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ON THE REMOTE MEASUREM™IT OF EVATORATION PATES WEOM PARE WR7T

SOIL URDWR VARICBLE CIOUD COVER

Introduction

- Periodic assessment of soil water content and evaporation rates can

greatly benefit agriculture, hydrology, and civil works., Recent research

has shown that daily maximum minus minimum surface soil temperature and
“~

daily maximum surface s0il minus air temperature can be used to estimate .

soil water content and bare so0il evaporation rates ( Idso et al, 1975

a, b, c). These procedures have been developed and experimentally veri-
fied only for clear-sky conditions, & continuous cleqf-sky condition is,
however, not the normal case, particularly in the eastern US. In an"
‘eastern state such as Maryland, it is normal that the sky is at least
partly cloud-covered in the afternoon., In order to investigate the
feasiﬁility of estimating daily evaporation rates under variable cloud
cover, evaporation rates were calculated over O.1-hour intervals and the
results integrated 6ver a 24=hour period. The integrated value agreess
reasonably well with calculations in which daily averages of weather
parameters were used. The high time resolution provides a vivid history

of the evaporation rate during the day =nd of the condensstion rate

during the night,

Tvaporation from soil under full or ne-r-full cloud cover has not teen

investigated because of tne lack of ndeguste instrumentation for mea-
suring thermal sky radistion and also becnuse such cloud cover prohitits
remote satellite measurements of reflected solar and of thermal radiation

from soil, anyway.




2.2

Exgerimental Procedure

Experimental Site

The experiment site was at the Goddard Space Flight Center at Greenbelt,
Maryland, at a geographic longitude of -?6051' and a geograpnic latitude
of 39° 0', The so0il was brought there from a sugar beet field of the
Experiment Station of the US Department of Agriculture at Beltsville,

Maryland, and had the following composition:

19.6 % clay (particle sizes below 2 P )
48.9 % silt (particle sizes from 2 to 50 p)

31.5 % sand (particle sizes greater than 50 P)‘

The s0il was in a hole 150 cm x 150 cm large and about 25 cm deep. The

site was 14 m west of an 8 m high building; thus, the soil surface was

arc tan 8/14 !
in the shadow of the building for about 15 degrees/hour = 2.0 hours

after sunrise and unshadowed thereafter until sunset,

Temperature Measurements

Eight thermistors were used to obtain air temperatures at 10 and 150 cm
above the soil surface and s2il temperatures at 0.5, 1, 2, 10 and 20 ecm
below the soil surface,

Sky radiation temperature in the tand from 8 r to 14 p was measured occn-
sionally using a thermal radiometsr (Earnes "ngineering PRPT=Z)., The radio=-
meter had been previously calibrated in the laboratory, using a tlack

body at various known temperatures, Fecause the radiation temperature of

2 : 4 e 0 X
a clear sky was always below the sensitivity r-nge (=20") of the PRT=5,

we covered the aperture with a thin foil. The foil increased the detec-
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table thermal radiation by reflecting emitted radiation from the interior
of the sensor head back onto the detector and by emitting tharmal radiation
by itself. The configuration with the folil was cnlidbrated by viewlng at
cool objects at various temperatures (mostly the sky close to the horizon)
and comparing the temperature readings with and without foil,

Two pyranometers were unsed to measure the total radiation from the hemi-
sphere above the horizon and the reflected radiation from the so0il in the
visible and near infrared regions of the spectrum, The uz-looking pyrano=-
meter was placed on top of an instrument rack, 200 e¢m above the spil sur-
face, ﬁhereas the down-looking ﬁyranometerlwas suspended on a bar,
approximately 20 cm above the soil surfsce, The shadow of the down-looking
pyranOmetér (approximately 0.25 steradian) was usually in its own field.of
view and as a.result the measured albedo was a few percent too low. A
correction was made by dividing the pyranometer reading by the solid angle
ratib

......_._......_.._._....'7;‘ D"z' | .'l: 0.92
T |

‘Wind Velocity Measurements

Two cup-anemometers wers used to obtain wind velocities at 10 and 190 ca
above the soil surface, At wind veloecities below 2 m/s, the cups would

normally notrotate, and a2 wind velocity of 1 m/s w»s assumed.

