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Abstract

Monthly surface temperature (ST) and evaporation rates across the Gulf of Aqaba (GOA) were derived using thermal images
from Landsat 8 and near-surface meteorological data. Retrieved ST were compared with surface temperature from MODIS
data for the same period, and both sets yielded similar results. Surface temperature of the GOA showed little annual range,
with a minimum of ~20 °C in March and a maximum of 27 °C in August and September. However, the annual temperature
range across the GOA is not uniform, varying from ~5.6 °C in the southern parts to ~9 °C in the northern parts, reflecting the
flow regime from the Red Sea and the climate conditions across the GOA.

Average annual evaporation rate across the GOA, as calculated with the Penman equation, is ~2860 mm, giving a net water
balance deficit for the entire GOA of ~ 8.8 x 10° m? annually. This deficit is compensated primarily via water flux from the
Red Sea. Evaporation during April through September accounts for ~ one half of annual evaporation while the other half
occurs during October through March. This evaporation characteristic is linked to the very large heat storage during the
warming phase and its subsequent release in the cooling period of the annual cycle. A small evaporation gradient is noticed
across the GOA, being more distinct in the cold season. The aerodynamic term represents a significant portion of evaporation
during the low sun period, accounting for ~56% of total evaporation during December through February and ~28% from
July through September. The annual trend of evaporation partitioning between energy and aerodynamic terms is attributed
to the evaporation conversion efficiency of net radiation which increases as temperature increases. Thermal images have
the potential to provide accurate measurements of surface temperature that can be used to understand climate dynamics and
water balance across large spatial domains.
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1. Introduction usually confined to point measurements, costly, and require
large logistical investments. Furthermore, the spatial
distribution of SST and turbulent fluxes obtained using
field campaigns is deduced by interpolation rather than

Evaporation is a crucial geophysical component of the
energy and hydrological cycle over the Earth’s surface.
Around 77% of net radiation is dissipated via evaporation

on a global scale (Budyko, 1974; Vonder Haar, 1994). The by direct measurements, entailing substantial smoothing
and data approximation. The launch of satellites equipped

with sensors having high spectral, radiometric, and spatial
resolutions, along with their large synoptic scenes and
relatively short time revisits, has revolutionized data
gathering methods (Qin et al., 2001; Wang et al., 2015;
Cristobal et al., 2018). Sensors onboard satellites can capture
a large scene instantaneously, allowing for direct evaluation

transformation of water from the liquid to the gaseous phase
requires a large input of energy, and 2.45 MJ is needed to
evaporate 1 kg of water. Unlike many other atmospheric
elements, such as wind speed, air temperature, and relative
humidity, which can directly be measured, evaporation is
a derived element, and its rate is an integrated function of
numerous interrelated surface elements and atmospheric

forcings (Brutsaert, 1982; Allen et al., 1998; Foken, 2008). of processes in a static time domain (Sobrino et al., 2018;
Diaz et al., 2021; Oroud, 2022; Oroud, 2025). Numerous

investigators indicated that thermal satellite images yield
high quality surface temperature with excellent spatial and
temporal resolutions (Qin et al., 2001; Jimenez-Munoz and
transport across the sea-atmosphere interface (Stammer S0brino, 2003; Jimenez-Munoz et al., 2014). The accuracy

et al., 2002; Reynolds and Chelton, 2010; Gristey et al. of atmospherically corrected surface temperature has been
reported to be less than 1 K in relatively dry atmospheres

with water vapor content below 2 g (Qin et al., 2003;
Jiménez-Munoz et al., 2009; Sobrino et al., 2018).

Until recently, sea surface temperature and turbulent fluxes
were measured using conventional methods such as offshore
sites and floating buoys to evaluate the annual cycle of
temperature and spatial distribution of heat and mass

2021). These measurements provided valuable information
of the spatial distribution of SST and vertical turbulent
fluxes over the various parts of the world oceans (Vonder

Haar, 1994; Kelkar, 2007). Although very informative and The Gulf of Agaba (hereafter GOA), which represents
providing valuable background data, field campaigns are
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the northern flank of the Red Sea, has received considerable
attention due to its unique ecological habitats, the
widespread tourist activity, the presence of numerous
desalination projects and for understanding temperature
structure, turbulent fluxes and water exchange with the Red
Sea (Manasrah et al., 2006; 2019; Biton and Gildor, 2011;
Ahmed et al., 2012; Faraj et al., 2022). Numerous studies
were conducted in the GOA and the Red Sea to assess the
energy budget, salinity, turbulent fluxes, and water exchange
with the open seas (Assaf and Kessler, 1976; Paldor and
Anati, 1979; Matsoukas et al., 2005; 2007).

