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Isotopic fractionation during evaporation from the ocean

           March 16, 1996 8:49 Annual Reviews GAT-8 AR10-08

O AND H IN THE HYDROLOGIC CYCLE 233

The most useful model for the isotope fractionation during evaporation,
which has stood the test of time, is that of Craig & Gordon (1965). The
model is based on the Langmuir linear-resistance model for evaporation and
is schematically shown in Figure 3. The following assumptions underlie this
model:

(a) equilibrium conditions at the air/water interface, so that the relative humidity
is h = 1 and RV = Æ§RL;

(b) a constant vertical flux, i.e. no divergence or convergence in the air column;
and

(c) no isotopic fractionation during a fully turbulent transport.

The appropriate flux equations for thewater substance (E) and isotopicmolecul-
es (Ei , either for HDO or H218O) are then

E = (1° h)/Ω; Ω = ΩM + ΩT

and

Ei = (Æ§RL ° h · Ra)/Ωi ; Ωi = Ωi,M + Ωi,T.

Figure 3 The Craig-Gordon evaporation model.
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Gat (1996)

𝑤!𝑞! = 𝐶"𝑈#$(𝑞% − 𝑞#$) (1)

Bulk formulas for evaporation flux

𝑤!𝑞&%'! = 𝐶",&%'𝑈#$(𝛼)*𝑅'+)𝑞% − 𝑞#$,&%') (2)

moisture transfer coefficient
wind speed at 10m

2



Isotopic fractionation during evaporation from the ocean

           March 16, 1996 8:49 Annual Reviews GAT-8 AR10-08

O AND H IN THE HYDROLOGIC CYCLE 233

The most useful model for the isotope fractionation during evaporation,
which has stood the test of time, is that of Craig & Gordon (1965). The
model is based on the Langmuir linear-resistance model for evaporation and
is schematically shown in Figure 3. The following assumptions underlie this
model:

(a) equilibrium conditions at the air/water interface, so that the relative humidity
is h = 1 and RV = Æ§RL;

(b) a constant vertical flux, i.e. no divergence or convergence in the air column;
and

(c) no isotopic fractionation during a fully turbulent transport.

The appropriate flux equations for thewater substance (E) and isotopicmolecul-
es (Ei , either for HDO or H218O) are then

E = (1° h)/Ω; Ω = ΩM + ΩT

and

Ei = (Æ§RL ° h · Ra)/Ωi ; Ωi = Ωi,M + Ωi,T.

Figure 3 The Craig-Gordon evaporation model.

A
nn

u.
 R

ev
. E

ar
th

 P
la

ne
t. 

Sc
i. 

19
96

.2
4:

22
5-

26
2.

 D
ow

nl
oa

de
d 

fro
m

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
by

 E
TH

- E
id

ge
no

ss
isc

he
 T

ec
hn

isc
he

 H
oc

hs
ch

ul
e 

Zu
ric

h 
- B

IB
LI

O
TH

EK
 o

n 
06

/1
2/

14
. F

or
 p

er
so

na
l u

se
 o

nl
y.

           March 16, 1996 8:49 Annual Reviews GAT-8 AR10-08

O AND H IN THE HYDROLOGIC CYCLE 233

The most useful model for the isotope fractionation during evaporation,
which has stood the test of time, is that of Craig & Gordon (1965). The
model is based on the Langmuir linear-resistance model for evaporation and
is schematically shown in Figure 3. The following assumptions underlie this
model:

(a) equilibrium conditions at the air/water interface, so that the relative humidity
is h = 1 and RV = Æ§RL;

(b) a constant vertical flux, i.e. no divergence or convergence in the air column;
and

(c) no isotopic fractionation during a fully turbulent transport.

The appropriate flux equations for thewater substance (E) and isotopicmolecul-
es (Ei , either for HDO or H218O) are then

E = (1° h)/Ω; Ω = ΩM + ΩT

and

Ei = (Æ§RL ° h · Ra)/Ωi ; Ωi = Ωi,M + Ωi,T.

Figure 3 The Craig-Gordon evaporation model.

A
nn

u.
 R

ev
. E

ar
th

 P
la

ne
t. 

Sc
i. 

19
96

.2
4:

22
5-

26
2.

 D
ow

nl
oa

de
d 

fro
m

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
by

 E
TH

- E
id

ge
no

ss
isc

he
 T

ec
hn

isc
he

 H
oc

hs
ch

ul
e 

Zu
ric

h 
- B

IB
LI

O
TH

EK
 o

n 
06

/1
2/

14
. F

or
 p

er
so

na
l u

se
 o

nl
y.