S0il doisture lMessurements

Pour gypsum block soil moisture sensors were plzced in the s0oil at deptihs

of 2, 5, 10, aﬁd 20 cm. Their resistance wns mensured with alternating

current bridges. Temperature readings from thermistors at corresponding
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2.5

depths were used to correct gypsum block resistance for its temperature
depandence,

Core samnles were token from the so0il and the volumetric so0il moisture
was measured gravimetrically in order to calibrate the gypsum tlock rea-

dings,

Relative Humidity was measured witn a sling psychrometer one to four

times each day at 10 cm and 150 cm above the ground, pAbsolute humidity f

was computed from relative humidity RH using the formula
f =RH=- fsat (1)
where fsat is maximum water content of air at temperature T (in OK),'
)
fsat_[;/m%l_:s 289 = (2
.& being the saturation water vapor pressure in Torr (or mm Hg)
e = exp (-L022 . 4,819 1n T + 53.21). (3)

It was found that f (at 150 cm only) was usually slowly increasing with
time during dry periods and rzpidly dropping éfter a rain. A linesr in-
crease of abédlute_hﬁmidity bétweén consecutive.readings of relative hu-
midity was, therefore, assumed. Helative humidity between readings was

then computed from interpolated absolute humidity values.

~ Precivitation was measured using =z a2in E-ruge. Qualitative notes were

taken on pvercent cloud cover, hnaze density and wind type (gusis versus

'steadywind).

Data Reduction

CAll sutomatic readings were taken at 6 minute intervals on a 24-channel

recorder, “h~ readings were manually enterad into a Hewlett Pack-rd model
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9510 desk calculator which converted the values to physic-l magnitudes,
using laboratory calibration curves. The reduced dnta were simultaneously
printed and plotted, At the same time the calculator performed a harmonic
analysis of each curve f (t) over a T = 24<hour period, computing 48 pairs

of Fourier coefficients,

&y = %_-‘f{(ﬂe)m Lot ot

Yo .
“p B et )

-

P
Ly =% [4(4) sin 4wt dt
v
-~ 21 &h L + L y Ll . _— [
(where W= 2T/ T is the angular frequency and k = 0, 1, 2.0eeeq,47 in-

dicates the k=th Fourier coefficient). The A bk coefficients were con-

verted 2 2
! = T TN ol . 6
l\k - < k ( )
9%:= are tan -%3- (7)
14

such that the original curve c=2n be approximated by the sum of its hare

monic components as
44 =%+ A, A [k + @) + A, ain (2t 1 )4 A wion (10t 45

The maximum number of coefficients was given by the numker of availible

storare regilsters in the czlculator.

short=wave solar and sky radiation

igures 1 and 2 show the short-wave radiastior #_ m two Lypic=lly sunny

e
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days, July 28/29 and October 13/14, Fraguent dips in the eurves can be

noticed, due to inecre-sed cloudiness in the afternoon, The reflected

radiation is shown in Fizsure 3 for October 13/14.,

lLong=wave aky radiation

The thermal radiation Ra from n clear-sity atmosphere hns been cnalculsted
from the air temperature ?a [ai] using the semi-emvirical Idso-Tackson

formula (Jdso and Jackson, 1969)

R Enl\l [cm’] o { I-0.261 exp[~0.000777(T, "2'75)‘]'(.

(%)

Assuming an emission coeffici=nt for wet soil of ‘5 = 0,85, the fraction
0.85 Ra of the thermal sky radistion absorbed by the soil h-s been c-lcue
lated for the October 13/14 obsarvation and is shown in Figure 4, It can
be seen that this energy flux is nesrly constant.