The earliest attempt to assess evaporation from the GOA
and the Red Sea was carried out by Neumann (1952) who
indicated that evaporation rates were in the range 2000 mm
a' in the GOA at 29° N to 2350 mm a™!' in the southern parts
of the Red Sea ~ 15° N. Assaf and Kessler (1976) evaluated
the annual flux of evaporation from the GOA based on
hourly data collected in two sites situated in the northern
parts of the GOA and indicated that evaporation was close
to 3600 mm a’'. Paldor and Anati (1979) investigated the
monthly distribution of temperature and salinity across the
GOA based on observations collected from 1974 through
1977 at nine sites distributed along the GOA. They found
that surface temperature and salinity were high in summer
~26 °C, and 41 g kg' and low in winter ~21 °C and 40.5 g
kg-'.

Other relevant investigations were carried out in the Red
Sea to assess turbulent fluxes across its surface; thus, the
results obtained in this area are expected to be close to those
encountered over the GOA because of the relative similarity
in climate conditions. For instance, da Salva et al (1994)
reported that the evaporation rate from the Red Sea is close
to 1680 mm a!. Using a coarse spatial resolution of 2.5 x 2.5
degrees, Matsoukas et al (2007) indicated that evaporation
over the Red Sea is ~2120 mm a™' (see also Matsoukas et
al., 2005). Based on the Penman equation, Dehwaha et al
(2016) reported that evaporation from the Red Sea was close
to 2600 mm a'. Numerous assumptions were made by the
various investigators to reach the estimates presented above,
such as the homogeneity of surface temperature and uniform
weather conditions across the study sites. Furthermore,
the various investigators did not take into account the
suppression of evaporation caused by the salinity of
seawater (e.g., Calder and Neal, 1984; Oroud, 2019a; Oroud,
2023). Thus, the objective of the present investigation is
to examine the annual cycle of surface temperature and
evaporation rates across the GOA using thermal images
onboard Landsat 8 during the period February 2020 through
January 2021. Surface temperatures retrieved from Landsat
were compared with their corresponding values obtained
from MODIS data. The present investigation is important
for understanding the annual cycle of the sea surface thermal
regime and the energy budget partitioning in a hyperarid
marine environment, as well as for assessing water flux
from the Red Sea.

2. Study area

The GOA forms the southern end of the Dead Sea
Transform, created by the Sinai Peninsula’s bifurcation of
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the northern Red Sea (Biton and Gildor, 2011). The Gulf of
Suez occupies the western flank, while the GOA occupies
the eastern one (Figure 1). The study area is located between
34.4 - 3496 E and between 28 - 29.54 N. The north-south
extension of the GOA is ~ 180 km, and its maximum width
is ~ 28 km, with an area close to 3100 km?. The gulfis semi-
closed with an average depth of 800 m and a maximum
depth reaching 1800 m (Biton and Gildor, 2011). This
elongated, narrow gulf is an important marine site hosting
unique assemblages of ecological habitats and supports a
well-known coral reef ecosystem.

The GOA is situated in a hyperarid climate zone, and
annual precipitation ranges from 20 to 30 mm a’!, with some
years passing without a single rainy event. Being located
in a permanent subtropical high- pressure zone, the GOA
receives substantial amounts of solar radiation year-round.
Air temperature closely tracks solar radiation receipt, with
average monthly air temperature varying from 15°C in
January to 33°C in July and August.

36°0°0E

33°0'0"E

34°0'0"E 35°0'0"E 37°00'E

Figure 1. Location of the study area. The inset map is a pan-
sharpened image taken in April 2020, showing the Gulf of Aqaba
and surrounding terrain in greater detail.

3. Data and methods

A flowchart of the data requirements and processes
involved in obtaining surface temperatures and evaporation
rates across the GOA is presented in Figure 2. The first step
was to estimate the kinetic temperature of the study area.
After that, a series of processes were carried out to generate
raster layers- e.g., incoming longwave radiation, solar
radiation, upwelling thermal radiation- needed to estimate
evaporation across the study area. A detailed discussion of
the generated elements is presented in the flowchart.
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Figure 2. A flowchart showing data requirements and processes involved in obtaining surface temperature and evaporation across the
GOA.

3.1 Meteorological data

Monthly meteorological data are obtained from archived
data collected by the Department of Meteorology, Jordan,
and from open sources. Solar radiation reaching the surface is
evaluated from the extraterrestrial radiation and cloud cover
observed in the northern tip of the Gulf. It is assumed that
relative humidity, wind speed, and cloud cover over the GOA
are well represented by observations in the northern parts,
given the similarity in climate conditions across the study
area. Table 1 displays the average monthly meteorological
variables observed at the northern tip of the GOA.

