
On the evaporation from a lake in warm and dry environment 

By K. FRAEDRICH,’ Meteorologtches Institut der Univers&at Bonn, Gemany 

(Manuscript received October 21, 1971; revised version January 10, 1972) 

ABSTRACT 

Evaporation suppressed by an inversion can occur over water reservoirs, when air is 
advected from a dry and warm environment. A proposed model of this process is 
based on the conservation of heat and moisture, and on the energy balance at  the 
water surface. Under steady state conditions the inversion height, and the turbulent 
heat and water vapor fluxes are analytically determined. They depend on the travel 
distance of the air over the water surface, on simple turbulence parameters, on the 
net radiation at the water surface, and the temperature and moisture distribution over 
the land. An example is presented for the case of a well mixed environment. 

Introduction 
A shallow stably stratified layer (inversion 

layer) is produced by a negative (downward) 
heat flux over a water surface, when the 
air is blowing from the warmer land. Additio- 
nally, if the advected air is relatively dry, 
evaporational cooling amplifies the stable layer. 

Such a shallow inversion layer over the 
water surface will reduce the evaporation of 
the reservoir. This will mainly occur during 
all times in spring and summer and during the 
day time in winter. It is the purpose of this 
paper to develop a simple model of this evapo- 
ration process. 

Many further effects can participate: 
( a )  The air accelerates due to differences in 

the surface stress between land and lake. 
( b )  Secondary flows of thermal origin develop 

by the temperature differences between the 
land and the lake and by a pressure increase, 
because the inversion layer cools. 

(c) The divergence of the (long wave) radia- 
tive flux in the inversion layer due to the 
moisture increase tends to grow the inversion 
strength and height. 

( d )  Interaction between the air and the 
water varies (decreases) the water surface 
temperature along the air trajectory. This 
can lead to an inversion, even if the air tempera- 
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ture of the environment is equal or less com- 
pared with the temperature of the water surface 
at the shore. 

These effects are assumed to have only 
little influence, and they are not taken into 
account for this first analysis. Measurements 
that indicate the existence and the consequen- 
ces of an  inversion are rare. The hydrological 
and energy balance data of e.g. Lake Mead 
(Nevada) show a negative sensible heatflux 
between March and October (Harbeck et  al., 
1958). Furthermore it is well known that the 
evaporation from a pan can far exceed the 
evaporation from a water reservoir. One 
important cause probably is the inversion, 
as it increasingly suppresses the evaporation- 
increasing with the travel distance of the air 
over the reservoir (“vapour blanket”). The 
modification of convectively well mixed warm 
air blowing from the land over a cool sea 
surface has been studied near Massachusetts 
Bay (Craig, 1946). Micrometeorological experi- 
ments show this effect over an irrigated grass 
field and how the microclimate is modified 
on a relatively large scale (Dyer & Crawford, 
1965; Rider e t  al., 1963). 

Modelling 

To simply illustrate the mechanism of this 
process the Boussinesq approximation is used, 
which is valid up to heights smaller than 
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the scale height of the atmosphere. Then 
the potential temperature 0 replaces the tem- 
perature as a thermal variable (Ogura & Phillips, 
1962): 

Similar is the conservative equation of the 
specific humidity q: 

3 ,  a-- 
dt az 

- - (w’q‘), 

i.e. the total change of potential temperature 
and specific humidity is produced by the 
vertical divergence of the turbulent 0-flux: 
w’0’ and q-flux: w’q‘. The process will be 
confined to a steady state with a negligible 
mean vertical motion and a vertically constant 
horizontal velocity u representing the near 
surface wind. Thus the total derivative is 
approximated by 

~ ~ 

~ ~ 

d a  --u--, 
dt ax (3) 

where x is the travel distance of the air in 
wind direction offshore from the land-lake 
boundary (fetch). 

An average temperature 8 of a column with 
the variable height h is defined by 

a = e dz. 

The total change of 0 becomes: 

and using eq. (1): 

where 0(h)  is the temperature a t  the top of 
the column. The analogue equation is derived 
for a mean specific humidity: 

4= Joh q dz, 

Both a and can as well be interpreted as 
variables of a well mixed column. In  the evapo- 
ration process to be modelled the top of 
the column is the top of the inversion layer, - 
where turbulent fluxes of heat H = c , , e a  
and water vapour E =ew‘q‘ become negligibly 
small: 

_ _  ~ 

~ -- - -~ 
(w’ e’),,% 0, (w’ q’)h N 0. (6) 

