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1. INTRODUCTION

Remote sensing technigues offer the possibility to estimate evapotranspira-
tion for relatively large areas if ground measurements are available. This
technique is applied in an investigation towards the natural evaporation
losses of fossil groundwater in vast depressions of the Saharian belt. In
the framework of this mapping evaporation project, in situ measurements of
energy balance terms were made.

The evapotranspiration can be evaluated by means of the Bowen-ratio method.
This rather simple technique is very useful to determine the actual rate of
evapotranspiration with field observations. Fieldwork was carried out near
Bir Qifar (lat. 280.33'long. 26°-58') in the Qattara depression, Western
desert of Egypt., during May through July 1988. Although the analysis of
evapotranspiration and other energy terms will be focussed on this data
set, former field observations in the Qattara depression (1987}, will be
applied.

In this report, an analysis of the measured energy fluxes and empirical
relationships among them is presented.

Furthermore, empirical regression constants of well known formulae like
Brunt, Brutsaert, Swinbank and de Bruin are derived.

A procedure is outlined to map net radiation with satellite observations.
Estimates of bare soil evaporation will be obtained on the basis of
observed relationships between net radiation and soil heat flux. Values of

actual evaporation in deserts are finally given.
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2. BOWEN-—-RATIO ENERGY BALANCE METHOD

Energy fluxes entering and leaving the ideal surface at the boundary bet-
ween earth and atmosphere must balance with each other. Energy fluxes
entering the surface are counted positive. The surface energy balance

reads:
Rp + Gg+ H+LE =20 [2.1]

wWhere LE [W.m‘z) is the latent heat flux, Gg (W.m"2) the soil heat flux at
the surface, H (W.m'a) the sensible heat flux and Rp (W.m~2) the amount of
net radiatjion.

The sensible and latent heat flux can be related to the vertical gradient

of respectively temperature and vapour concentration and can be expressed

as:
pa.C
LE = - ——E—E[e(ol - e{z)] [2.2)
7-Ray
p_.C
= - 2—E[1(0) - T(2)) [2.3]
ah
with: p, = air density (kg.m~3)
Cp = air specific heat at constant pressure (J.kg.K"1)
Ray = resistance to transport of vapour through air (s.m"1)
Rah = resistance to transport of heat through air (s.m™1)
= actual vapour pressure (mbar)
= actual temperature (K}
¥ = psychrometric constant (mbar.X"1)

Assuming that Rgzy = Rzh., which in most cases holds true, the ratio H/LE can
be written as:

[T(0)-T(z)]

B =Y te®)-e(2)]

[2.4]
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Where £ is named Bowen ratio, after BOWEN (1924) who first proposed this

concept. Combination of eq. [2.i]1 and {2.4] vyields:

-1
1
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The energy balance equation form [2.1] is that it implies that water eva-
porates at the surface. Tnis only holds true for solls with a rejatively
wet surface. However, when a harren surface dries out., like in arid
regions, phase transition of water will occur inside the soil. MENEXNTI
{1984) defined an evaporation front ai some depth in the soil as based on
the interrelation between vapour fiow regime znd pore size. Without going
into details, i1 was shown that at & certain water content, the exit velo-
city of vapour molecules out of small pores increases and causes an inc¢re-
ment in the soil water diffusivity at lower water content.

With iInternal evaporation, the soi! heat flux at the surface {Gp) suppiies

the energy required for it. The energy balance at the evaporation front can

be written as:

Go - We - LE - G = O 12.67
with:
z
e L
W - ¢ & 42 - heat storzes. (W.m-2) T2, 77
o 3t 18 Lol g . ! [
. ‘

LE = latent heat flux (W.m 2)

Ge s0il heat flux at the evaporation froni (w.m"2)

When the evaporation is poiential (evaporation front at surface level), Gg
accounts for soil heat exchange only. If the actual evaporation becomes
less than potential evaporation (evaporation front inside the soil)., LE is
a part of Gg.

With internal evaporation., 1lhe lalent heai flux through the soil is iden-

tical to the latent heat flux in the air, eq. [2.5] can be rewritten as:

b~
tm
]
1
-4
[3v]

8]
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3. NET RADIATION
[
3.1. REVIEW
The net radiation flux absorbed by the surface is the most important term
of the surface energy balance. Although only measured values of net
radiation are adequately accurate, it is useful to derive net radiation
with empirical relationships when net radiometers are not available. That
makes it possible to evaluate the net radiation by means of other obser-
vations, such as calibrated pyranometers, temperature and humidity sensors
and/or spectral radiance data collected by satellites. The spacial distri-
bution of net radiation can be assessed for different surface types when
remote sensing technigues are applied.
Net radiation equals the sum of net shortwave (0.3-2.8 um), Rgp
and net longwave radiation Rjp (8-14 pm):
The arrow indicate respectively downwelling and upwellinge radiation. The
net shortwave radiation, which appears to be the major component of net
radiation, depends mainly on the surface reflectance, while the incoming
shortwave (solar) radiation is rather uniform for large arid areas. The
incoming shortwave radiation decreases with the progress of fractional
cloudiness. The incoming shortwave radiation can be estimated by means of a
simple equation:
Rg- = (a+b n/N} Ry [3.2]
where Ry is the extra terrestrial radiation, n/N the fractional sunshine
duration and a8 and b are empirical constants, mostly near 0.25 and 0.50 ﬁ
respectively (DOORENBOS and PRUITT, 1977).
The net shortwave radiation can be written as: E
Rgn = (1-8p) Rg! {3.3]
where ag(~) is the surface reflectance.
e v
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More troublesome is the determination of the net longwave radiation.
The Stefan-Boltzmann equation can be applied to obtain both the downwelling

R1+ and upwelling R;* longwave radiation. This requires the definition of

an apparent emissivity of the atmosphere, €':
R]_n = - eaT04 = e'UTa4 [34]

With Ty and Tz being respectively the surface and air temperature (K). The
soil surface may not be considered as a black body radiator. The spectral
surface emissivity of bare soils is therefore governed by the absorption
coefficients and their dependence on wavelength. Furthermore, longwave sur-
face emissivity increases linear with soil water content (TEN BERGHE.
1986}. Considering the band width of the thermal infrared channel of the
Thematic Mapper (band 6; 10.5-12.5 pgm), the range of surface emissivity for
deserts becomes € = 0.96-0.98. TAKASHIMA and MASUDA (1987) showed that
emissivity of gquartz and dust powders increases monotonically with the par-
ticle size in the region 10-17 um.

A quartz powder having particie size in the range 20 to 7400 um has an
emissivity of € = 0.971. The typical emissivity for vegetation is somewhat
lower € = 0.80-0.98 (LILLESAND and KIEFER, 1987). The reflection of long-
wave incoming radiation can be ignored, because only wavelengths between
2.8 and 3.0 pum will contribute to reflection.

The apparent emissivity concept implies that the atmosphere is considered
as a grey body at the screen height temperature. Apparent emissivity of
clear skies can conveniently be related with either actual vapour pressure
{BRUNT, 1932}, air temperature (SWINBANK, 1963) or a combination of them
{BRUTSAERT, 1875).