Table 1. Average monthly weather conditions in the northern tip of

the Gulf of Aqaba.
Month nf‘od‘ ?i”, | TaC0) RH(%) [i_‘l‘;’
J 14.88 15.0 53 6.0 23
F 18.96 16.7 45 6.0 22
M 23.45 20.0 37 6.7 20
A 27.00 24.4 30 6.7 23
M 29.15 289 29 6.9 19
J 29.95 31.7 31 7.5 3
J 29.61 333 33 71 2
A 28.11 333 38 7.1 1
S 25.32 31.1 44 6.8 2
(0] 21.43 27.2 47 59 13
N 17.43 21.7 48 59 24
D 14.65 16.7 53 5.8 27

3.2 Satellite data

3.2.1 Landsat data

8 OLI/TIRS has two thermal bands, 10 and 11, operating
in the atmospheric window, 10-12.5 pm where atmospheric
absorption and emission reach their minimum values. Band
10 operates in the spectral range 10.60—11.19 pm, with an
effective wavelength of 10.904 um, while band 11 operates
in the spectral range 11.5-12.51 pm (Cristobal et al., 2018;
Oroud and Balling, 2021). Thermal bands onboard Landsat
8 are captured at spatial and radiometric resolutions of 100
m and 12-bit, but are delivered to users at 30 m and 16-bit.
Twelve images of the thermal band 10 covering the period
February 2020 through January 2021, one for each month,
were downloaded from the USGS site (https:/earthexplorer.
usgs.gov: path 174 Row 40). To ensure proper representation
of surface temperature and to eliminate the influence
of nearby terrain, the first 1 km along the shoreline was
excluded.

3.2.2 MODIS data

Monthly SST from the Moderate Resolution Imaging
Spectroradiometer (MODIS) onboard the Aqua satellite was
downloaded for the study area from February 2020 through
January 2021 to provide an independent check of the SST
retrieved from band 10 onboard Landsat 8. MODIS sensors
are sun-synchronous and flown on the NASA Terra and Aqua
satellites, collecting imagery in 36 spectral bands for a wide
range of applications in agriculture, forestry, meteorology,
oceanography, and climate dynamics. This sensor is a key
instrument designed as part of the Earth Observing System
(EOS) to provide long-term global coverage of the Earth’s
land, ocean, and atmospheric properties. The MODIS SST
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product has high accuracy, with uncertainties of ~0.45 K
at nadir and 0.56 K at 45°, as described in the Algorithm
Technical Background Document (Brown and Minnett,
1999). This uncertainty range has been confirmed by other
investigators (Qin et al., 2014; Ghanea et al., 2016; Cao et
al., 2021). Thus, MODIS SST products can be used as a
benchmark for SST validation. Retrieved SST was the
average of daytime and nighttime readings, with a spatial
resolution of 0.1 degree. All images were processed using
ArcGIS Pro.

3.3 The brightness temperature
The spectral radiance emitted by a blackbody can
be formulated using the Planck function (Menzel, 2006;
Cristobal et al., 2018),

BA(T) = h—h) M

ASEXp(M(T -1

where BA(T) is the spectral radiance (W m™2 sr™! um™),
A is wavelength (pum), h is the Planck’s constant (6.626076
x 107* J ), k is the Boltzmann’s constant (1.380658x 1072
J KM, T is the blackbody temperature, and c is the speed
of light. Radiance impinging on a satellite sensor (L) is
expressed as (Menzel, 2006),

LTOA = TELS + lU + T(l — E)LD (2)

where t is atmospheric transmission (-), LS is radiation
emitted by the surface, € is surface emissivity in the
specified band (-), L, and L are downwelling and upwelling
atmospheric radiation, respectively; all terms are expressed
in (Wm? sr!' pm™). Thermal radiance at a satellite sensor is
converted to a brightness temperature using the following

form,
K2
TB = Ln({3+1) Q)

where TB is the at sensor or brightness temperature, K1
and K2 are constants obtained from the Landsat 8 manual.

The actual surface temperature is different from the
brightness temperature due to atmospheric and emissivity
effects (Menzel, 2006; Cristobal et al., 2018). The
temperature difference between the kinetic temperature
and the brightness temperature could reach several degrees
depending on atmospheric conditions and the actual
emissivity across a scene (Qin et al., 2003; Menzel, 2006;
Cristobal et al., 2018). Emissivity effect could be large for
bare sandy dry surfaces, but it is relatively small for water
surfaces because the spectral emissivity of water within the
band used to retrieve surface radiance is close to unity (e.g.,
Menzel, 2006).

