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ABSTRACT. An aerodynamic method estimating evaporation on the basis of the non-linear surface layer
model (Shahawi 1983), has been established. Evaporation rate, E, could be estimated over land or water surface.
The values of evaporation estimated from the derived relation, are influenced by an easily obtainable coefficient, S,
which nts a combination of wind speed, atmospheric stability, heights of measurements, roughness of the
surface, barometric pressure, and density of the air.

Comparative studies between the results of the derived equation, and the measured values revealed consider.
able accuracy and validity of the proposed method.

1, Introduction velocity, temperatures and humidities over land or

: water surface,
Turbulent water vapour flux can be evaluated di- =r

rectly by the eddy correlation method, using fast res- 2. Theoretical .
ponse sensors to record turbulent fluctuations and o

obtaining the mean product A mean property X (Z) in the fully turbulent, con-
L i stant flux layer is given by the following relation based
E=pw ¢ (1) on Monin-Obukhov similarity analysis (1954):
where E is the water vapour flux. ¢’ and w' are the fluc- X =X, X,(Z,) 2
tuating turbulent deviation from the mean value of
specific humidity and vertical component of wind where X, is the scaling parameter for X, equal in

velocity. However, the equipment and techniques individual cases to
required are elaborate, and till now this method has

been employed only by few specialized research groups. g ol 1:: Re Y = Dol whad e &
Several methods have been established to ewaluate o
evaporation in terms of easily measured quantties. Xn = U,
These methods may be classified to three main groups. Oy = — . for X = mean potential
- The first is established on the basis of the consevation PCpR Uy
of heat or water within a system. This inclwes the temperature 6, X, = g,
heat budget and water budget methods. Thesecond
group is concerned wtih the diffusion of _watevapour s = == = for X = mean specific humidity ¢,
by turbulent processes. Methods of this p are pRU,
known as bulk aerodynamic and profile gthods. Xo = gy and Z, = Z/L
Combination of heat budget and bulk aeroynamic the non-dimensional
approaches yields the methods of the thir¢ group level of measurement
known as combination methods (Webb 19¢). > _
; , L == % _ the Monin-Obukhoy
The object of this study is to establish a gerralized kgHlpc,g
formula to estimate evaporation rates with msider- length. Other notation is
able precession from simple measurements | wind conventional.
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The form of X, (Z,) has long been at issue. It is,
however, well established that the eddy transfer coeffi-
cients for u, # and ¢ could be assumed equal. Therefore,
similarity of the non-dimensional functions for wind
(u,), temperature (6,), and humidity (g,) could be
considered. Following the non-linear surface layer
model (Shahawi 1983), one finds the expression for
u, and 6, and consequently g, as follows :

Hn+C=0--+C1=q.+Cg=Zn+

= 4 ) i ( Z») 3
- 2tan (-———-—4 T z” == In 8'{— ( )

In order to eliminate the constants C, C; and C,
of Eqn. (3), measurements of », # and g should be
taken at two levels or more. The finite difference of
the non-dimensional functions of Egn. (3) corres-
ponding to measurements of wind speed at two
levels, a, and b, may be written as follows :

b—a he 4L
e (52) 2 o ()

> g LEAL | b (a+8L) |
— tan—1 (4L'+_a)] - ln} a (b+8L) ‘ (4)

Eqn. (5) similar to Eqn. (4) is given below for A6,
and Ag, when temperatures and humidities are both
measured at the levels [ and #I;

h—1 4L
Abs = Aga =(—-—L—-—-)+ 2[ tan (__—41, -H!)

