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KEYWORDS Abstract Lake Nasser in Upper Egypt is of a great importance for Egypt as it represents a large
Lake Nasser; reservoir for the country’s freshwater resources. Precise studying of all elements contributing to the
Evaporation; water balance of Lake Nasser is very crucial for better management of Egypt’s water resources.

Evaporation is considered an important factor of the water balance system that causes a huge loss
of the lake’s waters. In this study, evaporation rate for Lake Nasser is estimated using the surface
energy balance approach based on remote sensing technology.

Evaporation rate obtained from this method is instantaneous since it is estimated during the
satellite overpass over the lake. However, evaporative fraction method is used to estimate the daily
rate from the instantaneous one. The surface energy balance combined with remote sensing data
proves promising to estimate evaporation rates for large water bodies. These could lead to more
accurate monitoring of evaporation rates in the lake area without being dependent on field obser-
vations, which are sometimes unavailable or uncertain for these types of studies.

© 2013 Ain Shams University. Production and hosting by Elsevier B.V.
All rights reserved.

Surface energy balance;
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1. Introduction ration in Lake Nasser is of quite interest to many researchers

and institutions in Egypt. For many years, the Egyptian Min-

Lake Nasser is one of the largest artificial water reservoirs
worldwide. The lake was created with the construction of As-
wan High Dam 5 km upstream of Aswan city in Upper Egypt
in 1964. Lake Nasser is located in an arid region in the south of
Egypt. Evaporation is considered to be the most effective
factor in understanding the water losses from the lake. Evapo-
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istry of Water Resources and Irrigation adopted the figure of
7.54 mm/day as an annual mean evaporation rate with a max-
imum rate in June 10.8 mm/day, and a minimum in December
3.95 mm/day [1].

Understanding the physics of evaporation started early in
the last century when Bowen [2] showed how available energy
partitioning between latent heat flux and sensible heat flux
could be determined using temperature gradients and humid-
ity. Penman [3,4] mixed the energy balance concept with aero-
dynamic aspects of evaporation to develop an equation for
estimating evaporation in 1948 that is widely adopted by water
experts. In the next decades that follow, several theoretical and
experimental models for evaluating evaporation techniques
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had been expanded. These included the Bowen Ratio Energy
Budget (BREB) method and eddy-correlations techniques.
These techniques are dependent on experimental data for ver-
ifications and the measurement of evaporation with equipment
that evaluates the Bowen’s ratio. A limitation of these tech-
niques is that they yield essentially point values of evaporation,
and therefore, are applicable only to a homogeneous area sur-
rounding the equipment that is exposed to the same environ-
mental factors [5]. Other methods to estimate evaporation
rates include the water-budget method, methods of the so-
called Dalton group such as the bulk aerodynamic or mass
transfer method, methods in the so-called combination group
such as Penman, Priestley-Taylor, and deBruin—Keijman
methods, and methods in the temperature group such as the
Papadakis method among others [6-8].

Most of the previous evaporation studies for Lake Nasser
applied conventional methods, except Omar and El-Bakry [9]
and Sadek et al. [10], who applied the BREB method, but with
very limited data [11]. Elsawwaf et al. [11] compared results
from six conventional methods for evaporation quantification
with the values obtained by the BREB method based on calcu-
lations at the daily time scale covering a 10-year period (1995—
2004). Evaporation rates of these conventional methods and
the BREB method were estimated at the location of three
meteorological floating stations data. Several of the six con-
ventional methods showed substantial bias when compared
with the BREB method. The conventional evaporation meth-
ods were adjusted to include the net energy advected term fol-
lowing the same procedure of Rosenberry et al. [12] to obtain
close relation with the BREB values [11].

By the end of the last century, the Surface Energy Balance
Algorithm for Land (SEBAL) was developed by Bastiaanssen
et al. [13]. The model uses complex radiation and energy bal-
ance algorithms to estimate evapotranspiration from plants
and soil. Ashfaque and Bastiaanssen [14] adopted the SEBAL
technology in combination with remote sensing data to esti-
mate evaporation for Lake Naivasha, Kenya. In this study,
they compared daily evaporation rate based on evaporative
fraction method and the surface energy balance approach with
pan data based average evaporation estimation. In this study,
daily estimation of evaporation was estimated using Landsat
Thematic Mapper (TM) spectral data. The Landsat TM based
estimation was compared with the pan data estimated average
evaporation on the same date for the period of 1957-1990.
Comparison between the two approaches to estimate evapora-
tion showed reasonable results.