Due to absorption and remission of longwave radiation,
the atmosphere influences the radiance received by a satellite
sensor (e.g., Salisbury and D’Aria, 1992; Faysash and Smith,
1999). The temperature of the intervening atmosphere is
usually lower than that of the surface, leading to a reduction
in the recorded radiance at the sensor level (Barsi et al., 2005;
Menzel, 2006, Rosas et al., 2017; Oroud, 2020). The kinetic
temperature of the sea surface or that of a ground surface
is higher than the brightness temperature. The effect of the
atmosphere on the retrieved temperature depends primarily
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on the vertical structure of humidity and temperature within
the lower troposphere (Parata, 1994; Qin et al., 2001; Wang et
al., 2015; Cristobal et al., 2018; Diaz et al., 2021). Numerous
techniques have been used to correct for the atmospheric
effect such as the radiative transfer equation like MOTRAN,
in situ measurements or empirical equations. The algorithm
presented by Barsi et al (2005) to correct for the atmospheric
effect is implemented in the present investigation (http:/
atmcorr.gsfc.nasa.gov.)

3.4 Evaporation calculation

Evaporation from a water surface can be estimated
using a variety of methods, such as the pan ratio method,
the bulk transfer method, the Penman- Priestly method, the
combination equation, and the eddy covariance (Allen et
al., 1998; Bouwer et al., 2007, Metzger et al., 2018; Oroud,
2019a). The bulk transfer method, which is widely used, is
quite sensitive to the transfer coefficient and vapor pressure
deficit across the surface- atmosphere boundary, and thus
this method will give an evaporation that synchronizes
closely with water temperature. The combination equation
accounts for radiative, convective, and storage terms and is
therefore expected to provide a better representation of the
annual course of evaporation from a deep-water body like
the GOA. The Penman equation is written (Mundo and
Gomez, 2017; Oroud, 2019a),

E= BA(RN+QS)+Wf(u)(Bew—ea) @)
BA+Y

where E is evaporation (Wm), f3 is the activity coefficient
of the water surface (-), A is the slope of saturation vapor
pressure with respect to temperature (hPa K'), RN is net
radiation (W m), QS is the change in heat storage (Wm?),
v is the psychrometric constant (hPa K'), f(u) is the wind
function (Wm™ hPa"), e and ea are vapor pressure at the
water surface and in the contiguous air (hPa). All parameters
comprising the Penman equation are presented below.

The energy balance at the surface- atmosphere boundary
may be expressed as (Foken, 2008; Oroud, 2023),

Rn=SA—-a)+LI-LT )

where Rn is net radiation (W m™), o is surface albedo
(-), areincoming and outgoing longwave radiation. Monthly
solar radiation is estimated from extraterrestrial radiation
and cloud cover (Igbal, 1982)

S¢ = (a +b %) Sext ©)

where SG is solar radiation reaching the surface, a
and b are empirical constants, n and N are actual sunshine

hours and the theoretical daylight length, S_. . is the daily

EXT
extraterrestrial solar radiation (MJ m? day'), computed

using the following form (Igbal, 1983),
Sext = Sc D(sin@sin§ + cos@cosdsinw) (7

where SC is the solar constant, D is the inverse earth-sun
distance, @ is latitude, & is solar declination, and ® is the
sunset angle.

Down-coming longwave radiation is estimated using an
expression presented by Brutsaert (1982),



Ll=€, oTZ(1 + ccY) ®)

where ¢ is atmospheric emissivity (-), o is the Stefan-
Boltzmann constant (5.667 x 10®* Wm?K), T, is near surface
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air temperature (K), cc is cloud fraction, and is a correction
term for cloud cover contribution (Oroud and Nasrallah,
1998). Figure 3 shows the spatial distribution of the average
air temperature in January and July across the GOA.
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Figure 3. The spatial distribution of the average air temperature across the GOA in January and July.

The upwelling surface radiation from the sea surface is
calculated using the following equation,

L T=€5 oT¢ ©)

where ¢_is surface emissivity, 0.97 for seawater, and T
is surface temperature (K). Surface albedo over the GOA is
assumed to be 0.05. All calculations of the various energy
balance terms were performed on the raster layers using
ArcGIS Pro.

The subsurface storage term is calculated assuming an
effective mixed layer depth of 45 m (Oroud, 1997; Biton and
Gildor, 2011),

n n-1
QS = puy Gy o)

where QS is subsurface storage (Wm?), pw is water
density (kg m?®), CW is the specific heat of water (J kg
K"), h is the effective mixed layer depth (m), T,"and T ™'
are the surface temperature at the current and previous
month, respectively, and dt is the time increment. The exact
specification of the effective mixing depth does not influence
the total annual evaporation as QS approaches zero for the
annual cycle.