AL | b (1+8L) i
— un(gr57) |+ | T e

At sufficiently small heights or sufficiently large
L, (neutral conditions), functions of Eqn. (4) and (5)
approach the logarithmic form given below :

b
ln‘( = ) .(6)

Aan = Ag, = ll'l( ‘;l ) ‘7)

Au, =

On the other side, the finite differences of the property
X provided from application of Eqn. (2) to the levels
of measurements (a) and (b) may be expressed as :

a b
AX = Ko AX, (“If . —L-—) (8)

Applying Eqn. (8) for the mentioned individual
casegpa);ud substituting for the values of the corres-
ponding scaling parameters we find :

u, = k (uy—u)/Au, %)
H = — Pcpk Uy (GA'B‘)I{AGN (IU)
E = — pkuy (s— @)/ Aqy (1)

—

Substitution among Eqgns. (9) and (11) for u, provides
Eqn. (12) estimating evaporation by means of two
level measurements :

pk? — up— uy) (g1 — qn) (12)

Lty Aq,

E= =

Eqn. (13) below is more convenient to use than
Eqn. (12) because vapour pressures are more readily
calculated than specific humidities

E= S (uy—u,) (e,—e) (13)
where,
S = 0.622 pk?/P Au, Ag, (14)

Considering the proper system of units; — gm/m3;
P and p in mb; u — m/sec, taking Karman’s constant,
k, equals 0.4, and substituting for Ag, = A6, because
humidities and temperatures are measured at the same
levels (/, h), we find :

S = 0.358 p/P Au, A8, (mm/h) (m/sec)—! mb—?
(15)

When neutral conditions are considered, the coeffi-
cient S could be expressed as follows;

%) In (_';L) (mm/h) (m/s)—* mb—1
(16)

In order to evaluate, S, Eqns. (4) and (5) have been
applied to estimate the values of Aw, and A8, for
different assumed values of L, at the given levels of
measurement a, b, h and /. Therefore, the corresponding
values of Auwand A6 could be estimated from Eqn. (17)
which is derived after elementary substitutions for
uy and H in Eqns. (9) and (10), and the scale length
expression;

S=0.358p/f’|n(

T (AUPA0 arn

The process is then reversed to determine the value
of L, and consequently, Aw, and, A#,, correspon-
ding to the measured, Aw, and A6, Substitution
in Eqn. (15) for, ,Au,, and /\0,, yields the required
value of the cocfficient ,S. For example the values
of ,S, are given in relation to differences of wind speed
Au and, A6, measured at the levels g = [ = 0.5 m.,
and b= i = 2 m, while the values of pand P have been
;}r,sglmnd 1200 g/m® and 1000 mb respectively,

able .

L (Au,P{(A8,)

3. Esthation of evaporation rates from water surfaces

Deration of a working equation estimati
rationrates from lakes, gres(tl:rvoirza anzlm?)lttlrllegr cﬁp:g;
surfaé could be of large practical importance es-
pec:;al whe'n the different parameters are represented
It is mvenient to consider the roughness of the water
surfag,Z,, very close to the water surface itself because
the vae of ,Z,, ranges between 0.003 cm (Mills 1974)
and O cm (Webb 1960). Therefore, the temperature

meased at the water surface, 7, could be acce
as rghness level temperature. ' P
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Estimated values of the coefficient §—0.358 pIPAUn Aly(mm/h) (m/s) mb™, in relation to differences
of wind velocities and temperatures measured at the levels 5—h—2m and a=1—0.5 m for
P=1200 g/m®, P=1000 mb (Tabulated values are §310°)

Ay TE _l_ -y ___l{ijt:!_bi—e. A Neutral ] Stable %
Aumjs  ~2.00 —1.50 —1.00 —0.50 —0.25 0.00 +0.25 -0.50 +1.00 +1.50 -2.00
0.1 1038 934 741 537 606 360 173 58 46 33 20
0.2 864~ 751 6. - S, B 2% U 2 1 63
0.3 624 557 512 437 406 360. 317 288 253 230 215
0.4 532 480 - 446 407 - 384 360 336 314 279 25 243
0.5 467 437 416 393 3N 360 346 329 303 281 266
0.6 432 411 393 3 AR e 3T 332, . 317L uam 286
0.7 416 397 384 368 362 360 349 339 329 314 300
0.8 407 384 380 364 360 360 351 342 337 323 311
0.9 S0S 380" A% 3@ 30 B 360 . 4s3 346 339 332 319
1.0 384 378 858 360 .. 360 RIGE 385 Y 43 a8 ks
1.1 3600, 378 | 354 360350 RIS 356 -3 A A0 33)
§:3 376 373 360 360 360 360 358 351 345 341 332
13 372 370 360 360 360 360 360 353 347 342 336
1.4 368 369 360 360 360 360 360 356 349 343 337
1.3 366 368 360 360 360 360 360 358 352 345 340
1.6 365 367 360 360 360 360 360 360 353 348 344
1.7 BOSL L 1368 |08 A 30T REN T BN Cd80- " | 30 335 3% a4k
1.8 363 361 360 360 360 360 360 360 358 352 347
1.9 362 360 360 360 360 360 360 360 360 354 349
2.0 361 360 360 360 360 360 360 360 360 358 352
2.0 360 360 360 360 360 360 360 360 360 360 360
In order to reduce the number of apparatus used where,

