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ON THE EVAPORATION FROM THE OCEANS 
BY 

H. U. SVERDRUP 

Scripps Institution of Oceanography 
University of California 

La Jolla, California 

In a preceding paper (Sverdrup, 1936) the author attempted a computa-
tion of the evaporation from the sea on the basis of the assumptions that: 

1. A boundary layer exists next to the surface within which transport of 
water vapor takes place by ordinary diffusion. 

2. Above the boundary layer the transport of water vapor takes place 
by eddy conductivity. 

3. The eddy conductivity, A, is, according to laboratory results, a linear 
function of the altitude above the sea and depends upon the roughness of 
the surface which is described by means of the roughness parameter, z0 , 

having the dimension of a length: 

A = ~l v~ = ~ko(z + zo) v~ 
where 't is the tangential stress of the wind, is the density of the air, and 
ko is a numerical constant equal to 0.38. The importance of the roughness 
is much greater than directly apparent from the above equation, since the 
tangential stress, 't, is a function of the roughness. The stress corresponding 
to a given wind velocity, measured at a distance, z, from the surface, in-
creases with increasing roughness, and the eddy conductivity corresponding 
to a given velocity increases, therefore, with increasing roughness. 

When undertaking a numerical computation it was furthermore assumed 
that the roughness parameter of the sea surface increased with increasing 
wind velocity and that the thickness of the boundary layer next to the 
surface was independent of the wind velocity. In a recent paper Rossby 
(1936) has discussed the roughness parameter which must be ascribed t0 the 
sea surface in order to account for the observed variation of wind velocity 
with altitude in the layers close to the sea surface, the observed angle 
between the surface and the gradient wind, and the ratio between surface 
wind and gradient wind. Rossby was primarily interested in the frictional 
force between air and water. He summarizes his results as follows: 

"In conclusion, it appears that the interaction between air and water 
takes place partly through real tangential shearing stresses and partly 
through normal pressures. With light winds and fair ly smooth water, 
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the normal pressures appear to be insignifi cant. The wind velocity pro-
file is then given by von Karman's formula which implies the existence of 
a laminar subboundary layer next to the surface. With rough seas, 
normal pressures come into play. Within a distance from the surface 
which does not exceed the height of the waves, the velocity profile seems 
to be determined by the tangential forces mainly, but somewhat higher 
up the (logarithmic) velocity gradient is steeper, in response to the 
influence of normal pressures. In the case of rapidly changing conditions, 
the roughness may reach very high values (z. = 20 cm), but with steady 
winds the sea surface appears to adjust itself in such a fashion as to 
permit the air to move over it in the most economical fashion. The 
roughness parameter corresponding to steady moderate to strong winds 
seems to be in the vicinity of 0.6 cm." 

In view of these conclusions, which are based on a great amount of evi-
dence, it is necessary to revise the previous computations of the evapora-
tion. Instead of introducing a roughness parameter which increases with 
increasing wind velocity one must introduce a constant value, Zo = 0.6 cm, 
or consider the sea surface as being smooth. It is essential to know the 
correct alternative, since the value of A depends upon the tangential stress 
which is a function of the character of the surface. The thickness of the 
boundary layer through which vapor transport takes place by diffusion 
must be studied, since the assumption of a constant thickness appears 
improbable because over a smooth surface the thickness of the laminar 
sub-layer is nearly inversely proportional to the wind velocity. 

Before proceeding it is necessary to consider the mechanism of the trans-
port of water vapor. In the case of a rough surface above which no layer of 
laminar flow exists, the eddy conductivity has a definite value at the surface 
itself, meaning that the eddies actually reach to the surface. In spite of 
this, it is probable that when dealing with the transport of water vapor one 
must introduce a boundary layer within which the transport of water 
vapor takes place through diffusion. One can conceive that for a short 
time a mass of air comes to rest in one of the hollows of the surface. This 
mass of air will immediately give off its momentum to the surface, but the 
vapor pressure will not immediately attain the value which is characteristic 
of the surface. As long as this mass remains at rest i ts vapor contents will 
be increased by processes of diffusion, supposing that it ori ginally was 
lower than the equilibrium pressure corresponding to the temperature and 
salinity of the surface. After a short time the air mass will be removed and 
replaced by another, and similar processes will be repeated. In order to 
describe these processes one can introduce a bounda~y layer the thickness 
of which is a statistical quantity representative of the average conditions 
and within which the transport of water vapor takes place through diffusion. 