A successful formula to account for apparent emissivity used in practice,
was given by Brunt, who assumed the form of his formula analogue with
unsteady heat conduction and thermal diffusivity, namely absorption as a

function of the sguare root of vapour pressure (mbar):

€ =a + bfe [3.5]

act

The required constants for eqg. [3.5] are derived for different places on
earth (see Table 3.1):
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Table 3.1. Constants, a, b in Brunt's formula for longwave clear sky radia-

tion
a b Source - Location
0.52 0.065 Brunt (1932) England
0.68 0.036 Anderson (1954) Oklahoma
0.66 0.039 Goss and Brooks (1956) California
0.645 0.048 De Coster and Schuepp (1957) Kinshasa
0.61 0.050 Budyko (1958} -
0.605-0.75 0.048 Sellers (1965) -
0.60 -0.75 0.017-0.057 Wartena et al. (1973) -
0.51 -0.60 0.059-0.085 Unsworth and Monteith {1975) -
0.66 0.044 Doorenbos and Pruitt (1977} Tropics
0.62 0.035 Stroosnijder and van Heemst (1982) -

note: after BRUTSAERT {1975) and TEN BERGHE (19886)

Brutsaert showed that the apparent emissivity under a clear sky can be
empirically related with the actual vapour pressure (mbar} and air tempera-
ture (K):

e
€ = 1.24(—%95)1/7 (3.6]

a

Although the equation depends on both vapour pressure, and temperature, the

value of €' is more sensitive to variations in e, than in T,.

Independent work done by Swinhank gave another empirical relationship:

€' = 0.398 1075 T, 2-148 [3.7]

In the presence of clouds, the apparent clear sky emissivity has to be
corrected with the [1-d(1-n/N})] term, where d = fractional cloud cover and

n/N = relative sunshine duration.

3.2 .DETERMINATION OF NEW COEFFICIENTS OF APPARENT EMISSIVITY FORMULAE

The apparent emissivity can be calculated with different formulae as shown
in the preceding section. To abtain e€'-values, the empirical coefficients
of these formulae must be obtained under local conditions. It was possible
to determine the downwelling longwave radiation term according eq. [3.1],
since net radiation was measured by a net radiometer, the net shortwave

radiation was observed by means of a set dynamometers and the upwelling
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longwave radiation was measured by a thermal infrared radiometer. Finally,

€' can be obtained by inversion of Stefan Boltzmann's law:

e = = [3.8]

Mean daily values of the indirectly measured effective apparent emissivity,
spread over three field campaigns are listed in Table 3.2.

The mean value for day and nighttime becomes'E'day = 0.848 and'E'night =
0.804 respectively. Yet, the ratio of E“night/z'day is approximately equal
to 0.95. It can be seen that during the day the observed range is'E‘day =
0.689-0.987 while at night smaller range could be noticed:'E'night =

Table 3.2. Observed daytime and nighttime apparent emissivity at 2.0 m
height; fieldwork 1987-1983

Day Night
Date Day number of Date Night number of
datapoints datapoints
11/3/87 0.848 9 11/3/87 0.732 15
12/3/87 0.987 12 12/3/87 0.721 10
13/3/87 0.881 23 14/3/87 0.799 6
15/3/87 0.892 66 15/3/87 0.797 7
16/3/87 0.904 8 11/11/87 0.721 7
4/11/87 0.689 15 11/6/88 0.867 18
5/11/87 0.815 60 12/6/88 0.803 34
6/11/87 0.846 89 13/6/88 0.801 8
11/11/87 0.760 83 14/6/88 0.773 39
12/11/87 0.790 99 15/6/88 0.800 51
13/11/87 0.808 26 16/6/88 0.731 5
11/6/88 0.887 97 18/6/88 0.838 60
12/6/88 0.821 133 19/6/88 0.864 78
13/6/88 0.858 23 20/6/88 0.822 52
14/6/88 0.884 101 21/6/88 0.799 76
15/6/88 0.839 144 22/6/88 0.746 29
16/6/88 0.791 35 23/6/88 0.784 B3
17/6/88 0.886 88 24/6/87 0.796 95
18/6/88 0.871 113 25/6/88 0.806 40
19/6/88 0.901 31
20/6/88 0.850 125
21/6/88 0.861 124
22/6/88 0.756 317
23/6/88 0.873 118
24/6/88 0.871 134
25/6/88 0.857 101
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less than unity, thus supporting the use of field measurements as done.
These measurements of ¢' have been applied to obtain new values of the
coefficients in the formulae mentioned in Paragraph 3.1. This provides a
description consistent with desert observations at any timestep. Since air
humidity ﬁas measured with very accurate instruments in 1988 only, the
required constants were determined at any time period for that field cam-
paign only. The resultant formulae arranged with revised constants for day

and night are:

Day night
Brunt €' = 0,72 + 0.046 Ve €' = 0.61 + 0.068 Ve
act act
Brutsaert €' = 1.111 (e /T )0'0728 e' = 1.214 (e /T )0'115
act "a act "a
Swinbank €' = 0.248 10'5.Ta2‘237 €' = 0.149 10+4.Ta—1'318

Table 3.3 presents the root mean square errors (RMS) of computed apparent

emissivity against measured values of ¢'.

Table 3.3. Root mean square values of observed and calculated apparent
emissivity at any timestep:; fieldwork 1988

Date bay Night

RMS RMS RMS RMS RMS RMS

{Brunt) (Brutsaert) (Swinbank) (Brunt) (Brutsaert) (Swinbank)
11/6 0.0413 0.0414 0.0508 0.0422 0.0441 0.05377
12/6 0.0382 0.0386 0.1064 0.0344 0.0373 0.0221
13/6 0.0562 0.0542 0.0236 - - -
14/6 0.0385 0.0571 0.1320 0.0328 0.0419 0.0171
15/6 0.0279 0.0312 0.0889 0.0068 0.0074 0.0074
16/6 0.0516 0.0540 0.0695 - - -
17/6 0.0598 0.0620 0.0465 - - -
18/6 0.0544 0.0574 0.0879 0.0770 0.0825 0.0667
19/6 0.0594 0.0573 0.0183 0.0672 0.0685 0.0651
20/6 0.05687 0.0703 0.1221 0.0281 0.0308 0.0415
21/6 0.0186 0.0182 0.0799 - - -
22/6 0.0969 0.0947 0.0940 0.0562 0.0444 0.0149
23/6 0.0402 0.0388 0.0580 0.0402 0.0388 0.0580
24/6 0.0628 0.0607 0.0424 0.0462 0.0427 0.0244
25/6 0.0286 0.0280 0.0541 0.0640 0.0574 0.0254
aver. 0.0487 0.0509 0.0716 0.0450 0.0450 0.0364
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Fig. 3.1. Observed and calculated values for apparent emissivity according
various emissivity models; Bir Qifar-4, 21 June 1988

The Brunt-type formula (RMS = 0.0487) gave the lowest root mean sguare
error while the Swinbank-type formula gave the largest error (RMS = 0.0716)
(Fig.3.1).

It can be concluded that the best approach is by applying the Brunt-type
formula, having coefficients obtained independently with night- and daytime

measurements.

3.3. ATMOSPHERIC CONDITIONS

Interaction of electromagnetic radiation with the atmosphere occurs through
absorption and scattering. The scattering processes can be split up into
Rayleigh and Mie scattering.

Rayleigh scattering occurs with visible light when the effective diameter
of air molecules is many times smaller than the wavelength. Mie scattering
on the other hand, occurs with particles having the same diameter as the
radiation wavelength, such as dust, aerosols and water vapour. So, with
increasing vapour and dust concentration, scattering increases and affect
the direction and intensity of energy propagation. This results in a
decrease of direct energy reaching the surface.

The effect of atmospheric conditions on the surface energy balance is two-
fold. Atmospheric water vapour and aerosols affect both surface reflectance

and apparent emissivity. These scattering and absorption interactions can
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be indicated by the ratio of diffuse to total radiation, the optical depth
of the atmosphere and the fractional cloudiness. These indicators can be
easily measured in local conditions. The results of these measurement are

work out in the next sections.