to measured wind velocity, air temperature and humi-
dity we consider that the roughness level is the jower
level of measurements.

The following equalities could be given :

a =I=Zn
Ug = Hzg)= 0
T,=1,

¢; = e, — the saturation water vapour pressure at

5

Considering the above stated, the required equation
could be derived by substitution in Eqn. (15), we
find; Sab

E = 8, u(e;—e;) mmj/h (18)

Se = 0.358 p/PAu, A6, (mm/h) (m/s)~* mb—1,

/ﬁ.un 3 ,(b,!L) == un(Z()/L)
A8, = 8,(h/L)

=~ n(ZOII L)

and

For neutral stratification, Eqn. (18) could be written
as follows

E = §, e, — ¢)

where,

5, = 0.358 p/P In (

__11_)
z,

mm/h (19)

In ( Z}'lo ) mm/h

(m/s)y~'mb—
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TABLE 2

Estimated® values of coefficient, S, (mm/h) (m/s)™ mb™

for roughness parameter, Z,=0.05 cm,

p=1200 g/m®, P=1000 mb, in relation to wind velocities measused at 5=10 m and temperature
differences AT = T,—Ts(°C)

. : Unsjfhle 1Neutrall Sta_lﬂe ;
T —3 -2.5 -2-1.5—1.0-0.5-0.25 0  40.2540.5 +1.0 +1.5 +2 +2.5
iy, M[S
0.50 1250 1200 1150 1100 1050 750 650 523 280 140 80 60 40 20
1.00 720 705 690 670 650 590 560 523 480 420 270 180 150 120
2.00 630 610 590 575 555 540 530 523 510 500 480 455 420 380
3.00 565 560 553 542 535 530 525 523 520 518 500 485 480 470
4.00 545 540 533 530 529 527 524 523 521 520 515 510 500 480
5.00 535 332 530 528 526 524 523 513 522 %20 518 516 313 510
6.00 3320 U530 328 527 525 523 523 523 523 321 519 . 517 515 5i}
7.00 £301 528 526 525 523 523 823 323 . 523 523 %20, 518,816 ' 513
8.00 B2B' 526 . 5240 523 523 523 523" 523 IS23 . 833, §23° 521 U518 57
9.00 526 525 523 533 05833 323 523, 523 823 523.. 523 523 5% SR
9.00 524 523 523 523 523 523 523 523 523 523 523 523 S23 520
10.00 523 523 523 523 523 523 523 523 523 S23 523 323 523 823

*Tabulated values are Sx10°

For example, the values of S, have been estimated
for Zy = 0.05 cm, wind velocity measured at b = 10 m,
and air temperature measured at A = 2Fm. Results
are shown in Table 2.

4. Estimation of evaporation rates

An attempt to test the accuracy and validiy of the
present method for practical applications s been
performed. Lake Albert values of wind velocity neasured
at 10 m above water surface, air temperature aid humi-
dity measured at 2 m, and water temperatwe, have
been employed to estimate the rate of evigporation
adopting Eqn. (18). The daily mean values of he above
stated elements have been found from th hourly
observations during the four periods menfoned in
the published Ph. D. thesis by Cheng Wan—i (1976).
The results are illustrated in Table 3 togefier with

the corresponding results provided from different
methods.

