et al., 2008; 
Martinez et al., 2009, Espinoza-Villar et al., 2012). 
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