3.3.1. Diffuse radiation

The attenuation of atmospheric radiation at the earth surface is due to
scattering, dependent on the presence of atmospheric water vapour and dust.
The total radiation at the bottom of the atmosphere equals the sum of
direct and diffuse radiation. The spectral ratio of diffuse radiation to
total radiation (Rqf(A)/R(A)) is the most direct measure of scattering pro-
cesses. The ratio Rgyqf/Rgyw Can be obtained by integration of the spectral
ratio with respect to the wavelength in the shortwave range. The ratio
Rewdf/Rgw was measured simultaneously with the apparent emissivity during
the third and fourth field campaign and is presented as a weigthed mean
daily value, defined according eq. [3.9], in Table 3.4. Although Rgydf/Rsw
and R4gr(A)/R(A} are both effected by vapour and dust concentration, it is
hereby emphasized that Rgydf/Rgyw Will not reveal the spectral dependence of

the effects of water vapour and dust, as Rgg(A)/R(A} does.

Rewdf _ i-1

K
Sw

n
stdf
2 ( )i st i

R
SW

[3.9]

sw,i

[ Py -]
=

i=1

As can be seen, the daily ratio of ﬁswdffﬁsw increases with apparent
emissivity, but the low correlation coefficient {(r = 0.52) is not very
overwhelming (Fig. 3.2). So, the linear regression constants a = 0.804 and
b = 0.167 are not very meaningful. In fact the low correlation is logical,
because scattering of solar radiation and absorbtion/emission in the ther-
mal infrared spectral range are very different physical processes, although
both scattering and absorption increase with increasing vapour concentra-

tion. It is quite well possible that days with relative high'ﬁswdffﬁsw
values, contain more atmospheric dust (18-22 June 1988) or clouds at high
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Table 3.4. Mean observed values of apparent emissivity ¢’'day, weighted ratio
of diffuse to total solar radiation Rswdf /Rsw and relative
sunshine duration n/N

Date observation €'gay Rgwdf Rsw /N aimospheric
period condition
53711787 8.05-17.20 0.813 0.283 0.52 cloudy
6311 87 7.25-16.30 0.846 D..183 0.10 cioudy
11/11/87 10.35-18.03 0.760 0.125 1.00 cloudless
12'11/87 T.05-17.13 £ 790 0.2543 0.88 cloudy
18711787 6.45- 9.33 0.808 0.2351 1.00 hazy/slightly cloudy
i1 688 9.10-19.30 0.887 0.4353 0.54 cloudy
127 688 6.10-19.30 0.821 0.367 0.76 cloudy
137 6’88 6.05- 9.35 0.838 0.210 1.00 hazy/slighlly cloudy
i4° 6788 10.05-19.30 0.884 0.2531 1.00 hazys/slightly cloudy
157 6./88 6.20-19.30 ©.839 0.277 1.0 hazy‘slightly cloudy
16/ 6/88 6.20-10.83 0.791 0.393 1.00 hazy
17/ 6/88 8.55-17.40 0.886 0.208 1.00 hazy/slightly cloudy
18 6788 6.40-19.30 0.871 0.347 1.00 hazy
19 688 6.30- 9.53C ©€.901 0.464 1.00 hazy
20/ 6/88 8.25-19.30 0.850 0.425 1.00 hazy
i 6788 8.40~-19.2 0.861 (©.333 1.00 hazy
22 688 6.20-10.03 0.736 0.435 1.0 hazy
23 6°8% 8.40-19.30 0.873 0.165 1.0 cioudless
24/ 6788 6.30-19.30 0.871 0.201 1.00 hazy 'slightly cloudy
217 6°88 6.30-23.1 0.857 ¢.207 1.00 hazy siightly cloudy
095
096 - »

i
o1 02 03 _ _ 04 05 06
R st /Rs i—1

Fig. 3.2. Mean daily observed values of apparent emjssivity'znday versue the
weigthed ratio of Rgwdf Rew
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altitudes (5-6 November 1987). The observed fractional sunshine duration
(n/N) is listed to check this hypothesis. The cloud patterns {n/N) agree
nicely with the field weather report (last column), which confirms again
that'ﬁgwdf/ﬁgw in combination with n/N is an indication for dust pather

than for water vapour and not useful to relate with apparent emissivity.

3.3.2., Atmospheric transmittance

It was anticipated that the selection of Rgydf/Rgw is only convenient to
account for atmospheric scattering processes e.g. due to dust. A better way

of assessing the role of absorption is by making use of the transmittance
of solar radiation, where the transmittance is defined as the ratic between
the solar radiation at the bottom and at the top of the atmosphere respec-
tively. The total optical depth (Ttgat) is calculated from atmospherical
transmittance (T} according Ttot = - 1n(T). Theoretically one should corre-
late the vapour optical depth (Ty) with the apparent emissivity. The total

optical depth T(tgt) however, is the only transmittance variable observed

together with the apparent sky emissivity during the fieldwork. The
weighted mean values for total optical depth calculated in the form of egq.
[3.9] are listed in table 3.5. All values gathered in the framework of this
project are presented.

It is evident from Table 3.5 that to relate the apparent emissivity

to total optical depth, a non-linear function is necessary (Fig. 3.3). Yet,
the inference of'z'day from the total optical depth at any timestep is more
trustworthy than from the ratio-ﬁswdffﬁsw. The analytical solution in the

permitted range of the total optical depth ?lot = 0.2-0.6 can be written
as:

E“day = 1.08 Tyt 265 {3.10]

which has been obtained by best-fitting the experimental data.

The spectral radiative properties of the atmosphere are the basis for
atmospherical correction of satellite images. The total optical depth
equals the sum of all components i.e.T{water vapour absorption) *

T(ozon absorption) * T(mixed gases absorption) * T(Raleigh scattering) +
T(aerosol scatterring). where all T are spectral quantities. These proper-
ties were both measured with an experimental type of rotating-band
spectroradiometer during the fieldchecks. The instrument measures total

irradiance and, when the sensor is covered by the rotating band, the dif-
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Table 3.5. Mean weighted optical
emissivity, €'day

13

depth Ttgt in relation with mean apparent

Date locatian observed €'day Ttot number of
period datapoints
1/ 8/86 Bir Sharib 10.05-15.55 - 0.177 4
3/ 8/86 Bir Sharib 8.40-10.05 - 0.074 2
4/ 8/86 Moghra casis 12.05-17.40 - 0.231 3
5/ 8/86 Moghra oasis 2.05-16.50 - 0.271 7
26/ 2/87 Bir Tarfawi 14.10-18.00 - 0.273 11
27/ 2/87 Bir Tarfawi 9.30-14.50 - 0.218 28
6/ 3/87 Bir Sharib 13.20-~16.20 - 0.404 14
9/ 3/87 Siwa oasis 12.50-17 .40 - 0.420 22
10/ 3/87 Siwa oasis 8.40-15.40 - 0.241 23
11/ 3/87 Siwa oasis 13.10-17.40 0.848 0.314 15
12/ 3/87 Siwa oasis 6.30-17.30 0.987 0.227 22
13/ 3/87 Siwa oasis 10.00-14.20 0.881 0.724 22
15/ 3/87 Siwa oasis 6.50-18.20 0.892 0.434 68
16/ 3/87 Siwa oasis 7.20-14.00 0.904 0.235 7
4/11/87 Qara oasis 15.55-17.20 0.689 0.405 1
5/11/87 Qara oasis 8.05-17.20 0.815 0.317 79
6/11/87 Qara oasis 7.25-16.50 0.846 0.377 89
8/11/87 Qattara 10.40-17.20 - 0.254 72
9/11/87 Qattara 6.35- 8.50 - 0.412 28
11/11/87 Qaneitra 10.35-17.15 0.760 0.267 8C
12/11/87 Qaneitra 6.35-17.15 0.790 0.355 121
13/11/87 Qaneitra 6.45- 9.35 0.808 0.387 36
11/ 6/88 Bir Qifar-1 9.10-19.30 0.887 0.436 101
12/ 6/88 Bir Qifar-1 8.50-19.30 0.821 0.385 116
13/ 6/88 Bir Qifar-1 6.30- 9,35 0.858 0.393 26
14/ 6/88 Bir Qifar-2 10.05-19.30 0.884 0.395 107
15/ 6/88 Bir Qifar-2 6.20-19.30 0.839 0.396 158
16/ 6/88 Bir Qifar-2 6.35- 9.55 0.7 0.462 40
17/ 6/88 Bir Qifar-3 8.55-17.40 0.886 0.352 g8
18/ 6/88 Bir Qifar-3 6.40-19.30 0.871 0.452 123
19/ 6/88 Bir Qifar-3 6.30- 9.50 0.901 0.574 37
20/ 6/88 Bir Qifar-4 8.25-19.30 0.850 0.438 130
21/ 6/88 Bir Qifar-4 8.40-1%.30 0.861 0.408 130
22/ 6/88 Bir Qifar-4 6.30-10.00 0.756 0.531 43
23/ 6/88 Bir Qifar-5 8.40-19.30 0.873 0.366 124
24/ 6/88 Bir Qifar-5 6.30-19.30 0.871 0.3863 146
25/ 6/88 Bir Qifar-5 6.30-15.25 0.857 0.330 107