TABLE 1 

MEAN VALUES OF VAPOR PRESSURE AT DIFFERENT LEVELS ACCORDIN:G TO OBSERVATIONS OK BOARD THE ATLANTIS 
'-, 
C 
c:: 

Group n Ue t, e, e, e1 e1., e2 e, es e,s eas C ::i:: 
m(su mb mb mb mb mb mb mb mb mb mb :i,.. 

t-
b, 5 2.4 23.7 24.68 28.24 25. 14 24.99 24.91 24. 12 0.286 0 

a, 9 2.6 22.6 24.17 28.09 24.63 24.30 23.54 0.336 
b, 3 2.7 21.6 14. 18 28.00 14.93 14.63 14.45 13.37 0.419 :i,.. 
a, 4 2.9 22.4 17.03 ii0 .80 17.48 17.28 16.31 0.374 ::,:, ..... 
c, 3 3. 1 24.8 25.38 31. 90 25.90 25.40 25.33 24.60 0 .419 
d 3 3.4 26.1 25. 72 34.27 26.40 25.80 25.65 25.13 0.545 t"l 

g 6 4.5 22.2 16. 77 30. 12 17.48 17. 18 15.37 0.740 ::,:, 
t"l 

f 6 4.6 21. 4 16. 32 26.87 17.21 16.68 16.08 15. 12 0.655 
[\3 4 4.65 24.3 21.32 32.25 22.52 21 . 50 19 84 0.812 :i,.. 

c, 8 5.3 24.2 19.75 31. 29 20.83 20.21 19.46 17. 77 1.038 ::,:, 
<-:i 

e 8 5.3 24.5 23.59 31. 74 23.71 23.63 22.24 0.695 ::i:: 
h 10 6.6 19.9 15.78 24.47 16.06 14.52 0 .685 
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If, on the other hand, a layer of laminar flo w existed, and if there were 
an abrupt transition between the pure laminar and the turbulent regions, 
the thickness of the laminar sub-layer would, according to von Karman 
(1934), be given by d = ll .5v/(-r/c-,) ½, where vis the kinematic coefficient of 
friction. Von Karman points out, however, that the transiti on is gradual 
and that the value d = 30v/(-r/c-,) ½ appears as a more reasonable limi t for 
the region influenced by laminar fri ction . Under these conditions it can 
be assumed that the transport of water vapor by diff usion takes place 
where the motion is laminar, and that the thickness of the diff usion layer 
li es between the stated limits . 

If the eddy conductivity within the turbulent region is known, the thick-
ness of the sub-layer of diffusion can be computed by means of observations 
of the vapor pressure at diff erent levels above the sea. When the first 
computation was attempted only one single series of such observations was 
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F igure 1. Vapor pressure plotted against the logarithm of altitude according to observa-
tions on board the ATLANTIS. 

avail able (Wiist, 1920), but recently 1\ir. R. B. Montgomery made a num-
ber of such observations on board the ATLANTIS , and kindly placed them 
at my disposal. Table 1 contains mean values based on the latter series 
in the cases in which the potential temperature decreased with height. 
The measurements could not always be undertaken at the same levels, but 
when computing mean values only obser vations from the same le,·els were 
combined in groups. Within each group the observations were arranged 
according to the wind velocity, and in the table the mean values are entered 
in the order of increasing wind velocity. This was measured at an altitude 
of 6 meters. The interpolated ,·alue of t he vapor pressure at 6 meters is• 
also entered. 