Gat (1996)

𝑤!𝑞! = 𝐶"𝑈#$(𝑞% − 𝑞#$) (1)

Bulk formulas for evaporation flux

𝑤!𝑞&%'! = 𝐶",&%'𝑈#$(𝛼)*𝑅'+)𝑞% − 𝑞#$,&%') (2)

(2)
(1)

𝑅) = 𝛼,
𝛼)*𝑅'+) − ℎ𝑅-./

1 − ℎ Craig & Gordon (1965)

moisture transfer coefficient

relative humidity with respect
to saturation at the surface

wind speed at 10m
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Gat (1996)

𝑤!𝑞! = 𝐶"𝑈#$(𝑞% − 𝑞#$) (1)

Bulk formulas for evaporation flux
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(2)
(1)

𝑅) = 𝛼,
𝛼)*𝑅'+) − ℎ𝑅-./

1 − ℎ Craig & Gordon (1965)

𝐶",&%'
𝐶"

moisture transfer coefficient

relative humidity with respect
to saturation at the surface

wind speed at 10m
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Wind-speed dependent parameterization of kiso (and especially the 
discontinuity) is not in line with observations 

Merlivat & Jouzel (1979)

k i
so

= 
1 

–
α k

3

Rr = 1



Wind-speed dependent parameterization of kiso (and especially the 
discontinuity) is not in line with observations 

Merlivat & Jouzel (1979)

k i
so

= 
1 

–
α k

Rr = 1

kH218O = 7.5‰ (Pfahl & Wernli, 2009)
kH218O = 7.9‰ (Uemura et al., 2010)

kH218O = 3.4‰ (Bonne et al., 2019)
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Measured vapor isotopes match better with smooth regime 
parameterization

Tuesday Poster by Sebastian Los (Poster #7) Wednesday Poster by Daniele Zannoni (Poster #9)4



A new theoretical framework for parameterizing kiso

Steps:

1) Deduce the friction velocity based on wind speed

2) Use the momentum flux equation to derive the eddy viscosity profile and the fraction of
momentum flux carried by waves at the surface

3) Use the resulting eddy diffusivity profile in the scalar flux equation, along with a 
component of the scalar flux associated with waves

4) Use this equation to derive the scalar transfer coefficient Cx ,which depends explicitly on 
the scalar diffusivity.

5



Momentum flux equation over a wall

𝑢!𝑤′ = 𝑢∗1 = 𝜈
𝜕𝑈
𝜕𝑧

+ 𝐾/
𝜕𝑈
𝜕𝑧

𝐾/ = 𝜅𝑢∗𝑧

𝜕𝑈
𝜕𝑧

=
𝑢∗1

𝜈 + 𝐾/
!

eddy viscosity

von Karman constant (𝜅=0.4)

friction velocity

kinematic viscosity

0.00 0.05 0.10 0.15
ø (Pa)

10°5

10°3

10°1

101

z
(m

)

U10= 10.0m/s

viscous
turbulent
total
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𝐾/ =
𝜅𝑢∗𝑧 1 − 𝛼+𝑒234

1 + (𝛿/𝑧)/

Momentum flux equation with wave component
Cifuentes-Lorenzen et al. (2018)

𝑢!𝑤′ = 𝑢∗1 = 𝜈
𝜕𝑈
𝜕𝑧

+ 𝐾/
𝜕𝑈
𝜕𝑧

+ 𝛼+𝑢∗1𝑒234

momentum carried
by waves

loss of friction
velocity due to
waves

falloff of
turbulence close
to the surface

𝜕𝑈
𝜕𝑧

=
𝑢∗1(1 − 𝛼+𝑒234)

𝜈 + 𝐾/
!

𝐴 [m-1]
inverse wave height

𝜆
sublayer height
(𝛿 = 𝜆𝜈/𝑢∗)

𝛼"
fraction of momentum
carried by waves

0.00 0.05 0.10 0.15
ø (Pa)

10°5

10°3

10°1

101

z
(m

)

U10= 10.0m/s, A=1, ∏=12, Æc=0.38

viscous
turbulent
wave
total
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sublayer height
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fraction of momentum
carried by waves

0.00 0.05 0.10 0.15
ø (Pa)

10°5
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101

z
(m
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U10= 10.0m/s, A=4, ∏=12, Æc=0.38

viscous
turbulent
wave
total
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Assumptions