The application of the Simple Method [15] and surface en-
ergy balance approach using remotely-sensed data were ap-
plied to Rift Valley Lakes of Ethiopia. The Simple Method
and a remote sensing-based lake evaporation estimates were
compared to the Penman, Energy Balance, Pan, Radiation,
and Complementary Relationship Lake Evaporation (CRLE)
methods applied in the region [15]. Comparison of monthly
Lake ET from the Landsat images to the Simple and Penman
Methods showed that the remote sensing surface energy bal-
ance approach is promising for large scale applications to
understand the spatial variation of the latent heat flux. Com-
parison of the lake evaporation estimates among lakes showed
that Lake Langano, the mercky lake with high sediment loads,
had lower average monthly evaporation than the other three
lakes, which had less sediment loads, deeper and clearer than
Lake Langano [15]. The presence of suspended sediment in

lakes could lead to a higher surface temperature, and the high-
er near surface temperature can be related to a lower ET. This
can be one of the weaknesses of the surface energy balance ap-
proach using thermal data from remote sensing [15].

The aim of this research is to evaluate evaporation rate esti-
mates in Lake Nasser using the surface energy balance ap-
proach by adopting the SEBAL technology with Landsat
TM spectral data of the lake. Evaporation estimates on several
dates using the SEBAL technology and Landsat TM data were
compared, and correlated with evaporation rates from six con-
ventional methods. Monthly average evaporation estimates for
the lake using the combination group methods such as the Pen-
man, Priestley-Taylor, and deBruin—Keijman methods, the
Mass Transfer method, the Papadakis method, and BREB
method were obtained for the study dates from the research
conducted by Elsawwaf et al. [11].

2. Study area and data

Lake Nasser was created after the construction of Aswan High
Dam in 1964 south of Aswan city passing through the Egyp-
tian Sudanese borders. The lake has a surface area of about
6500 km? and a length of about 500 km. The lake is formally
divided into two lakes, one of length 350 km in Egypt, which
is called Lake Nasser and the other of length 150 km located
in Sudan, and is called Lake Nubia. The Egyptian part of
the Lake lies between latitudes 22°00'N and 23°58'N, and lon-
gitudes 31°07'E and 33°15E. The main source of water supply
to the lake comes from the watersheds at the equatorial lakes
and the Ethiopian plateau. This study is focusing on the Egyp-
tian part of the lake. The surface area of the lake is changing
according to the water discharges in the lake and the annual
amount of flood. The lake has an average width of 10 km
and a maximum width of 60 km and an average depth of
25 m and a maximum depth of 90 m. Field trip missions used
to be organized by Nile Research Institute (NRI) to take sam-
ples and to observe several parameters of the lake related to
sedimentation, water quality, etc. These observations are usu-
ally made at some specific cross sections across the Lake.

Three automatic floating stations belong to the High As-
wan Dam Authority were installed in 1995. The three stations
are located upstream of the Aswan High Dam (AHD), at Raft
2 km, Allagi 75 km, and Abu-Simble 280 km (Fig. 1). Each
floating system is recording hourly data of maximum, mini-
mum and mean air temperature, relative humidity, surface
water temperature, 2 m depth water temperature, wind speed,
and wind direction. The three stations are working with full
capacity since 1995 for the stations at Raft and Allaqi, and
from 2000 for the station at Abusembel.

In this study, seven Landsat images in the period from
October 1998 to October 2000 (Table 1) were used for the esti-
mation of latent heat flux and lake evaporation. For the study
dates, only meteorological data of the Raft station were
available.

3. SEBAL methodology

3.1. Instantaneous estimation

In the surface energy budget approach (Fig. 2) for a deep lake
or reservoir, latent heat flux, LE, sensible heat flux, H, change
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Figure 1

Location map of the Nasser Lake area showing the floating stations (FSs) sites and the major physical features of Lake Nasser.

Table 1 Parameters values used in SEBAL estimation process at Raft station.