An attempt has been made to measura therm=l sky radi=tion using the FRT5
randiometer, Figure $ snows the radiation temperature in the tand from

8 to 14 pn as a function of zenith nngle on a clear sky (Octoter 22 ) =and

- w T T T T e T e e TP

on a2 cloudy sky ( October 25 ), tir temper-tures on both days have been

betwsen 10 and 150 C. The radiation temperature at zenith angle from 0O

to aprroximately 60 derraszs is -BEOC for the clesr sky =and +15° €. for the
cloudy sky. The corresp ading emitted radiation in the band from 8 to 14 pm
i S.bL and Th, 5 m&/cm?, respectively., flthourh we mesgured the therm-l

sky radiation only in the band from 2 to 14 P the conclusion appears
inevitable that the toial radiation from a cloudy sky is significantly
hirner than that from a clesr shy »nd th-t the Tdso-Tackson formula (9)

is not applicable to a cloudy sky.

™%

he best estimate of thermal r-diation from a cloudy sky (assuming &€= 1)

A AR T LT SR R b e e RIS e g

at an alr temperatiure T_ = 283°K {ig R = 36,4 m¥fcm , whereag from a clear
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sky it is R:\ = 27.6 m¥ cma. Tha difference hetwesn those two =stimsted

fluxes, &R = 8,8 m'.‘f/cma, happens to be nenrly the some as the difference
between the two measured fluxes, AR = 8.9 m'?f/cma. This result seems to
justify our assumption that the emission coefficient of a dense cloud is

nearly unity.

l.ong=-wave soil radiation

The thermle emission from =a s0il at temperature Ts EOKI is

R, En&'.‘/cmﬁ =£$o" TSL} ( 10 )

Assuming zzain Es = 0,35, Figure 5 shows the thermal emission from the .
5011 as calculsted for the October 13/14 observation, The energy flux is

shown negative because it is directed away from the soll surface,

5011 Heat Ilux

For calculating the heat flux into and out of a soil surface one usually
hags to kuow the thermal properties of the soil Accordingly, an attempt

has baen made to compute the thermal diffusivity of the soil,

N = k/pc

from the =zmplitudes and phsses of the temperaturs waves penetrating the

8011 as given in Teble i, The two =pprosches used are described hy

Carlslaw and Jasrer (1353)

7 ! E Do 7} (‘X,) - f&urg [X::.)
V5

I

Ka = X, . {11y
and
Vwi * _ 2alxe) = €:(%) | e
A - X2, — X, (17

The tezpor-Sure euryes are shown in Tisvrss 7 - 12 =nd the Taurier co-
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efficlents of theae curves are listed in Table 1, The results ~re as

follows:
31:;:; px Je5=1 cm 1=2 en 2.5 en £=19 em 10=29 em
Sy
”in cﬂe’-r
Kirom 7, 0.0012 0.011 0.0067 0.00255 0.0049
T, 0.00095 0,013 0.0264 0.,9953 0.0159
¢, 0.0933 £«0056 0,0062 0,0070 0.0133
.?2 0.0039 00,0058 02,0069 0.0072 N.,7MN35
average 0.0023 0.0089 0.0063 0.0063 0.0044

Two characteristics are noticed, First, the therm=l diffusivity of the
layer from 2,5 to 1 cm is significantly lower than =t layers below 1 cm,
This is interpreted as an indicstion of a lower soil moisture content near
the soil surface, Second, although the values calculated from 'T" agree

well with those calculsted from ™,, and the values calcul~ted from f‘

Pyt
agree well with those calculated from fa, the two approaches lead to
significantly different results, “hile in the uppermost layer % (T) equals
only about 0.,38&(Y¥), in the next deeper layer the situation is reversed

and KI(T) o~ 2 “(f).
It is believad that the dis=grezment is c-used by »n enerrey transport

mechanism different from heat conduction, such as diffusion of woter or

;ater yapor tarough the so0il, ond that the procsdurss assuming heat con-
duction z2s the oaly tr-nsyort mechenism =rc not directly 2prlic-tle to =a
v fSleo

different sannroach starts from the -~ssumption that the thermal inertia
ie known. Since the tharasl inertia of »n svuarsaee moist soil is P = 0,14