• 𝜆 = 12 (Reichhardt, 1951)

• 𝐴 = 1𝑚45

• 𝑚 = 1

Edson et al. (2013)

• 𝐶6 =
5.89:5856;8.8<:5856:=787.:;

=788.<7
! 𝑢∗ = 𝐶6 ) 𝑈58
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5.0 7.5 10.0 12.5 15.0 17.5 20.0
U10 (m/s)

0.0

0.2

0.4

0.6

0.8

1.0

Æ
c

A=1, ∏=12

Finding αc

• Solve root-finding problem to determine 
αc for which U(z=10m) = U10

• Result: αc increases with wind speed

°5 0 5 10 15
U (m/s)

10°5

10°3

10°1

101

z
(m

)

U10= 10.0m/s, A=1, ∏=12

MO profile
Æc=0.00
Æc=0.38
Æc=1.00

! no convergence for
U10<5m/s
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0 10 20 30 40
R z0

0 F (z)dz 0

10°5

10°3

10°1

101

z
(m

)

A=1, ∏=12

U10 (m/s)
5.0
7.5
10.0
12.5
15.0
17.5
20.0

𝑤!𝑥′ = −𝑢∗𝑥∗ = −
𝜈
𝑆=
𝜕𝑋
𝜕𝑧

−
𝐾/
𝑆.
𝜕𝑋
𝜕𝑧

− 𝛼>𝑢∗𝑥∗𝑒234

Scalar (/water isotope) flux equation

𝜕𝑋
𝜕𝑧

=
𝑢∗𝑥∗ (1 − 𝛼>𝑒234)
𝜈/𝑆= + 𝐾//𝑆.

= 𝑥∗𝐹(𝑧)!

𝛼> = 0.3 @ 𝛼+

𝑢∗
𝑈#$𝐶=

molecular Schmidt number (𝑆$ = 𝜈/𝐷)

transfer coefficient

turbulent Schmidt number (𝑆% = 1)

wave-coherent scalar flux (Mueller and Veron, 2010)
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Result: weak dependence of kiso on wind speed
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Pfahl & Wernli (2009)
Uemura et al. (2010)

Bonne et al. (2019)

Merlivat & Jouzel (1979)

This study

𝑘?!"#@ = 1 −
𝐶?!"#@
𝐶?!"$@

𝑘?A"$@ = 1 −
𝐶?A"$@
𝐶?!"$@

5.0 7.5 10.0 12.5 15.0 17.5 20.0
U10 (m/s)
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3

4

5

6

7
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(‰
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Diffusivities from Merlivat (1978) 11
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0.15
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Result: weak dependence of n on wind speed

Pfahl & Wernli (2009)
Uemura et al. (2010)

Bonne et al. (2019)

Merlivat & Jouzel (1979)

This study

1 − 𝑘&%' =
𝐷&%'
𝐷?!"$@

B

Diffusivities from Merlivat (1978) 12



5.0 7.5 10.0 12.5 15.0 17.5 20.0
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0.10

0.15

0.20
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n

n = (0.21 + 0.03U10) / (1 + 0.24U10)

Result: weak dependence of n on wind speed

Pfahl & Wernli (2009)
Uemura et al. (2010)

Bonne et al. (2019)

Merlivat & Jouzel (1979)

This study

1 − 𝑘&%' =
𝐷&%'
𝐷?!"$@

B

Diffusivities from Merlivat (1978) 12



iCAM5 simulations

• 2 year free-running simulations
(1 year spin-up)

• 2.5°x1.9° horizontal resolution

• 30 vertical levels

Vapor isotope ratios at lowest model level
(wave – control) 

Next step: nudged simulations

Higher d-excess in 
simulation with
new scheme

13

Nusbaumer et al. (2017)



Summary

• We developed a new framework for parameterizing nonequilibrium
fractionation during evaporation from the ocean, which explicitly
accounts for waves.

• The new scheme simulates a slight decrease in the strength of
nonequilibrium fractionation with wind speed, similar to the smooth 
regime parameterization by Merlivat & Jouzel (1979).

• This is in line with measurements of vapor isotopes in the near-
surface boundary layer (e.g., Pfahl & Wernli, 2009; Uemura et al., 
2010; Steen-Larsen et al., 2014; Bonne et al., 2019; Posters by
Sebastian Los and Daniele Zannoni).

0.00 0.05 0.10 0.15
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10°3
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101

z
(m
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U10= 10.0m/s, A=1, ∏=12, Æc=0.38

viscous
turbulent
wave
total
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