The turbulent fluxes of heat H, and water 
vapor E, a t  the evaporating surface are com- 
monly parametrized. They are proportional to 
the wind u, to the transfer coefficient ct, 
which is to be the same for heat and water 
vapor, and to the humidity and temperature 
difference between the water surface and the 
layer under the top of the inversion: 

~ 

H,, = cp e (w’ w), = cpe Ct(eo - a ) ,  
(7) 

The density e remains constant; for neutral 
stratification the transfer coefficient ct has 
been found to vary with wind speed as follows 
(Roll, 1965): 

ct = (1.10 + 0.04 u) u in m sec-l 

This form of parametrization of the surface 
fluxes is valid at  a given (instrumental) height 
and under near neutral conditions. It can be 
justified by the (state of the) inversion layer, 
which has been interpreted to be well mixed. 
With this the balance of the energy fluxes a t  
the water surface becomes the closure of the 
equations describing the evaporation process: 

Q = H ,  +LEO,  (8) 

&: Net radiation. 
The evaporation problem can be treated 

differently as diffussion of water vapor from 
a finite area (Sutton, 1953). This approach 
appears to be limited, because it is non-ener- 
getic. But the moisture flux is directly connected 
with the heat balance. Thus it is necessary 
to solve simultaneously for the humidity and 
temperature field and to link both fields by 
the energy balance. The equations (a), (5),  
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(8) with the approximations (3), (6), ( 7 )  are 
the basic system to be solved for the horizontal 
variation of the inversion height h(z)  and 
humidity q(x), and consequently of the turbu- 
lent heat and water vapor fluxes over the 
reservoir; i.e. this process has been reduced to 
an one-dimensional problem: 

a ah 
- (h8) = C t ( e o  - 8) + e(h)  - 
ax ax' (9) 

Known quantities are the net radiation a t  the 
water surface Q ,  the water surface temperature 
8, with the saturation humidity qo =q,(8,) .  
They are assumed to be constant so that the 
mechanism of evaporation is determined by 
the partition between the different flux compo- 
nents only. Furthermore the temperature 8(h) 
and humidity q(h) at the top of the inversion 
are given by the vertical temperature and 
humidity distribution of the undisturbed 
upwind environment. Also the wind velocity 
u is prescribed. 

Solution 

For simplicity the environmental field of 
temperature and humidity, which determines 
the undisturbed thermal and moisture distribu- 
tion a t  the inversion top, is prescribed to 
have linear vertical gradients: 

e(h) = oe - r h ,  q(h) = qe - r , h ,  

ae r = - -; I? > 0 unstable; r < 0 stable; 

A log-profile stratification will not appreciably 
change the results in principle but would 
increase the numerical effort (Taylor, 1971). 

Adding eq. (9) and (lO).L/c,, and applying 
the heat balance equation ( l l ) ,  a nonlinear 
differential equation for the inversion height 
h(x) can be deduced. 

ah L ah 
h -  r+-ra + -  
ax( cp ) ax 

The resulting inversion height h(x) becomes 
a square root function of the travel distance 
x over the reservoir: 

h(x)= -_B  + [($ + z o ) * +  2ctBz (13) A 

inversion height a t  x =0, where the air 
trajectory over the lake starts; zo may also 
be interpreted as a roughness length at the 
land-lake interface. 

Two important constraints have to be con- 
sidered: As a complex or negative inversion 
height h(z) is physically intractable, the de- 
scribed process will only occur under the con- 
dition B > 0: Q r 0 or < 0 at the water surface 
must coincide with r + L/c, rp > 0 or < 0 of the 
environment, which is reasonable. 

The top of the inversion h(z) cannot increase 
to infinity but is limited by the lifting condensa- 
tion level, where stratiform clouds will develop. 

Introducting h(x) into eq. (9)  yields the 
horizontal distribution of the mean humidity 
under the inversion: 

qo is the boundary value a t  x =0, which is 
given by the humidity close to the land surface 
4e .  

If the length of the air trajectory over the 
water reservoir is large enough so that zo c c h, 
the mean humidity under the inversion ap- 
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proaches (in the following written as + ) a con- 
stant value: 

@+no -TUB.  

The local evaporation at the water surface 
depending on the fetch can easily be determined: 

E o ( x )  = ctue(po - P ( x ) )  -+CtqruB. (15) 

The total evaporation (per unit area) after the 
travel distance x is given by integration of eq. 
(9) ( z ,<h) :  

E , (x )  = - E,(x’)dx’ : JOX 
= e u y  [p(c)- (qe-ruy)] 

-euF [9.&-ra (.-?)I. (16) 

For large x the local and total evaporation 
approach the same value (15). If only the 
humidity field of the enviroument is well 
mixed: = 0 but I? + 0: 

Due to the similarity of eq. (9) and (10) the 
replacement of 4 ( x ) ,  go =Q(z = O ) ,  pe, po, Fa, and 
Eo by 8(x ) ,  8,  = 8 ( x  = O ) ,  O,, O,, I?, and H ,  leads 
to the related expressions of the temperature 
field: the mean temperature under the inversion 
and the turbulent flux of heat at the water 
surface. 