and that of w=ter P = 0,14, our =ssumptlon appe~rs to ke Jjustified. The




heat flux is ealculated usini only the curve of the temparature =t

6011 surface,

the

“hen the s0il temperature T at -~ depth x is » veriodie function of time

of period :'I/w = 24 hours,

Te=T,+ g T: up(-mﬁ'x)&h[im‘t-mﬁ‘x +‘l'¢)
L=

(where m :;-'9- is the wave number of = tempernture wave whose w
i
is ) .‘QE. . ﬂ bein: the thermal diffusivity of iLhe m-eturinl’fﬂ=

M
then the flux of heat into the s2il is

S=-42L

§ o Bom & T T LT [ein (it - x4 ;)
i 3ot /(mf-wiﬁ* "ch')J

We may use the identity

Ao + ool SN2 samol 00 5% 4 V27 o of 26 IiE°
=177 v ([ +#5°)

to obtain

Sebnli! ET Y?:.""W.i;w (iwt=mlITk + Y +¥50)
i=l

At the surface, ¥ = 0, we hnv

. \'
ﬂrr'_:rf-nt‘.-:- B 7; * Tr A (‘ wt + Yl'-
|

-0

E

ial
"7;:;r‘f"c-‘: e '&ﬁum L= T;- W A (‘iw‘t“kﬁ.*q'so)

1T - ATE [ TEpE <[P

i w

baing the thermal inertia of the soil,
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Sgurtace = 10 PT Au (wt +¥, +45°) + |20 PT, Ad..(znh-'(d-i(-s?h-)}...
<1

Mon (20 +8) + ..

=S' M(wi'-l-s.) + 5&
( 22)

Ve see that the transformation from the Tourier coefficients of the tem-
cerature curve mi.qPi to those of flux curve 540 Ji follows the rules

Si =Viw® PT; ( 23)
é& = ﬁ?“*qks. ( 24 )

for the ith amplitude

and for the ith phase

-

Fipure 7 shows the soil zurface temperature ms on Dctober 13/14, & hnr-

monic analysis results in the following exrression:

T[] =125 46.35 ada [t ~1¥7.2°)+ 03 adia (20t $40.49) #... € 25)

Assuning a thermal inertis typic=l for wet soil,

P = 0.1% Wg'h s e~

the heat [lux into the s0il surface can now be calculated, following equa-

tions (23) and (24)

S [mW/cmt] =7.58 s (0 =102.2%)3 b8 ain (2ut +854)4.ee (26 )

The first 16 pairs of Fourier coefficients of both T and S curves are

listed in Table 1, S is shown in Tigure 13,
. poratio . 2% nt
all or 14 t ol JS
R, (1-a)+ &R, - &R -5~ glE ~A =0 f 27 )
£ 18 the evaj ion snerry snd A 18 ¢ ' i*le heat us=24 to w-rm the
e, g - 1t 3 J$ = Jﬂ_. nd renr n o b 1
JLE
- Reft-a)+2s (Ra- Re)-S ¢ 22 )
E= R ,.
st(1+p)
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"ne “owen ratio is plotted in “icure 14 for tans October 14/14 observation,

The result of a point=by-point c-lcul~tion of © is shown in Tigure 15,

The enerry available for evaporation can be expressed by

02 407 aie (20t +25%) # .. [nWfemdd

J’"E = 8.59 +2LY M.,[to’l’
( 292 )

The evaror-tisn becomes negntive during the nigat, indicoting condensation
of watar on the s0il surface. The intesr-~ted flux of evapor-ting wnter

during the 24-hour period is c=lculated from thes first coefficient of eaq.