Date Air temp. (T,) (at 2 m) °C Wind speed (u) (at 2 m) m/s 0, (w/m?) 0, (w/m?)
October 15-1998 30.3 4 -50 40
November 16-1998 22.4 5.5 —50 10
January 19-1999 12.8 2.2 —50 —5
November 03-1999 21.9 1.1 —50 23
March 17-2000 17.8 1.7 10 =7
June 14-00 33.8 3.9 50 —23
October 04-2000 27 1.2 -20 60

in energy stored, Q., and net energy advected, Q,, can be re-
lated to the net radiation according to the following equation
[16]:

Rn_H—LE:Qx_QV (1)

where R, is net radiation (W m~?) at the water surface, H is
sensible heat flux (W m~2), E is evaporation (m s'), L is latent
heat of vaporization (J kg~!), LE is latent heat flux (W m™2)
required for evaporation, Q. is the increase in energy stored
in the water body (W m~?), and Q, is the net energy advected

into the water body because of inflowing and outflowing water
(W m™2). The latent heat flux LE can be calculated as a resid-
ual from the last equation, where R, is positive when radiation
is received by the water surface, and H, and LE are positive
when they are emitted by the water surface.

Net radiation R, can be calculated from the incoming and
outgoing all wave radiation fluxes. R, can be expressed in its
constituent elements as:

R,=(1-r,) ><Kl+<7£aT3+(1—£0) xasaT:—as,,T; (2)
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Figure 2

Principal components of the Surface Energy Balance for Land for Lake Nasser which converts remotely measured spectrally

emitted and reflected radiances into the surface energy balance and evaporation indicators.

where r, is surface albedo, K{ is the down welling shortwave
radiation (W m™2), ¢ = 5.67 x 1073 is the Stephan’s Boltzman
constant (W m 2 K™), ¢, ¢, and T, (K), T, (K) are the emis-
sivity and temperature of the air and water surface respec-
tively. Details of the derivation of the components of the net
radiation exchange can be found in Bastiaanssen et al. [13].
From Eq. (1), the latent heat flux LE (W m~2) can be estimated
as a residual in other parameters of the algorithm as:

LE=R,—-H-0,.+0, (3)

The sensible heat flux H can be defined as a part of the surface
energy that is used to heat up the planetary boundary layer
[14]. Based on the theory of mass transport of heat and
momentum between surface and near surface, Bastiaanssen
et al. [13] suggested a mathematical formulation for H as:

o=, 1) (4)

T'ahsur
where p,~12 (kgm™) is the air density, C, ~ 1004
(I kg~" k") is the specific heat of moist air, 7, is the water sur-
face temperature, 7, is the air temperature at 2 m height, and
Fahsur 1S aerodynamic resistance to heat transport (s m~') and
can be estimated as:

Tahsur = KLZM(IH(Z/ZO))Z (5)

where K is Von Karman’s constant (K = 0.41) (-), u is velocity
of air [m s~ '], Z is observation height (m), and Z, is the water
surface roughness length (Z, = 0.00137) (m). The aerody-
namic resistance to heat transport rpg,, is very high because
of negligibly small water surface roughness. In case of Lake
Nasser, there is usually a difference in temperatures between
water surface and air at 2 m height. The difference between
air and water surface temperatures will lead to a considerable
portion of sensible heat flux (H).

The change in stored energy (Q.,) is an essential component
of the energy budget because the large specific heat capacity of
water allows even a small lake to store and exchange large
amounts of heat energy [11]. Q, is considered one of the most
important inputs for the energy-budget approach for a large
deep lake like Lake Nasser. Daily stored energy Q,, and net
advected energy, Q, values for Lake Nasser were obtained
from the study conducted by Elsawwaf et al. [11] for the time
periods of this study (Table 1).

3.2. Daily evaporation estimation

The evaporative fraction /\ (-) is the ratio of the energy used
for the evaporation process divided by the total amount of en-
ergy available for the evaporation process and can be ex-
pressed mathematically as:

LE LE
LE+H R,+0,-0,

Evaporation from open-water bodies is quite different from
these above land surfaces [17]. The sun’s energy penetrates the
water to depths of as much as 30 m in clear water, somewhat
less in turbid water, and is stored throughout the water column
[17]. The water column is mixed by surface motion and becomes
the source of energy that drives evaporation [17]. Because of the
large heat storage capacity of water (1.006 x 10°J m—>) and the
fact that water is approximately 1000 times more dense that air,
the temperature of deep, clear, water bodies does not change
significantly throughout the day when compared to the atmo-
sphere [17]. The amount of available energy at the surface is
nearly constant throughout the day and night, leading to a
nearly constant evaporation rate [11].