fuse irradiance only. The instrumental characteristics of this so called

Guzzimeter are listed in Table 3.6.

The integrated optical depth for all bands as measured with the Guzzimeter

can be obtained from the spectral optical depths applying to all separate

bands according:
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Table 3.6. Instrumental characteristics of the Guzzi rotating-band spectro-

radiometer

Band Wavelength Radiation flux at Weighing

top of atmosphere coefficient

{nm) (mW.cm~2)

1 379.5 - 414.5 4.828 0.190

2 426.5 - 441.5 2.927 0.100

3 484.0 - 504.0 3.900 0.154

4 504.0 - 524.0 3.717 0.147

5 533.5 - 558.5 4.369 0.172

8 666.5 -~ 681.5 2.1717 0.086

7 726.5 - 741.5 1.926 0.076

8 921.0 - 931.0 0.864 0.034

9 1007.5 - 1022.5 1.062 0.042

T(0.3-2.8 um) =

0.180 Ty + 0.100 T - 0.154 T3 + 0.147 T4 + 0.172 Tg

+ 0.086 Tg + 0.076 T7 + 0.034 Tg + 0.042 Tg [3.11]

where all optical depths are obtained from the ratio of direct irradiance

at the earth surface to the value outside the atmosphere. The weighing

coefficient for
top of the atmos
top of the atmos

each band is computed as the ratio of radjation flux at the
phere for a particular band to the radiation flux at the

phere for all bands.
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Fig 3.4. Optical depth due to water vapour (band 8), Ty(band 8) versus the
total optical depth of all bands, Tygt(a]l] bands); Mmeasurements as
obtained by means of the rotating band spectroradiometer

As stated we are looking for a relationship between Ty and Typt. Since the
water vapour band lies in the spectral range of band 8, it is recommended
to relate Ttot(all bands) With Ty(band 8) directly. All other bands indi-
cate that Ty is always lower than 0.008. The result of an attempt to relate
the mentioned optical depths from July 1986 through November 1987 is showh
in Fig 3.4.

In order to predict Ty(band 8} from Ttot(all bands). the range between

Ty = 0.01-0.10 only appears trustworthy. Hence, with transparent
atmospheres the transmittance is governed by the vapour content.

3.4. THE APPLICATION OF REMOTE SENSING DATA TO MAP NET RADIATION

A manner to relate apparent emissivity with atmospherical and meteorolegic-
al variables, was shown in the preceding sections.

The areal distribution of net radiation can now be predicted. The computa-
tion scheme can be briefly summarized as shown in Table 3.7.

It appears that the solar radiation at the bottom of the atmosphere {global
radiation) has to be accurately known. The only way to face that difficulty

is the use of calibrated pyranometers. Global radiation data have a twofold
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Table 3.7. Alternative procedures for the estimation of net radiation

Option Remote Meteorological Atmospherical Apparent Day{d)
sensing observations conditions emissivity nigth{n)
1a ap.To Rew. Tq, RH - €'=0.72+0.0468Ve ot d
ib To Ta., RH - €'=0.61+0.068Vezct n
2a To Ta - €'=0.149.104 To"1-318 p
2b TO * - €'=0.149.104 T,71.318 4
3a ao.To Rew. Tq Tiot €'=1.08 Tiot0-268 d
3b ag.To Rew, * Ttot €'=1.08 Tyor0- 263 d
4a ag.Tp Rew.Ta ESWdf/§SW €'=°-34+0-167Eswdf/55w d
4b 29, To Rgw,* Rewdf/Rsw €'=0-84*0-167Eswdf/E5" d

*¥air temperature estimated from surface temperature

application to obtain the net shortwave radiation and the optical depth of
the atmosphere, Further, the air temperature can eventually be derived from
the surface temperature, because the diurnal variation of the temperature
stratification was rather constant during the field campaigns and Tg¢-T was
on average 8.7¢C at the local satellite overpass time for the fourth field
campaign. When thermal infrared images are applied to map net radiation,
the difference between at-surface and at-satellite temperature caused by
absorption and emission, should be evaluated which at the same time is an
excellent chance to asses the apparent emissivity from the atmospheric
vapour contribution.

This calculation can be done by means of radiation transfer models {PRICE,
1977).

It is recommended to apply option la (Table 3.7) when sufficient meteorolo-
gical data are available. For the night values of net radiation, alter-
native 2a is satisfactory. Computations of apparent emissivity can also be
done through the optical depth approach (option 3a}. Attention has to be
given to the different defenitions of the optical depth. A combination of

the alternatives will be often possible.
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4. SOIL. HEAT FLUX

4.1 REVIEW

The soil heat flux represents the soil heat exchange component of the
energy budget (see eg. [2.1]). The expression of the vertical conductive

heat flow reads:

_ 4 9T \
G = A 32 [4.1]
where: G = soil heat flux (W.m™2)
T = soil temperature (K}
z = vertical distance {m)
A = thermal conductivity (wW.m~1 g 1)

The soil heat flux is depth dependent because of heat storage, which
implies that temperature waves will not penetrate equally along the soil
profile; moreover thermal conductivity is varying with soil water content.
The soil heat flux at surface level should therefore be related with the
secil temperature gradient at a particular depth. In this study., the tem-
perature gradient between surface level and 10 mm depth will be con-
sidered.

Profiles of soil temperature depend besides the flux density, on the soil
heat capacity C (J.m~3.K-1). The latter property describes the change of
temperature in reaction to a change in heat storage, which can be for-
mulated in combination with the principle of continuity, saying that the
difference in heat flux through an arbitrary laver equals the rate of

change in heat storage::

3T
at

3, ot
= az(A [4.2]

c az

Due to scarcity of information on actual gradients of soil temperature, the
surface energy balance applied in evapotranspiration equations is often for
practical reasans simplified by excluding the soil heat term. This leads to
an overestimation of the latent heat flux, especially when only evaporation

from the barren soil has to be assessed. Neglecting of the soil heat flow
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in arid regions will create a serious drawback on the estimations of the
other terms of the energy balance and requires a careful approach.

A practical solution to account for soil heat flow can be sought in a
manner by relating soil heat flux to net radiation by means of simple,
empirical relationships e.g. Gg = 0.1 Ry (DE BRUIN and HOLTSLAG, 1982}). The
determination of such functions requires a indepth study as presented in

this chapter.