In fi gure 1 the mean values of the vapor pressure are plotted against the 
logarithm of altitude. It is seen that in most cases the values fall on straight 
lines and that the deviations as a rule are of magni tude which must be 
expected, since errors of observations enter with considerable weight owing 
to the small number of seri es in each group. 
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It appears, thus, to be well established that the vapor pressure is a linear 
function of the logarithm of height, if the potential temperature decreases 
with height, that is, if instability exists. Wiist (1937) has recently pointed 
out that according to a detailed analysis of his data of 1920, the logarithmic 
law is not valid below a level of about 50 cm, but this fact is of minor 
importance since we are now dealing with processes at some distance from 
the sea surface. Within this region the validity of the logarithmic law has 
recently been confirmed by special 9bservations undertaken by Lieutenant 
F. L. Black on board the U. S. S. Indianapoli's. 

Supposing that the upward transport of water vapor is the same at all 
levels, it follows that the eddy conductivity is a linear function of height: 

A = a(z· + Zo) 

As previously, we assume 

(1) A = ~ko 0 (z + Zo) = ~kow(z+ z0 ), 

where, according to von Karman, w = 0 is called the fri ction velocity. 

The value of z0 and the value of w, corresponding to a measured velocity at 
some distance from the surface, depend upon the character of the surface. 

Within the turbulent region the transport of water vapor, F, in gr/cm2 

sec 1s: 

(2) F= _rjl.A 
dz 

_ 0.623~A 
p dz 

h . .fi h .d. f h . f 0·623 d . h w ere f 1s the spec1 c um1 1ty o t e air, = -- c, an e 1s t e vapor 
p- e 

pressure. Since the vapor pressure is a logarithmic function of height, we 
can write 

(3) 
Z + Zo 

e = l'o- cln-- or 
Z + Zo 

r: = cd - cln--d+ Zo Zo 

For each of the groups in Table 1, the value of c has been computed and 
entered in the last column of the table. 

We obtain, therefore, 

(4) 
0.623 

F = --~koWC 
p 

The transport of water vapor through the layer of diffusion is, on the 
other hand, 
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(5) 

SEARS FOUNDATION 

F = (t'w - I 'd) 
d 

[I , 1 

where 6 is the coeffi cient of diffu sion referrecJ to vapor pressure, d is the 
thickness of the layer of diffusion and where rw and ed represent the vapor 
pressure at the surface and at the upper boundary of the diffu sion layer, 
respecti vely. Since 

(ti) 
O.ti23 

0 = K --c; 
p 

where K is the coeffi cient of diffusion in cm2/sec (0.23.5) , we obtain from 
(3), (4), and (5): 

(7) d = (ew - r _ ln z + z0
) 

!cow C d + 2o 

The values of z0 and w depend, as already stated, upon the character of 
the surface, and the values of F and d will, therefore, depend upon our 
~ssumptions concerning the surface. 

In the case of a rough surface, we have 

(8) z0 = roughness parameter 

(9) 
• / ~ ko 0. ll:i5 

W = o/ = l z + Zo u, = 1 Z + Zo U, 
n-- og--

z0 Zo 

where u, is the velocity at the level z. 
In the case of a smooth surface we assume 

(10) 
V 

Zo = - - d 
!cow 

since for z = d we must have A/c; = v. The Yalue of w can be computed 
from the equation (v. Karman, 1934) : 

(11) u I u I zu -+ 5.57 og- = 5.5 + 5.r5 og-
w W V 

Rossby (1936) has published a cun e showing u/1c as a function zu/v and 
this curve will be used here. 

By means of the above formulae w, F, and d haYe beeH computed from 
the data in T able 1, assuming either that the sea surface can be cowidered 
as a rough surface with a roughness parameter of z0 = 0.6 cm, or that the 
sea surface can be considered as a smooth surfa e. The computed ,·alues 
are shown in Table 2 in which also the ratio Ff(,·w - 1'6) ha been entered. 
It is seen that the results from .group Ii~ and a2 deviate much from the 
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others and these groups will, therefore, be left out of consideration. It is 
possible that in these cases stationary conditions were not reached, for 
which. reason our computation gives fictitious values, or that the roughness 
of the sea surface was much greater than usual, which, according to Rossby, 
may occur. 