B ‘-‘J‘imﬁp‘- + 8LY%00s
I ’f:u? '.2J¥7' "D‘ﬂﬂ!%?o

(29),

=03 c.m/duy = 5mm/d

Summary of Tnergy Fluxes

The contributions of the various kinds of energy, averaged over 24 hours

2
are summarized below ( 2ll in m¥/ca”)

incident light 19.7
reflected light =5
thermal soil radi=ticn - 7.3
thermal sky radiation

ahsorbed by s2il 25:2

t flux through sail surface 0

avaporation enercy = .
sensihle neat o Pt % - M

wnd sky

h iominant contribution of tharmal on from toth soil
cod, Ir e ¢=n lasd to a large error in the
calenlat ranoration rate,
A A s "
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L. Comparison of Calculated Svaporstion with “ublished Models ;

i

Using as the daily averare of 2 weather par-meter its O«-th "ourier i

coefficients as given in Tatle 1, we may c=lcul~te daily evaporation
rates from published models =nd compare the results with our 24<hour

) evaporation flux.

bal Sink Strencsth Approaches

o

Roawer (1931) found empiricsally ) .

T
1
"

0,40 (e = ey) (1 + 20,0071 u) 99

Wind speed u (miles per hour) on October 13/14 2t 0,1 m and 1,5 m

is shown in Figures 16 and 17, raspectively. !sing the average wind

[ pg— e —

4 f speed at 1,5 m, u = 2,4 m/s, we obtain
| 3
E E = 3.3 mm/d, '
! Four formulae given bty Penman (1948) yie=ld the following results:
H
P {
- 8 o= 0,065 (o, = o) u s 3.9 wwa, ( 31) |
| B o= 0,033 (e, -5 u® o 39 mnwya, ( 32)
; E = 0,30 (1 +#0,0142 u) o, =e,) = 3.7 m/d,( 33)
i '!
! and B = 0,32 (1 + 72,0098 u) (e, = 2g) = 3ok mm/d. ( 34 )
| Fenman considers the 1ast equation to te the best form.
ye 2 Fnargy Ralance Approacnes
| Tne Fenman (1943) formul: for an enerey h-lance anppronch gives
| Eo QH2EY .35 8mmld. ( 35 )
Dy
Usinz o formuls of Partholic et 3l. for -potential evaporation from

a wsl surface,

r
i
E
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E=- Rioty + S =.?-7mm,d.
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Remote Sensing Aporoach

According to Idso and Jackson fl??EcL the 24=-hour totz2l of evaporation
from a wet soil is

Ploas T 'm)‘) "‘"1;7* 56

pLE =Ry (1-a) + l.sLE" T

" 2
where all energies are in eal/cn .
Using again d-ily averages of Qv' a, Ta' and T

we obtain

E= t2 nmnyda.

It should be noticed that this approach doa2s not involve a knowe
ledge of wind speed or humidity, whereas =21l other approaches dis-

cussed before require knowledge of both p-rameters.

50il Moisture Aporoach

The soil moisture at 2 e¢m =nd 5 ¢m i3 s2%wn in Pigures 20 and 21, The

totnl chanze of 5911 mhisture »t 2 em during tha 24=hour period is
”~ 2 -
o156 en” O ¢n” 80il. This gives only » lower limit of evaporne
- -~ & /
: t ) .
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Conclusions and Recommendations

The nstimates of daily evapor~tion rates from all approsaches agrea to
within 5 percent. Remote measurement of evapor-tion rztes from hare
wet soil appears feasitle, even under 2 light cloud cover, if no

better accuracy is required.

Jn order to improve the accuracy of evaporation estimates, the follo-
wing research is recommended:

The evépofated mass of water should be monitored qguantitatively using

a welghing lysimeter, so that the ~ccuracy of each individual method
can be given.

'Pne correlaticn hetween cloud cover and thermal sky radistion should he
investigated quantitatively and systematically using a radiometer which

is sensitive in the entire range of wavelengths from 3 to 20 pm.

Valid general procedures can only ve based on a large number of ohser-
vations at various conditions. In an approach to reduce the large num-
ber of variables affecting evaporation rates, certain recurring weather

patterns, their frequencies and characteristics should be identified,

‘and one should search for possible accumulations of such patterns at

various times in the annual cycle and 2t various locstions in the US.

.
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