4.2. COMPARISOX OF LINEAR RELATIONSHIPS BETWEEN NET RADIATION AND SOIL HEAT
FLUX

During fieldwork, in situ measurements of Gp.Tgp and 3Tg/d8z were performed
at five different locations inside the Qattara depression (Table 4.1}. The
s0il heat flux Gg was always measured by means of two soil heat flux pla-
tes, located at 2 different depths. The observed fluxes were recorded with
a 3 minute interval. The plates were installed as shallow as possible, just
some millimeters under the surface. The surface temperature (Tp) was
measured by means of a thermal infrared radiometer. Soil temperature values
along the vertical profile were obtained with a switchable thermistor
device and registrated every 60 minutes.

In order to investigate the relevance of the soil heat flux in the radia-
tion budget., values of net radiation were collected simultaneously with the
soil heat flux data {Fig. 4.1}. The dependence of soil heat flux on net
radiation is evaluated by the correlation coefficient as presented in Table
4.2. A discrimination between morning (< 13.30 h} and afternoon values was
made to study the warming up and cooling down processes.

If the morning values on 11/6 and the afternoon values on 25/6 are

0.98 while 44%

neglected, the overall correlation coefficient becomes r

Table 4.1. So0il heat flux observations; fieldwork 1988

Date Location Soil

10-13/6/88 Bir Qifar-1 Dark brown dry puffy
14-16/6/88 Bir Qifar-2 Dry sandy puffy

17-198/6/88 Bir Qifar-3 Dry puffy with salt traces
20-22/6/88 Bir Qifar-4 Porous clayey puffy

23-25/6/88 Bir Qifar-5 Rough hummocky with polvgons
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Fig. 4.1. Observed soil heat flux, Gg against net radiationm, Ry: Bir
Qifar-3 18 June 1988

Table 4.2. Correlation coefficients between soil heat flux Gg and net

radiation R,. Gg was measured by means of two different trans-
ducers (Plate 1, 2) at different depths

Day Site Morning Afternoon Depth (mm)

plate i plate 2 plate 1 plate 2 plate 1 plate 2

11/6 1 0.596 0.530 0.986 0.978 12 17
12/6 1 0.989 0.993 0.924 0.905 12 17
13/6 1 0.996 0.999 - - 12 17
14/6 2 0.863 0.933 0.979 0.978 9 18
15/6 2 0.994 0.997 0.991 0.989 9 13
16/6 2 0.984 0.987 - - 9 13
17/6 3 0.957 0.985 0.979 0.958 8 15
18/6 3 0.997 0.989 0.892 0.996 8 15
18/6 3 0.994 (.990 - - 8 15
20/6 4 0.948 0.954 0.998 0.987 10 10
21/6 4 0.998 0.997 0.991 0.976 10 10
22/6 4 0.948 0.956 - - 10 10
23/6 5 0.933 0.964 0.9885 0.992 12 10
24/6 5 0.997 0.9892 0.991 0.996 12 10
25/6 3 0.994 0.991 0.627 0.619 12 10

of the correlation coefficients were higher than r = 0.99. Hence, it can be
concluded that it is possible to establish a relationship between Gp and
Rn. The high correlation was noticed for both soil heat flux plates.

The similar morning and afterncon correlation coefficients seem to imply
that the phase difference between Rp and Gp can be neglected. This also
states that the selected depths of the soil heat flux plates (8-15 mm} were
appropriate to measure Gg as the soil heat flux at the soil surface. To

investigate the role of Gg against Ry, more deeply, a regression analysis
has been performed. The determined regression coefficients are listed in
Table 4.3.
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Table 4.3A. Linear regression coefficients of Gg = a - b Rﬁ (W.m™2);

plate 1, where Gg (W.m~?) is the soil heat flux and Rp (W.m 2)
the net radiation

Date Site Depth Morning Afternoon Go Ry

(mm)

a b a b

il‘e 1 12 -16.2 0.126 -19.2 0.168 0.129
12/6 1 12 -27.6 0.238 - 8.9 0.209 0.189
13/6 1 12 -27.8 0.228 - - 0.170
14’6 2 9 - 6.3 0.322 - 1.3 0.358 0.347
15/6 2 g -26.1 0.371 - 1.1 0.301 0.297
16/6 2 9 - 6.4 0.311 - - 0.303
17/6 3 8 - 0.2 0.261 -44.5 0.334 0.248
ig8/6 3 8 -13.4 G.297 -15.3 0.272 0.231
19/6 3 8 -10.8 0.312 - - 0,293
20/6 4 10 -15.4 0.292 ~45.6 0.347 0.307
21/6 4 10 -32.4 0.392 -50.3 0.339 0.315
22/6 4 10 -17.3 0.339 - - 0.277
23/6 5 12 -27.5 0.191 -30.9 0.158 0.130
24/6 5 12 -28.5 0.155 ~-26.4 0.152 0.104
25/6 5 12 -24.9 0.181 -26.0 0.191 0.138
Table 4.3B. Linear regression coefficients of Gp = a = b Ry {(W.m™2};

plate 2, where Gp {(W.m™2) is the soil heat flux and Ry (W.m™2)

the net radiation
Date Site Depth Morning Afternoon Go/Rp

{mm)

a b a b

11/6 1 17 -10.1 0.103 -18.4 0.163 0.119
12/6 1 17 -26.3 0.226 - 2.5 0.181 0.178
13/6 1 17 -22.9 0.231 - - 0.173
14/6 2 17 -27.7 0.373 - 0.6 0.295 0.298
15/6 2 13 -20.3 0.326 + 0.3 0.245 0.258
16/6 2 13 - 3.9 0.301 - - 0.298
17/6 3 15 -40.4 0.3382 -22.2 0.355 0.297
ig/e 3 15 -24.0 0.371 - 9.5 0.363 0.325
19/6 3 15 -19.0 0.336 - - 0.301
20/6 4 10 +12.4 0.303 -61.0 0.330 0.300
21/6 4 10 -32.0 0.419 -61.7 0.355 0.343
22/6 4 10 -12.3 0.372 - - 0.324
23/6 5 10 -57.2 0.279 -32.6 0.212 0.166
24/6 5 10 -34.9 0.197 -27.4 0.215 0.162
25/6 © 10 -31.0 0.237 -+ 4.9 0.211 0.192
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Fig. 4.2. Diurnal variation of Gg/Rp for all sites: Bir Qifar-5 24 June
1988

A statistical t-test is done. to assess whether a,b(yorning) are signifi-

cantly different from a.b(afternocon)  Considering 42 degrees of freedom and

a probability level of 95%, the a-coefficients appear not to be statis-
tically different (t-value = 0.28). The t-value for the b-coefficients
{t-value = 0.42) indicates the same result. The differences between
a.b(morning) @nd a.b(afternoon) are therefore, not significant. To be pre-
tise, the next step is to obtain the mean ratio of Gp to R, during daytime,
because evapotranspiration is often considered on a daily basis. In order
to do so. the daily Eb/ﬁn ratioc has been determined and added to Table 4.3,
An example of the diurnal variation of Gg/Rp is illustrated in Fig 4.2. The
ratio Gg/Rp varies between 10 and 35% during daytime. Hence, soil heat
exchange can be a major component of energy that is absorbed by the sur-

face.

4.3. PHYSICAL ANALYSIS OF THE RELATIONSHIP BETWEEN NET RADIATION AND SOIL
HEAT FLUX

4.3.1. General

The thermal conductivity and thermal capacity are linked up in some thermal
expressions, such as thermal diffusivity (A/C), diurnal heat capacity
{QCA)0.5 thermal admittance (QCA)0.5 exp inm/4 and thermal inertia (CA}C.5.
The term § accounts for the angular frequency of the temperature wave which
equals to 2n/Period (rad.s-1).

The aim of this section is to verify whether the ratio ngﬁn is dependent
on the so0il thermal properties or not. Therefore as a first check, observed

values of soil thermal properties are compared with values obtained on
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basis of the volumetric contribution of the different soil constituents.