Assuming the surface to be rough and characterized by z0 = 0.6 cm, we find 
nearly twice as great values of the evaporation as when assuming the sur-
face to be smooth. It should be observed that this result which is based on 
equations (4), (9), and (11) is derived completely from consideration of the 
vapor transport in the turbulent layer and is independent of any assump-

TABLE 2 

VALUES OF THE FRICTION VELOCITY, W, THE EVAPORATION, F', AND THE THICKNESS 

OF THE LAYER OF DIFFUSION, d, ASSUMING ROUGH OR SMOOTH SURFACE 

Rough surface, z0 = 0.6 cm. Smooth surf ace 

Gro·up w 1 ()6[,' 1 ()6[,' d w 106F' 106F' d 

cm/sec gr/cm2sec ew-ea cm cm/sec gr/cm2sec ew-e6 cm 

b, 13.2 1.06 0 .30 0 .28 7 .6 0 .61 0 . 17 .22 
a, 14.3 1.34 0 .34 0 .22 8 .2 0 .77 0 .20 .15 
b, 14.8 1. 74 0 .13 1.14 8 .5 0 .98 0 .07 1. 53 
a2 15.9 1.66 0 .12 1. 26 9 . 1 0 .95 0 .07 1. 80 
c, 17.0 1.98 0 .30 0.33 9 .7 1.13 0 .17 .34 
d 18.7 2 .86 0 .33 0.31 10.6 1. 62 0.19 .31 
g 24.8 5 .15 0 .39 0 .29 13.8 2 .86 0.21 .33 
f 25.3 4 .64 0 .45 0 .23 14. 1 2.59 0.25 .24 
a, 25 6 5.82 0 .53 0 .16 14.2 3 .24 0 .30 .13 
C2 29. 2 8 .49 0 .74 0 .09 15.9 4 .63 0.40 .03 
e 29.2 5 .68 0 .70 0 .10 15.9 3.09 0 .38 .05 
h 36.3 6.98 0 .80 0 .10 19. 6 3 .75 0.43 .07 

tion concerning the thickness of the diffu sion layer. Since we do not know 
the amount of evaporation when the measurements were undertaken, we 
have no possibility of deciding which assumption concerning the character 
of the surface is correct, but the values of d may give a clue. 

The values of d decrease with increasing wind velocity. In figures 2 and 
3 they are plotted against 1/w. Assuming the surface to be rough, we find 
that dis nearly proportional to 1/w, and taking the number of series within 
each group into account, we obtain 

(12) 
cl = 4.12 = 27.5Y 

w w 

The values of d, which have been computed on the assumption of a 
smooth surface, show such wide scattering that representation by means of 
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aga.lnst 1/w (w - friction velocity), assuming the sea. 
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a straight line appears to be arbitrary, but introducing a, straight line we 
obtain 

(13) d = 1.86 = 12.4v 
w w 

The last value is of the magnitude which should be expected from von 
Karman's theory. Our analysis, therefore, does not give a result which 
helps in deciding whether we, when computing the evaporation, have to 
consider the sea surface as rough or smooth. In order to arrive at a deci-
sion it is necessary to undertake a comparison between computed and ob-
served values of the evaporation. 

Evaporation values obtained from measurements in pans on board ships 
must be reduced in order to represent the evaporation from the sea surface. 
Such a reduction was undertaken by Wiist (1920), but he probably arrived 
at too low values since he found that the average evaporation from the 
ocean is 82 cm per year. A later revision gave 93 cm, but H. Mosby (1936) 
found 106 cm when considering the energy available for evaporation. 
Assuming 1_00 cm as a probable value we must, therefore, multiply Wiist's 
values of 1920 by 1.22. 