The new formulae for the evaporation and 
the turbulent heat flux (per unit area) (15, 16) 
depend on the length of the air trajectory over 
the water reservoir. Further important para- 
meters are the net radiation a t  the water 
surface and the thermal and moisture distribu- 
tion of the environment. 

This model is valid, if the turbulent heat 
flux is negative at the land-lake boundary: 
8, <8,, and remains so: F - B  10 (15). An 
example will be presented for the first of the 
two special cases which are discussed in the 
following. 

Case 1 

L 

CP 
r=-ra=o, i.e. B-’=o .  
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The environment is totally mixed. This 
assumption is useful for a first approach and 
a climatological estimation. I n  this case the 
inversion height becomes a linear function of 
the travel distance: 

ah 
- = c tA.  
ax 

The slope of the inversion height must be 
positive, A > 0: 

h ( x )  = ct A z  + z0. 

The humidity (and temperature) field under 
the inversion depending on the fetch is: 

4 ( x ) =  1 - 2  + pe) ( l+A-’ ) - ’+  ( ( 4  
1 + A-’ 

, g o = 4 ( x = o ) .  

and for long travel distances (zo< <h(s) ) :  

4’ ( :+qe)  (1 + A - Y .  (19) 

It follows that the local and total evaporation 
can easily be deduced from eqs. (15) and (16): 

(1 + A-1)-1 = A / (  1 + A )  < 1 is the reduction fac- 
tor of the evaporation due to the development 
of a “vapor blanket” under the inversion. 
The smaller A ,  i.e. the smaller Q or the larger 
the denominator of A ,  the less the evaporation 
becomes (Case 2). 

Case 2 
Q = 0, i.e. A ,  B = 0. 

This condition is approximated during periods 
of cloud cover and might occur also during 
night. 
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so that h(z) = h becomes: 

The humidity field along the trajectory under 
the inversion is given by: 

q(z) = exp ( - z) (do - qo) + qo; qo = 4(z = 0). 

Hence the evaporation becomes negligibly 
small after long travel distances: 

E,(4 = ecru(n0- 

= @ CP (9, - q o )  exp ( - ; z) , 

It is clear that the thermal properties may be 
similarly studied replacing po, qe, rQ by O0, O,, I?. 

Example 
As there are only insufficient data available, 

an example is chosen for the case 1 of a totally 
mixed environment, where the humidity and 
temperature 

q(h) = qe = q ( X  =o)  e(h)  = e, = e(z =o) 
are constant and represent climatological 
values. The following data from the Lake 
Mead Studies for June 1953 (Harbeck et al., 
1958) are used: 

0, = 26.5"C, qe = 3.7 g/kg, u = 5m sec-1 

Oo = 22"C, qo = 16.1 g/kg, Q = 326 Ly d-1, 

and e = 1 kg/m3; zo = 1 cm is assumed. 

This is directly leads to ct = 1.3 x 10-3, and A = 

5.0. The constant slope of the height of the 
inversion layer (17) c , - A  =6.5 x seems to 
be within the right order of magnitude. Over 
Massachusetts Bay (Craig, 1946) the values 
15 x 10-3 to 1 x are found, decreasing with 
larger distances from the shore. This is an 
indication of a parabolic shape (13) of the 
stable layer for the more general case than 
discussed here. Furthermore a slope of 5 x 
is obtained by measurements over an irrigated 
field (Dyer & Crawford, 1965). 

The reduction of the evaporation and the 
turbulent heat flux due to the inversion becomes 
A / 1  + A  =83.3 %. 

Fig. 1 shows the inversion height. Fig. 2 
shows the mean humidity of the inversion 
layer with the related flux of latent heat. The 

Nil 

Fig. 1. Inversion height h (2) versus fetch x. 

lo-= 
I 4 h' I. 0 10 loom 

Pig. 2. Mean specific humidity q of the inversion layer and the latent heat flux LEO depending on 
the travel distance x of the air over the water surface. 
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mean temperature of the inversion layer and 
the heat flux are of course similar. The tempera- 
ture starts with 8, =O, = 2 6 3 ° C  at the shore 
and approaches 8 + 25.8"C over the reservoir. 
The related heat flux starts with H ,  = - 60.7  
Ly d-l. 