It is shown that the results provided from the bulk
aerodynamic method are very close to the results
achieved from the present method. This is convenient
since the bulk aerodynamic method could be special
case of the method described in this paper. Compare,
for instance Edn. (19) to the form of Dalton relation.
ship used for investigations at Lake Albert;

E=C Uy (es St 82) mm/3h (20)

The tabulated values of the coefficient ,S, for neutral
stratification gives S, = 1.57 x 103, (cm/3h), while
lake Albert value of C = 1.56x10—3 (cm/3h) defined
by independent reliable measurements of gvaporation
applying energy budget approach.
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TABLE 3

Evaporation results (cm/day) from variable coeflicient method, E, in relation to results found by
Cheng Wan—Lj (1976)

Date S x 108 E Eba
1 Jul 1.59 0.10 0.10
2 1.64 0.17  0.16
3 1,57 0.29  0.29
4 1.55 0.05 0.05
5 1.55 0.11 0.11
6 1.50 0.17 0.18
4 Oct 1.53 0.28 0.29
5 1.52 0.36  0.37
6 1.41 DS - T
7 1.43 0.11 0.12
8 osa b Jome . ey
21 Jan 1.58 0.42  0.41
2 1.59 0.66 0.64
23 1.61 0.67 0.65
24 1.60 050  0.49
25 1.57 0.7 0.77
1 Apr 1258 0.42 0.4l
2 1.58 0.24 0.24
3 150 038 039
4 1.41 009  0.10
5 1.55 0.30  0.30
6 1.57 T

Eeb E EIEY EsalE%  ESIEY

o0 0.13 77 77 =
0.06 0.15 9% 107 40
0.21 0.10 290 290 210
0.23 0.06 83 83 380
0.06 0.50 22 22 12
0.01 0.12 142 150 83
0.13 0.31 9% 94 42
0.27 0.11 327 336 245
0.38 0.21 71 81 181
0.17 0.21 52 57 81
0.37 0.42 86 88 81
0.57 0.75 56 55 76
0.39 0.73 %0 88 53
0.50 0.71 9% 92 70
0.47 0.56 89 88 84
0.51 0.67 115 115 76
0.42 0.31 135 132 135
0.19 0.33 73 73 58
0.86 0.37 103 105 232

= 035 Ve 29 -
0.30 0.37 81 81 81
0.42 0.42 131 131 100

S— cm/3h (m/sec) mb™ , Eba— bulk aerodynamic, E eb-~2nergy budget, E~ mean value of evaporation

measurements

The form of Dalton relationship determined by
comparison with water budget measurements at lake.
Hafner (MarCiano and Harbeck 1954), and supported

by investigations at lake Mead (Harbeck et al. 1958)

and at lake Eucumbene (Webb 1960) is another special
case of Eqn. (19);
E = C u, (e,—e,) cm/3h (21)

The numerical coefficient C has the values 1.39
¢ 10—3 and 1.62 % 10—3 (cm/3h) (m/s)—mb—?, corres-
pondingto a = 4mand @ = 2 m respectively, while
substitution forb = h=4mand b =h = 2 m, and
the chosen value of roughness parameter Z, = 0.05 cm,
in Egn. (19) gives the values S = 1.60 and 1.89. T]_;e
overestimation coufd be due to the utilization of certain
prefixed value of roughness parameter,

by class A pans at Dumandang and Pelican Point,

5. Conclwsion

A method for estimation of evaporation rates over
land or water surface in different atmospheric strati-
fications has been proposed. The cencerned flux is
expressel in terms of more easily measured quanti-
ties.

The cefficient ,S, of the present method includes
a combnation of wind speed; atmospheric stability;
roughnes length; barometric pressure; air density;
and the heights of measurements. It could be claimed
that the aerodynamic methods of prefixed coefficients
are spetial cases of the present method. Moreover,
estimations by the present method seems realistic
since it accounts for most of the parameters affecting
evaporation Pprocesses.
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