In SEBAL, the evaporative fraction /\ in Eq. (6) is assumed
constant during daytime hours. Experimental work has shown
that this holds true for environmental conditions where surface

Ainst =

(6)
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moisture does not significantly change. The evaporative frac-
tion remains unchanged during the day time and accordingly
the instantaneous and the integrated daily evaporation frac-
tion can be considered the same; i.e. /\insl = Azmom [18-
20]. From Eq. (6) the daily evaporation Ersours (mm/day) is
calculated as:

8.64 x 107 X Aygpiours X (R, + Q. — Q")
)" X pw

Ergtours = (7)
where 2 is the latent heat of vaporization 2.45 x 10° [J kg™ '] (at
a temperature 23 °C), p,, is the density of water 1000 [kg m ],
R} is the daily net radiation (W m~3), Q' is the daily net ad-
vected energy (W m~2), and Q' is the daily change in stored en-
ergy (W m?). Values for Q, and Q' are given in Table 1. The
daily net radiation R, can be calculated as:

R, = (1 —1y) X Kl + Linan 8)

where Ky, and L4, are the daily average incoming solar
radiation and net long wave radiation respectively. An empir-
ical formula to calculate L,4, was proposed by deBruin [21]
as:

Ko

Lpan = —110 x
24h Ran

)
where R4, is the daily average extraterrestrial shortwave
radiation (W m~?) at the top of the atmosphere and Kl,4p/
Ro4n 1s the daily average atmospheric shortwave transmit-
tance. Kdo4, and R, were determined on the basis of stan-
dard astronomical equations [22].

4. Evaporation conventional methods

Six evaporation conventional methods were used for compar-
ison with SEBAL method. These include;

a. The BREB [11] of Eq. (10) was developed for monthly
estimation;

(Rfl + Qv — Q\')

x 8.64 x 107 10
o IL(1+ BR) + (T, ~ T,)] (1

EBREB =

Three of the so called combination methods, which quantify
energy and advective terms;
b. Priestley Taylor method [23] of Eq. (11) was developed
for periods of 10 days or greater estimation

S Rn_Q 7
=g—— —x8.64 x 10 11
aS_‘—’V Lpn' . 8 ( )

Ep_r

¢. deBruin—Keijman method [24] of Eq. (12) was developed
for daily estimation;

S Rn - Q

X % 8.64 x 107 12
0855+ 063 Lp, < o64x10 (12)

Eg g =

d. Penman method [25] of Eq. (13) was developed for peri-
ods greater than 10 days;

S Rn - Q 7
Epon = —— —L =% 5 8.64 x 107 +
US4y Lp, S+
% (0.26(0.5 4 0.54U,) (e, — e,)) x 1072 (13)

On method of the Dalton group that requires measure-
ment of several atmospheric parameters;

e. Mass Transfer method [26] of Eq. (14) that depends on
calibration of N;

Ey_r= NU(e, — e,) x 8.64 x 107 (14)

One method from the temperature group that requires
only measurement of air temperature;

f. Papadakis method [27] of Eq. (15) was developed for
monthly estimation;

1
Epyp = 0.5625[e;max x 1072 — (egmin x 1072 — 2)] x 70 (15)

The multipliers 8.64 x 107 and 10 that appear in several equa-
tions are to convert output to mm/day,

BR Bowen ratio (dimensionless), ¢ specific heat capacity
of water (4186Jkg™'°C™"), « = 1.26 = Priestley-Taylor
empirically derived constant, dimensionless, S = slope of
the saturated vapor pressure—temperature curve at mean
air temperature (Pa°C~"), 3 psychometric “constant” (de-
pends on temperature and atmospheric pressure) (Pa °C™!),
p, is the density of water 1000 [kg m~>], U, wind speed at
2m above water surface (ms~'), N coefficient of efficiency
of vertical transport of water vapor by eddies of the wind
(used 1.458 x 107" Pa~! for Nasser Lake as calculated by
Omar et al. [9], e, saturated vapor pressure at temperature
of the air (Pa), ¢, saturated vapor pressure at temperature
of the water surface (Pa), e, saturated vapor pressure at
temperature and relative humidity of the air (Pa), d number
of days in the month, e;max and e;min saturated vapor
pressures at daily maximum and minimum air temperatures
(Pa) [11].