The evaporation and the turbulent heat 
flux (20)  over the lake approach the values, 

H ,  + - 57 Ly d-l, L E, + 383 Ly d-1 and 

which compare with the monthly mean data 
of June 1953 measured a t  Lake Mead: 

L E, = 4 1 2  Ly d-1 and H ,  = - 8 6  Ly d-1. 

Conclusions 

I n  deserts and semideserts an inversion can 
reduce the evaporation over lakes and water 
reservoirs. This will occur preferably during 
the daytime, when the heated air is advected 
from the surroundings, supported by evapora- 
tional cooling over the water surface. 

As a consequence of advection, warm and 

dry air is introduced to the inversion layer 
and causes the inversion to rise, whereas 
substance from beneath cannot penetrate 
through it. This is the reason, why the evapora- 
tion and the turbulent heat flux do not vanish, 
but approach lower limits already after a 
relatively short distance off-shore from the 
land-lake boundary. These limiting values 
[eq. (20) ,  or for the more general case eq. (15)]  
are determined by the parameters of the environ- 
ment and the water surface. 

As only the main features are shown, this 
model neglects all the other dynamical and 
radiational effects that can get involved in this 
process, so e.g. the influence of the evaporatio- 
nal cooling on the water surface temperature. 

Acknowledgements 

I am indebted to Professor Dr. H. Riehl 
because the discussions with him lead to this 
paper; thanks are due to him and Professor 
Dr. J. Rasmussen for carefully reading the 
manuscript. 

REFERENCES 

Craig, R. A. 1946. Measurements of temperature 
and humidity in the lowest 1000 feet of the 
atmosphere over Massachusetts Bay. Woods 
Hole Oceanog. Inst., Papers Phys. Oceanog., 
Meteor., 10, 148 pp. 

Dyer, A. J. & Crawford, T. V. 1965. Observations 
of the modification of the microclimate at a 
leading edge. Quart. J. R.  Met. Soc. 91, 345-348. 

Harbeck, G .  E., Kohler, M. A. & Koberg, G. E. 
1958. Water-loss investigations, Lake Mead 
studies U .  S. Geol. Survey Paper 298, 100 pp. 

Ogura, Y. & Phillips, N. A. 1962. Scale analysis of 
deep and shallow convection in the atmosphere. 
J. Atmos. Sci. 19, 173-179. 

Rider, N. E., Philip, J. R. & Bradley, E. F. 1963. 
The horizontal transport of heat and moisture- 
a micrometeorological study. Quart. J .  R .  Met .  
SOC. 89, 507-531. 

Roll, H. U. 1965. Physics of the Marine Atmosphere. 
Intern. Geoph. Ser. 7. Academic Press, New York. 

Sutton, 0. H. 1953. Micrometeorology, pp. 273- 
323. McGraw-Hill. 

Taylor, P. A. 1971. Airflow above changes in 
surface heat flux, temperature and roughness; 
an extension to include the stable case. Boundary- 
Layer Meteorol. 1, 474-497, 

OB MCrIAPEHBM OSEPA B TEIIJIOM M CYXOM OKPYXEHMM 

McnapeHae, noRasnHemoe msepcaei,  MomeT 

qae anseKumi ~oanyxa  113 cyxoro H Tennoro 
OKpyxeHm. rIpefinaraeMaR Mofienb aToro npo- 
~ e c c a  ocHoBaHa Ha coxpaHeHm Tenna H nnara 
II Ha 6ana~ce  aHepraa Ha nosepxHocTH BORIS. 
B cTaqaoHapHux Y C ~ O B I X R X  aHannTmecKa onpe- 

HMeTb MeCTO Han BORHbIMM pe3epByapaMH B C n Y -  

AeJIRIOTCfl BbICOTa MHBepCHH M Typ6yJIeHTHISe 

IIOTOKM Tenna H Bonmoro napa. OHM ~ B B A C R T  
OT PaCCTORHMH, IIpOXORAMOrO BeTpOM HaR BOA- 
H O B  IIOBepXHOCTbIO, OT IIpOCTbIX napaMeTpOB 
Typ6YJ?eHTHOCTH, OT nOnHOrO npkiToKa pa~naqat i  
K B O A H O ~ ~  nosepxHocTa M OT pacnpeEeneHm 
TeMnepaTypbI M BnamHocTIf Han cyurei. IIpen- 
cTaBneH npwep  B cnysae xopomo nepeMemaa- 
HOrO OKpymeHMR. 

Tellus XXIV (1972), 2 

9 - 722897 