The second step is to relate the soil thermal properties with ngﬁn.

4.3.2. Thermal conductivity

The thermal conductivity (A) can directly be derived by inversion of eq.

fd.1]. The comparison of thermal conductivity values can only be done when

they apply to a same soil-depth, e.g. the toplayer between 0 and 10 mm. The

average differential of thermal conductivity towards depth as derived from

the puffy soils of site 2 and 3 has been applied {(3A/8z = -11.4 W.m~

2 k1

in order to obtain values for A in the 0-10 mm layer of site 1. Table 4.4

gives the results obtained with both plates.

The measured values of A do not resemble very precisely the expected

A-values (Table 4.3), as calculated by means of the formula proposed by DE

Table 4.4. Values of thermal conductivity observed by means of plate 1 (A7)
and plate 2 (A2). The average thermal conductivity between 0 and

10 mm (A{(10 mm)) is presented

Date Site Xumber of Depth 1 A4 Depth 2 As (10 mm)
datapoints (mm) (W.n=1.K-1) (mm) (w.m1.k-1)y (w.m 1.x°1)
11/6 1 70 15 0.314 15 0.314 0.371
12/6 1 87 15 0.372 i5 0.372 0.429
13/6 1 6 15 0.658 15 0.658 0.715
14/6 2 81 9 0.521 13 0.443 0.502
15/6 2 93 9 0.532 13 0.455 0.513
16/6 2 13 9 0.445 13 0.436 0.444
17/6 3 86 8 0.443 15 0.370 0.422
18/6 3 87 8 0.441 15 0.330 0.410
19/6 3 10 8 0.387 15 0.378 0.384
20/6 4 75 10 0.665 10 0.645 0.655
21/6 4 60 10 0.669 10 0.697 0.683
22/6 4 13 10 6.222 10 0.259 0.241
23/6 5 30 12 1.392 10 1.563 1.563
24/6 5 49 12 0.500 10 0.741 0.741
25/6 5 76 12 0.753 10 0.979 0.979

Table 4.5. Observed and calculated thermal conductivity (A)

Calculated A

w.m-1. K1)

Site Soil water Content Porosity Halite content Observed A
(cm3.cm—3) {cm3.cm™3}  (cm3.cm™3) (w.m-1.x-1) ¢
1 0.114 0.40 0.10 0.42 0
2 0.043 0.45 0.05 0.50 0
3 0.040 0.40 0.10 0.41 0
4 0.073 .50 0.15 0.63 0
5 0.085 .30 0.10 0.89 0

.33
.41
.52
.27
.58
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VRIES (1963). It should be taken into account that De Vries assumed that
soil particles do not interact thermally with each cther. As a consequence,
the weighing coefficients accounting for the shape of each granule and the
ratio between the thermal conductivities of each particle are uncertain.
Furthermore, experiments indicated that with lower soil water contents. the

soil air has to be considered as the surrounding medium., which induces
another source of difficulties (FEDDES, 1971, TEX BERGHE, 1986). The deter-
mination of A was based on in situ measurements of soil water content. It
appeared that the total porosity has much more influence than the soil
salinity on the thermal conductivity. Although methods to estimate A are
useful, indirect measurements {(e.g. on the basis of egq. {4.1] look more
successful. The measured conductivity of site 5, is significantly higher
than the measured conductivity at the other locations.

With regard to the validity of the calculated A values. it must be empha-
sized that the measured conductivity has in most cases, except site 3, a
higher value than the calculated conductivities. Further. the observed
hourly values of A showed that A is certainly not constant (Fig. 4.3).
Variations and even peaks can be noticed, which can be due to thermal con-
vective flow of soil air; the apparent conductivity (100 %) accounts for
both conductive (75 %) and convective (23 %) heat flow, where the velocity
of convective soil air displacement (Vz5) can be described as a suppiemen-

tary term (Menenti, 1984).

A" = A* - pa Cp'Vzalaz [4‘3]
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Fig. 4.3. Observed hourly values of apparent thermal conductivity; Bir
Qifar-3, 18 June 1988
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Thermal convection occurs when the density of moist air at the evaporation
front is lower than at the surface. This is very obvious at 16.00 hour.
when the soil temperature is maximally. The minimum rate of moist air con-
vection is obtained at 15.00 hour, when the surface temperature is maxi-
mally and differences in scil air density due to humidity are compensated
by soil temperature.

Hence, values of A' determined in situ, were somewhat higher than A* values
computed by de Vries method, and the difference between the A values can be

explained by so0il air convection.
4.3.3. Thermal diffusivity

When the surface temperature is written as a sinusoidal function of time
(CARSLAW and JAEGER, 1959}, which approximation is acceptable in arid

regions (Fig. 4.4), a damping depth (d) can be defined, being the depth
where the amplitude of temperature is a fraction e-1 of the amplitude at

the soil surface:
A(z) = A({0) e-2z/d [4.4]

Further, the damping depth (d) can be related to the thermal diffusivity

{a) according:

d = {2 a/2)0.5 4.3}
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Fig. 4.4. Diurnal variation of surface temperature; Bir Qifar-4 2! June
1988
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Table 4.6. Observed depth dependent thermal diffusivity, aj(zj)

Day Site (m2.s"1). 1076 {cm)
al az a3 a4 z1 z2 z3 z4
10/6 1 0.009 0.076 0.138 0.209 0.9 4.0 6.4 12.6
11/6 1 0.016 0.138 0.211 0.256 c.9 4.0 6.4 12.6
12/6 1 0.020 - 0.134 0.208 1.5 4.0 6.4 12.6
14/6 2 0.050 0.108 0.148 0.362 2.0 3.0 4.0 9.0
15/6 2 0.064 0.125 0.157 0.376 2.0 3.0 4.0 9.0
17/6 3 0.153 0.667 0.408 0.880 2.5 5.0 7.6 10.5
18/6 3 0.109 0.282 0.338 0.600 2.3 5.5 7.6 10.5
20/6 4 0.137 0.573 0.329 0.268 1.0 3.0 5.0 30.0
21/6 4 0.266 0.396 0.312 0.208 1.0 3.0 5.0 30.0
23/6 5 0.383 0.412 0.818 1.070 2.0 4.3 8.0 12.0
24/6 3 D.188 0.316 0.612 0.852 2.0 4.3 8.0 12.0
Combination of eq. [4.4] and eq. [4.5] yields:
Q .2, 2
a = z /(1In A{0) - 1ln A(z)) {4.6]

2

Advantage of this approach is that only soil temperature measurements at
two depths are required to estimate the soil thermal properties. Results

of this method are presented in Table 4.6.

The concept of damping depth can only be applied to homogeneous soil profi-
les. The data in Table 4.6 for one location indicate that thermal dif-
fusivity varies with depth; low values near the surface and higher values
deeper along the profile. It is known that thermal diffusivity changes with
soil water content, since both A' and C depend on soil water content.