5. Application

5.1. Remote sensing evaporation

In Section 3.1, remote sensing data can be used to solve for the
parameters of r,, and T, in Eq. (2). Air temperature 7, at 2 m
height above the water surface, and wind speed u are obtained
from the meteorological data of the Raft station (Table 1) in
order to estimate the sensible heat flux (H) in Eq. (4). Other
parameters of Eq. (2) may be calculated from empirical
equations.

According to the algorithm proposed by Bastiaanssen [28],
at surface incoming shortwave radiation Kl can be estimated
as:

K |= R, (16)

where R, is the extra-terrestrial shortwave solar radiation
(Wm™2), and 7, is the shortwave atmospheric transmittance
(). R, and K were determined on the basis of standard astro-
nomical equations [22]. The shortwave atmospheric transmit-
tance Ty, can be calculated from Eq. (16). Zhong and Li [29]
proposed an equation to find tg, from local measurements
and the two way transmittance 1/,, for the broadband solar
radiation (-);

T = (0,)"7 = (= 1) /10)"” (17)

where r, is the broad band planetary albedo (-), r, is the lowest
planetary albedo at all pixels (=), and r, is the surface albedo
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(-). The approximate emissivity of the atmosphere ¢, is calcu-
lated according to Bastiaanssen [28] as:

&g = 1.08(—In1g,)"** (18)

The broadband planetary albedo r, can be calculated from
multi spectral remote sensing data as:

=3 W) (19)

where 7 is the total number of spectral bands, WW;is the weight-
ing factor accounting for the uneven distribution of spectral
incoming solar radiation at different bands, and r,(4;) is the
spectral reflectance at the top of the atmosphere of band i
(-). Landsat TM spectral measurements can be used to esti-
mate r, and T, as will be shown in the next section. Surface al-
bedo, r, can be computed as a residual in Eq. (17).

5.2. Thematic mapper processing

Seven Landsat TM scenes were processed to estimate daily
evaporation on the dates of the satellite overpass of each
respective scene (Table 2). Landsat TM measures the spectral
radiance at the top of the atmosphere for the visible, near
infrared and thermal infrared of the spectrum. Digital Num-
bers DN were converted into radiance values at the top of
the atmosphere using:

b—a
255

where Ly; (mW cem2sr™' um™') is the spectral radiance in
band i of Thematic Mapper. The scaling parameters a, b and
the spectral incoming solar radiation at the top of the atmo-
sphere for the respective bands were obtained from the USGS
page of Landsat calibration files [30]. The band wise spectral
reflectance at the Top Of Atmosphere (TOA) for bands 1, 2,
3,4, 5, and 7 were estimated using:

L,-=a+

« DN (20)

2

nLid
r -

»(24) = K(h)cos . (21)

where 1,(4;) is the spectral reflectance at the top of the atmo-
sphere of band i (-), d; ~ 1 is the earth sun distance in astro-
nomical units, K(Z,) is the spectral incoming solar radiation
(MW cem 2sr ! pm™!), and ¢y, is the sun elevation angle
(deg.) for the respective scene. Broad band reflectance r, (-)
at TOA from all bands was estimated as:

Ip = Z Wiry(;) (22)

where W; are the weights for each band estimated as the frac-
tion of the spectral incoming shortwave solar radiation of a
certain band to the total spectral incoming solar radiation.
Atmospheric correction was applied to the spectral emitted
radiance of band 6 using:

CV” — L T 1 - &o
&0 T &

CV,y = L] (23)
where CV, is the atmospherically corrected band 6 radiance
(Wm~2sr'um™!), CV,, is the uncorrected radiance
(Wm2sr™! um™"), and &, is the water surface emissivity (typ-
ically 0.95). LI down welling long wave radiance (W m~2), LT
upwelling long wave radiance (W m~2), and 7 Band average
transmittance (—) are obtained from the atmospheric correc-
tion file of the respective scene according to the old meteoro-
logical data available at NASA [31]. Corrected radiance
values were converted into water surface temperatures 7, in
kelvin degrees using the inverse of Planck’s function:

K,

T),=—F———

h%£%+g
where K|, K>, are thermal constants obtained from the USGS
page of Landsat calibration files [30]. The surface albedo,
water surface temperature, instantaneous net radiation, instan-
taneous latent heat flux, evaporative fraction, and daily total
evaporation from the lake were calculated using the surface en-
ergy balance approach (Fig. 2) for the seven Landsat TM
scenes. Table 2 presents results of the SEBAL-based lake evap-
oration estimates. Figs. 3-8 show SEBAL Lake Nasser daily
evaporation estimates on November 16, 1998 and their corre-
sponding SEBAL spatial variables, instantaneous surface albe-
do (-), water surface temperature (K), instantaneous net
radiation (W m~?), instantaneous latent heat flux (W m™2),
and evaporative fraction (—) respectively.

(24)

6. Comparisons of SEBAL method with conventional methods

Some of the most commonly used evaporation methods were
selected for comparison with the SEBAL method. SEBAL
evaporation values on the study dates were compared to
monthly evaporation rates of the same year at Raft station
of the BREB method, the combination group methods such
as the Penman, Priestley-Taylor, and deBruin—Keijman

Table 2 Comparison between SEBAL evaporation and conventional methods estimated evaporation.

Date ESEBAL EPricsllcy—Taylor Echruin—Kcijman EPcnman EBREB Emass transfer EPapadakis
(mm) (mm) (mm) (mm) (mm) (mm) (mm)

October 15-1998 7.15 13.8 14.0 11.2 11.8 11.6 10.6
November 16-1998 6.51 8.7 9.0 5.6 8.2 6.1 5.2
January 19-1999 5.5 5.8 6.2 3.7 6.2 5.2 6.2
November 03-1999 6.21 11.6 11.6 5.5 9.1 9.4 8.6
March 17-2000 5.8 5.0 5.1 2.6 5.1 4.9 5.0
June 14-2000 5.9 7.9 8.2 5.2 8.2 10.0 5.2
October 04-2000 9.1 12.2 12.2 9.7 8.2 8.1 5.7
Average 6.6 9.3 9.47 6.2 8.1 7.9 6.64
Correlation coefficient (r) = 0.69 0.68 0.61 0.4 0.32 0.12
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methods, Papadakis method, and the mass transfer method
(Section 4). Fig. 9 shows a graphical representation of the SE-
BAL evaporation estimates and evaporation estimates of other
conventional methods on the study dates. Most of the used
evaporation methods for comparison were developed to calcu-
late potential evapotranspiration and they were used here to
estimate evaporation from open water surface of Lake Nasser.
As can be seen from Fig. 9, all evaporation methods have
shown a large bias from SEBAL values during many of the
study periods. This could be referred to the differences in per-
formance of each evaporation method according to the physi-
cal condition of the lake on a certain date. It can be well
noticed in Fig. 9 that differences between evaporation rates
of the two combination group methods (Priestley Taylor and
deBruin—Keijman) and SEBAL evaporation rates are greater
during the flood months as in October and November for
1998 and in November 1999. Also, the difference between
evaporation rates of these two methods and SEBAI evapora-
tion is large during the month that proceeds and follows the
flood season in July—September 2000. Differences in evapora-
tion rates of these two methods and SEBAL rates are small
during the rest of the periods as can be seen in January 1999
and March 2000. The BREB method has shown a similar
behavior towards the SEBAL method as was the case with
the two combination group methods (Priestley Taylor and
deBruin—Keijman methods). The other combination group
method (Penman method) did not show a specific behavior to-
wards the SEBAL method during the flood season, but it has
shown large negative evaporation rates differences during peri-
ods of normal flow such as in January 1999 and March 2000.
Evaporation rates of the other two conventional methods
(Mass Transfer and Papadakis methods) did not show a spe-
cific behavior towards the SEBAL method during the periods
of normal flow but they did show a considerable high positive
evaporation rates difference during months of the flood season
such as in October 1998 and November 1999.