Wiist has published average values of the evaporation for regions of the 
Atlantic Ocean and has compiled the average wind velocities from these 
regions such that w can be computed, but the average humidity gradients 
are not known, for which reason formula (4) cannot be used for a computa-
tion of the evaporation. From (3), (4), and (5), however, we obtain 

(14) 
F = o(r.w - r·,)w 

Kl Z + Zo + d -n-- w 
k0 d + Zo 

Introducing d from (12) or (13) we can, therefore, compute the evapora-
tion if we know the wind velocity at one level, by means of which w is 
found, the temperature and relative humidity at one level, by m'3ans of 
which e, is found, and the surface temperature and salinity, from which 
r ,,, is derived. Such values are available from the Atlantic Ocean between 
latitudes 50° N and 55° S. These and the computed and observed values of 
the evaporation expressed in mm per 24 hours are entered in Table 3. The 
regions are the same as those treated by Wiist. The temperatures of the air 
and the sea surface are derived from Schott's "Geographie des Atlantischen 
Ozeans," the relative humidities are based on Wiist's information, and the 
mean wind velocities are taken from Wii st's paper. It has been assumed 
that all observations have been taken at an altitude of 6 meters above 
the sea surface. The vapor pressure at the surface, e,,,, is obtained by 
multiplying the vapor pressure corresponding to the surface temperature 
by 0.98 in order to take the effect of the salinity into account. 



TABLE 3 

M ETEOROLOGICAL DATA AND SURFACE TEMPERATURES FROM REGIONS OF THE ATLANTIC OCEAN 

COMPUTE D AND OBSERVED VALUES OF THE EVAPORATION FOR THE SAME REGIONS v:, 
t.>:J 

Region Temperature, °C. Rel. humidity ew e ew-e u Evaporation in £4 hours 
Water Air % mb mb mb m/sec E, E, Obsv'd* V, 

'>:J 

50° to 40° N 10.8 10.5 82 12.74 10.10 2.64 8.4 1. 2 2.3 2.2 0 

40 to 30 18.3 17.2 80 20.64 15.73 4.91 6.7 1. 8 3.3 3.2 <: 
30 to 8 25.4 24.9 76 31.82 24.92 7.90 6.7 2.8 5.2 4.3 t::, 

;,.. 
8 to 3 27.4 26.8 83 35.80 29.26 6.55 2.8 1. 1 1. 9 3.0 ...:; 

3Nto20S 25.8 25.7 78 32, 62 25.80 6.82 6.1 2.2 4. 1 4.0 0 

20Sto40S 19.5 18. 3 80 22.25 16.85 5.40 5.6 1. 7 3.2 3.2 <: 
40 to 55 9.9 8 7 82 12.00 9.26 2.74 7.8 1. 1 2.2 1. 6 

• According to Wi:l st (1920) but multiplied by the factor 1.22. 

_ ..... 
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In figure 4 the observed and computed values of the evaporation are 
presented graphically. The computed values which are based on the as-
sumption of a rough surface agree nearly with the observed values, but 
those based on the assumption of a smooth surface and a l~yer of laminar 
flow next to the surface give values which are about half of the observed 
ones. It appears, therefore, that the evaporation from the ocean can be 

5 
mm. 1N 
24 HOURS 

4 z 
0 

40' N 30' 
LA,-ITUDE 

20' 10' 10· 20· 

Figure 4. Observed values of evaporation over the Atlantic oceans, and computed 
values, based on the assumption that the sea surface is characterized by a constant rough-
ness parameter (E,) or that it is a smooth surface (E,). 

computed on the basis of the present theory, provided (1) that the sea 
surface can be considered as a rough surface characterized by the roughness 
parameter, z0 = 0.6 cm; and (2) that a layer of diffusion of thickness, d = 
27.5v/w = 4.12/w, exists next to the surface. The first assumption is in 
agreement with Rossby's conclusions concerning the roughness of the sea 
surface, but both this and especially the second assumption should be 
studied by means of additional data. If such studies confirm our results, 
equation (14) may perhaps be applied when studying the amount of water 
vapor which an airmass receives when flowing over the ocean. 
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