Hence, the damping depth may not be considered as a constant.
4.3.4, Thermal admittance

Remote sensing investigations on the energy balance at the earth surface
require a clear relationship between the soil heat flux and surface tem-
perature. MENENTI (1984) proposed to this purpose the concept of thermal

admittance (Yp) at the surface of a not homogeneous soil:
Yo = Gpl(t)/Tolt) (4.7]
with

Yo = (CX0)0.5 exp in/4 [4.8]
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Table 4.7. Values of thermal admittance observed by two transducers at dif-
ferent depths (Ygp,1 and Yp ) and transfered to the layer
between 0 and 10 mm (Yg_ 10 mm)

Day Site Yg.1 ¥o.2 Yo.10_mm 23 zp
(W.m-2_ Kk-1) (W.m~2 K1) (Ww.m=2 . K"1) (mm) (mm }
11/6 1 8.34 8.34 9.20 15 15
12/6 1 6.53 6.53 7.39 15 15
14/6 2 6.63 5.53 6.31 9 13
15/6 2 6.29 5.63 6.13 9 13
17/6 3 7.89 6.83 7.59 8 15
18/6 3 6.85 5.52 6.49 8 15
20/6 4 7.48 7.73 7.61 10 10
21/6 4 10.90 11.77 11.34 10 10
23/6 5 6.80 8.54 8.54 12 10
24/6 5 4.64 6.08 6.08 12 10

The modulus of the thermal admittance (CA2)0-5 may then be obtained with

the daily amplitude of the surface temperature and filux:

(CA'R)0-5 = A(Gp)/A(Tg) (4.9]

This has heen done with our measurements of surface temperature and soil
heat flux. Because of the shallow depth of the plates, the profile can be
considered as being homogeneous. Due to the unequal depths of the plates,
different values of the thermal admittance were determined. As stated
before, Gg was valid for the 0-10 mm layer, so that Yg values have to be
transferred to this reference depth. The transformation for site 1 has been

done by applying avg/dz = -171 W.m~1.K-1,
4.3.5. Soil heat capacity

The soil heat capacity (C) can be assessed by means of the thermal dif-
fusivity or the thermal admittance, when the thermal conductivity is known.
Let us assume that the apparent conductivities of Paragraph 4.2.2 are
right, then C-values can be derived from respectively a-values and

Yo-values and compared with theoretical values calculated by means of the

following formula:

C = (Xgijpo2 2.01 + XNa 0.90 + xy 4.40).106 {4.10]

where Xgio2 (-) = volumetric fraction of quartz

XNa (-) volumetric fraction of halite

Xw (-)

volumetric fraction of water




NOTA/1914

- . . . o —
The volumetric heat capacities (J.m 3.8 1)

0.90 and 4.40 respectively. The volumetric

c4.10) are equai to the values applied for

conductivity (see Table 4.3). The results cobtained by means of hy the ther-

of s0il constituents are 2.01,
fractions of constituents in eq.

the delermination of the therral

mal admittance method indicaie a better correspondence with the C-values

calcuiated by means of edq.

damping depth method.
only are applied (see Table 4.9),

hetter with C-values calculated by means of eq.

Hence.

thermal properties when the surface f{emperature and soil heat

known.

thermal properties can be derived on the basis ol observed thermal
diffusivity.

Reference vaiues of a can be oblained by dividing A'-values in Table 4.4 by
the corresponding C-values, as caiculated by means of eq.
The method of the thermal diffusivity to obtain C appears only suitable if

the temperature is measured af sub-surface level

4.12 than results obtained by means of the

However,

if the diffusivity vaiues of deeper layers

the resulting soil heat capacities fit

[4.10]

the thermal admittance approach appears useful to obtain the soil

Tiux are

If only observations of soil temperature are available, the soil

between 3 and i2 cmw

depth. So. temperatiure recordings at say 65% of the damping depth
Table 4.8. Soil heat capacity. C in playa areas: site 1-3 July 1988, calcu-
lated according the thermal admittance concept, the
damping depth concept, C{a} and eq. Cleq. ]
Day Site Depth A (J.m~3.K-1). 106
(mm} (w.m-1.x-1)
C({Yg) C(a) Cleqg.210)

1i/6 1 0-15 0.314 3.05 2.03 1.80
12/6 1 0-15 0.372 1.58 3.07 1.60
1476 2 0- 9 0.52: 1.16 3.12 1.24
1476 2 0-13 0.443 0.89 2.65 1.24
1576 2 0- 9 0.532 1.02 2.95 1.24
15/6 2 0-13 0.455 0.96 2.51 1.24
IT/'6 3 0- 8 0.443 1.93 0.84 1.27
17/8 3 0-15 0.370 1.73 0.70 1.27
18./6 3 g- 8 0.441 1.46 1.33 1.27
18786 3 0-15 0.330 1.27 ¢.99 1.27
20/6 4 0-10 0.665 1.16 2.03 1.16
20/6 4 0-10 0.645 1.27 1.97 1.16
2176 4 0-10 0.669 2.44 2.27 1.16
21/8 4 0~-10 0.697 2.73 2.36 1,16
23/6 3 0-12 1.392 0.46 2.07 1.87
237/6 5 0-10 1.563 0.63 2.33 1.67
2476 ] 0-12 0.300 0.359 1.02 1.67
2476 5 0-10 0.741 0.69 1.51 1.67
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Table 4.9. Corrected thermal diffusivity a apparent thermal conductivity
A', thermal capacity Cla) obtained from C = A'/a, thermal capa-
city C (eq. 10) calculated by means of egq. [10] and thermal dif-
fusivity d

Date Site Depth (z) a 10-8 A {J.m-3 K1) d z/d

(cm) (m2.s-1) (w.m~1.K°1) {cm) (-}
Cla) C(eq. 10)

11/6 1 6.4 0.211 0.314 1.49 1.60 7.6 1.19

12/6 1 12.6 0.208 0.372 1.79 1.60 7.8 0.60

14/6 2 9.0 0.362 0.521 1.44 1.24 10.0 0.90

14/6 2 9.0 0.362 0.443 1.22 1.24 10.0 0.90

15/6 2 9.0 0.376 0.532 1.41 1.24 10.2 0.88

15/6 2 9.0 0.376 0.455 1.21 1.24 10.2 0.88

17/6 3 7.6 0.408 0.443 1.09 1.27 11.86 0.72

17/6 3 7.6 0.408 0.370 0.91 1.27 11.6 0.72

18/6 3 7.6 0.282 0.441 1.56 1.27 8.8 0.86

18/6 3 7.6 0.282 0.330 1.17 1.2% 8.8 0.86

20/6 4 3.0 0.573 0.665 1.16 1.16 12.2 0.25

20/6 4 3.0 0.573 0.645 1.20 1.16 12.2 0.25

21/6 4 3.0 0.396 0.669 1.69 1.16 10.4 0.29

21/6 4 3.0 0.396 0.697 1.96 1.16 10.4 0.29

23/6 5 12.0 1.070 1.563 1.46 1.67 17.2 0.70

23/6 5 8.0 0.818 1.392 1.70 1.67 15.0 0.353

24/6 5 4.3 0.316 0.741 1.40 1.867 9.3 0.46

24/6 5 4.3 ¢.316 0.500 1.58 1.647 9.3 0.46

Table 4.10. Observed thermal diffusivity a and damping depth d

Day Location soil a d

(m2.s-1).10-6 (cm)