The results from the conventional evaporation methods
were related to the SEBAL evaporation values using least-

squares linear regression with SEBAL as the independent var-
iable. As can be seen in Table 2, the three combination group
methods (Priestley Taylor, deBruin—Keijman, and Penman)
ranked best based on the correlation coefficient (r) criterion.
Other conventional evaporation methods did not fit well with
the SEBAL method based on the same criterion as they have
shown small correlation coefficient (r). The Papadakis method
has the worst correlation coefficient (r) to SEBAL method.
Two of the conventional evaporation methods (Penman, and
Papadakis) provided average evaporation values that were
for the time periods of the study within 1 mm/day of the SE-
BAL values. The mass transfer and BREB methods provided
average evaporation value within 1.5 mm/day of the SEBAL
average evaporation estimation for the periods of the study.

The conventional evaporation methods also were ranked
based on the percentage of monthly periods during which val-
ues from conventional methods differ less than 5%, 10%, and
20% of SEBAL values. The methods were ordered in Table 3
based on the 20% criterion. The Mass Transfer method has the
first rank with 57% followed by the Penman and Papadakis
methods with 57%. Based on the 20% criterion, the two com-
bination group methods (Priestley Taylor and deBruin—Keij-
man) have the last rank. All conventional evaporation
methods have large regression slope coefficient versus SEBAL.
It can be well noticed from Table 3 that a high degree of cor-
relation with the SEBAL values for the two combination
group methods (Priestley Taylor and deBruin—Keijman) coin-
cided with the smallest regression offsets. The good perfor-
mance of the three methods of the combination group,
which require the greatest number of measured input variables,
indicates that evaporation methods that include available en-
ergy and aerodynamic terms provide the best comparisons
with SEBAL evaporation at this station.

Although the mass transfer method has a low regression
coefficient versus SEBAL, it has a relatively good regression
slope coefficient and small regression offset versus SEBAL.
Moreover, being at the first rank based on the 20% criterion
highlights the fact that evaporation at this station is relevant
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Table 3 Regression R slope, offset coefficients for method output versus SEBAL values, and Percent of monthly periods that
alternate evaporation values are within 5%, 10%, and 20% of SEBAL values for the study periods.

Alternate method  R? regressed
against SEBAL

Regression slope
coeff. versus SEBAL

Regression offset
versus SEBAL

Results within
20% of
SEBAL (%)

Results within
10% of SEBAL (%)

Results within
5% of SEBAL (%)

Raft station

Mass transfer 0.10 0.68 3.38
Penman 0.37 2.02 —7.1

Papadakis 0.014 0.21 5.23
BREB 0.16 0.70 3.47
Priestley Taylor 0.48 1.90 —3.24
deBruin—Keijman 0.47 1.83 —2.62

14 28 57
0 14 57
0 0 57
0 14 43

14 28 28
0 0 28

to wind when the mass transfer method is applied. The method
that requires measurements of only 7, the Papadakis method,
showed the worst correlation with SEBAL method based on
the low regression R coefficient and low regression slope coef-
ficient. This indicates that this method is not well suited for use
at Lake Nasser.

7. Conclusions

The Surface Energy Balance Algorithm for Land (SEBAL) to
estimate daily evaporation rate was applied for a large lake like
Lake Nasser in Upper Egypt. Latent heat flux, the main driv-
ing force for evaporation, is estimated as a residual in net radi-
ation R, sensible heat flux H, change in stored energy Q., and
net advected energy Q,. The algorithm is applied to Landsat
TM spectral data for the lake. Daily evaporation rates are esti-
mated on seven different dates. Average monthly evaporation
values of six traditional methods were compared with the SE-
BAL values at the Raft weather meteorological station. Evap-
oration methods that include available energy and
aerodynamic terms (combination group methods) provide
the best comparisons with the SEBAL evaporation. The good
performance of the mass transfer method shows that evapora-
tion at this location of the lake is very relevant to wind speed.
On the contrary, the Papadakis method that depends on the
measurement of air temperature is not suitable for application
at Lake Nasser. Remote sensing based estimated latent heat
flux with very limited hydro-meteorological data available
from field observations is instrumental in estimating instanta-
neous rate of evaporation at the time of the satellite overpass.
The daily total evaporation of the Lake is estimated using the
evaporative fraction method based on the assumption that
evaporation fraction remains unchanged over the day time
for water surfaces. Future research in this field may apply
the same concepts for other remote sensing data of higher tem-
poral resolutions over longer study periods.
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