26/2/87 Bir Tarfawi Bare coarse sand 0.55 i2.3

9/3/87 Siwa oasis East Dark brown hummocky 0.45 1.1

9/3/87 Siwa oasis East White puffy 0.20 7.3

9/3/87 Siwa oasis East Grey brown puffy 0.71 14.0

11/3/87 Siwa oasis West Bummocky-1 0.24 8.1

11/3/87 Siwa oasis West  Hummocky-2 0.20 7.4

12/3/87 Siwa oasis West Hummocky-1 0.320 9.0

12/3/87 Siwa oasis West  Hummocky-2 0.27 8.6

14/3/87 Siwa oasis East Hummocky 0.83 15.1

15/3/87 Siwa oasis East Hummocky 0.387 16.3

4/11/87 Qara oasis Hummocky 1.09 17.3

8/11/87 Qattara Brown puffy 0.38 10.1

11/11/87 Qaneitra Grey brown puffy 0.19 7.1

12/11/87 Qaneitra Grey brown puffy 0.24 7.9
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(z/d)} is a rule of thumb to get proper values of the thermél diffusivity.
The effect of the high frequency thermal variability in the heterogeneous
toplaver is then eliminated. This is essentially true for small damping
depths. The a-values (at a depth 65% of d) obtained with field measure-
ments. given in Table 4.10 provide an impression of the variability of

thermal properties in playas
4.3.6. Discussion

A large thermal conductivity and a large temperature gradient cause deeper
penetration of heat into the soil. If the heat capacity increases with
depth, the temperature amplitude will decrease rapidly at deeper depths and
a driving thermal gradient will remain. Thus a large value of the product
of conductivity and capacity enables a relatively large soil heat flow,
while a2 large diffusivity, with consequently a low heat capacity, gives
rapid changes of soil temperature only. Table 4.11 illustrates the rela-
tionship between the ratio onﬁn and soil thermal properties. If Gg is con-
sidered as the surplus of the energy budget at the earth surface. with a
restricted sensible {(and latent) heat flux, ﬁofﬁn increases with net
radiation. Another possibility is that soil heat flow is limited by the
molecular conduction and convection so that-aofﬁn decreases with

increasing net radiation. Net radiation is mainly governed by the net

Table 4.11. Observed relationship between so0il heat and net radiation flux
GQ/Rn versus the soil thermal properties like thermal admit-
tance Yg and thermal diffusivity a. Alseo the normalized surface
reflectance a"g is presented

Source: Table 4.3 Table 4.7 Table 4.9 -
Date Site Gg/Rj Yo a a’p
(0-10 mm) (0-10 mm) (3-12 cm) (-)
{-) (W.m-2_K-1) (m2.s-1). 1076 (-)
11-6 1 0.133 9.20 0.211 0.185
12-6 1 0.193 7.39 0.208 0.195
14-6 2 0.335 6.31 0.382 0.300
15-6 2 0.287 6.13 0.376 0.289
17-6 3 0.262 7.59 0.408 0.191
18-6 3 0.272 6.47 0.282 0.184
20-6 4 0.304 7.61 0.573 0.179
21-6 4 0.329 11.34 0.396 0.178
23-6 5 0.166 8.534 0.944 0.156
24-6 S5 0.162 6.08 0.316 0.155
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shortwave radiation, i.e. global incoming radiation minus reflected
radiation. The effect of surface reflectance on net radiation and soil heat
flux has therefore to be considered: with increasing reflectance, net

radiation will decrease, so that Go/Ry jncrease at comstant Gp. In this

respect it may be interesting to relate Gg either R, surface reflectance
{ag) or with bulk soil thermal properties (A', C). Surface reflectance
shows, however, a diurnal variation.

Observed values, dg, at any time or under any atmospheric conditions have
to be nermalized by defining a reference sun zenith angle and reference
atmospheric conditions (BASTIAANSSEN, 1988).

The normalized surface reflectance applies to a sun zenith angle of 0e,
absence of dew and an optical depth of Earth's atmosphere T¢or = 0.6.

The data points in Figure 4.5 indicate a clear correlation between'Eofﬁn
and thermal diffusivity. No correlation was observed between Eofﬁn and
thermal admittance. In principle, there should be a relationship between
”Eofﬁn. surface reflectance a“, and thermal diffusivity a. At constant Gg.
R, decreases with increasing a",, so Gg/Rp will increase. Data points
having a"g = 0.300, 0.289 and 0,190 support this concept, while others do
not. However, when using mean values for one soil type, the role of surface
reflectance is evident {Table 4.12}.

Hence, the effect of surface reflectance is superimposed on the effect of a
on Eoiﬁn (Figure 4.6). To establish a formula to describe the relationship

between Gg, Rp, a and a,", a mathematical expresion based on Table 4.11 has
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Fig. 4.5. Ratio Gg/Rp versus thermal diffusivity, a 8 mean daily values for
4 different soil types; for each data point, the normalized sur-

face reflectance, a," is indicated




Table 4.12. Observed playa heal properties., A', € together with caiculated
s0il heat expressicens: thermal diffusivity. a and thermal
admiitance. vyp
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to be designed. The relationship between Gp/Rp. thermal diffusivity (a} and
normalized reflectance {a"p) can be described by means of a non-rectangular

hyperbcia:

Go 'Ry, = (0.84 a”g - 0.35).(p - Vp2 - ipp)

ram
1
=3
[y

b

it is usefull to assess the sensitivity of the ratio Gg 'Ry as calculated by
means of eqg. [4.11] to surface refiectance a"g. thermal diffusivity a, and
thermal admittance Yg. Therefore the normailzed surface reflectance between

Bo" = 0.15 and ag" = 0.35 as depicled in Fig. 4.6 is considered.
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Fig. 4.6. Ratio ngﬁn versus thermal diffusivity, a medified by the nor-
malized surface reflectance, a,»
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Table 4.13. Relative variations between cases of Ebfﬁn due to variations in
normalized surface reflectance a"g, thermal diffusivity a, and
thermal admittance Yg

Input Qutput

Site @ 0 a . 1 6 YO . GO/Rn G(GO/Rn) G(GO/Rn) 5(GO/Rn)
(-) (m“.s “)10 (W.m “.K 7)) (-} 6a"0 sa Y,

1 0.15 0.258 6.97 0.184 - - -

1 0.35 0.258 6.97 0.249 0.33 - -

2 0.153 0.423 6.60 0.267 - 0.50 -0.22

2 0.35 0.423 6.60 0.361 0.47 - -

3 0.15 0.307 6.38 0.217 - 0.43 +0.23

3 0.35 0.307 6.38 0.294 0.39 - -

4 0.15 0.420 8.29 0.2686 - 0.43 +0.03

4 0.35 0.420 8.29 0.360 0.47 - -

S 0.15 0.537 10.29 0.294 - 0.24 +0.01

5 0.35 0,537 10.29 0.398 0.52 - -

From the previous table it is clear that the sensitivity of Eb/ﬁh to Yg is
large; a minor change of Eofﬁn results in a mojor change of Yg. Vice versa,
variations of Eofﬁh are small in comparison with variations of Yg. Since
the sensitivity of'Ebfﬁn to a"g and a are higer than to Yg., the accuracy of
the determination of a and a"g are quit important. The relative variations
of Eofﬁn due to variations in a"g and a differ in general not much. Hence,
the effect of surface reflectance on Eg/ﬁn can be important as the

influence of a on Gg/Ry.
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5. LATENT HEAT FILUX

Tahle 5.1 and 5.2 give a rather accurate estimation of the actual evapora-
tion as measured al the spots in the Qattara depression. As regards the
guantitative interpretation, it can be concluded that the order of magni-
tude of evaporation in playas is much higher (average 0.96 mm.d~1) than the
evaporation values given in literature (e.g. JOINT VENTURE QATTARA, 1979).
Daily LE-values are calcuiated according the two procedures mentioned {eq.
i2.5Y and ey. 12.8]). It may be remurrked that if the evaporation front {Zg}
!s somewhat deeper, the role of heal storage {Wg) will be more relevant.

A simplified estimation of the heat storage can be obtained by the appiica-

tion of next equation:

!
™~
P
=y
—
£y
ot
[y
[

The d-vaiues appiied are taken from Tables 4.9 and 4.10. The depth of the
evapnration front was taken from Figure 3.1. were the relationship between
the depth of the groundwater table and the simulated depth of the evapora-
tion front by means of the EVADES model (BASTTAANSSEN. KABAT and MENEXNTI.
1988) for & medium textured sandy soil is depicted. The soil heat flux
lJeaving the evaporation fronit (Geg) is monotonicaly estimated as being 15
percent of the soil heat flux leaving the surface {Gg}
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Fig. 3.1. Simuiatled relationship between groundwater level and depth of the
evaporation front by means of the EVADES model for 3 different
soil types