(10)

The wind function, which accounts for the aerodynamic
term is expressed using the following form (Oroud, 2023),

F(u)=36+25U (11

where U is wind speed (m s™).

The activity coefficient in Eqn. 4 accounts for the
suppression of the saturation vapor pressure caused by
dissolved salts. The activity of a saline solution may be
expressed using the following form (Oroud, 2019a),

_ ewer (12)
e¢(Ti)

where e is the saturation vapor pressure of the saline
solution and e, is the saturation vapor pressure for freshwater
at the same temperature. The average activity for the open
seas and oceans is ~ 0.974, while it is for the GOA is ~
.97 because of its higher salinity. Water vapor pressure at
the surface is calculated using the following expression
(Brutsaert, 1982),

E, = 6.1078 exp(1726%7575v7w) (13)

where Tw is surface water temperature in Celsius. The
near-surface vapor pressure is calculated by (ea* RH), where
the first term is the saturation vapor pressure at T, and RH is
the relative humidity.

4. Results
4.1 Retrieved temperature
An important point for further analysis is the accuracy of
the retrieved surface temperature. Figure 4 displays a scatter
diagram of satellite-retrieved skin temperature compared to
corresponding values retrieved from the MODIS sensor.
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Figure 4. A scatter diagram of satellite-retrieved skin temperature
versus that obtained from MODIS data.

There is close agreement between the satellite-retrieved
temperatures and MODIS data, with a correlation coefficient
0f 0.94. Landsat 8 tends to slightly underestimate the surface
temperature compared to MODIS as observed from Figure
4. This underestimation is likely linked to two main factors:
1- Landsat 8 observes the skin temperature around 10 AM
when the temperature of the top water layer reaches its
minimum values due to nocturnal cooling experienced the
night before and the high thermal inertia of water, while the
readings of MODIS are the average of observations taken at
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1.00 PM and 1.00 AM. 2- MODIS data are slightly higher
because of the slow heating of the upper water layer at 1.00
PM caused by the continuous flux of solar radiation and also
due to the rise of the near-surface air temperature during the
daytime hours. The temperature of the top layer at 1.00 AM
is still warm due to the very slow cooling of water at night
because the heat supplied to compensate for the net radiation
deficit at night is drawn from a deep-water layer with very
high heat capacity (heat capacity = p,, C,, h: see Eqn. 11). In
fact, cooling at the surface layer triggers strong instability
as cooled water sinks downward and gets readily replaced
by warmer water from beneath. Thus, the different timing
of images taken for the two satellite platforms may explain
the slightly cooler temperatures of Landsat 8 compared to
those obtained by MODIS. The overall accuracy, however,
is quite high, and surface temperature retrieved from the
high-resolution thermal images onboard Landsat 8 can be
used for operational purposes in lieu of observed values to
investigate surface fluxes, thereby avoiding the restrictions
imposed by measurement locality and the footprints of
nearby terrain.

4.2 Surface temperature across the GOA
The spatial distribution of monthly surface temperature
across the GOA in six selected months, three in winter and
three in summer, is presented in Figure 5. The annual surface
temperature varies from an average of 20 °C in March to 27
OC in August and September. A few distinct thermal features
can be identified from the figures:
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Figure 5. The spatial distribution of monthly surface temperature across the GOA in six selected months, three in winter and three in
summer.
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1- There is a clear north-south temperature gradient
across the GOA. The temperature difference between the
northern and southern parts is about 1.0-1.5 °C in winter
and about 0.5 °C in summer. These seasonal differences are
linked to hydrographic and meteorological forcings. Warm
surface waters from the Red Sea feeding the GOA contribute
to the observed warmer surface temperatures in winter in
the southern parts. Furthermore, the southern parts have
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higher temperatures and receive more solar radiation during
winter than the northern parts, as presented. Extraterrestrial
radiation over the northern and southern parts of the GOA
varies from about 20 MJ m? day™! at the northern tip to 21.6
MJ m? day” in the southern portions in December, whereas
this flux is relatively uniform across the GOA in summer
(about 41 MJ m? day™! in June).

44

MJ/(m”2. day)
N N w w L
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Figure 6. The annual cycle of extraterrestrial radiation over the northern and southern parts of the GOA.

2- The range of the annual SST in the GOA varies from
~5.6 °C in the southern parts to > 8 °C in the northern tip
(see figure 7). This spatial temperature pattern is linked to
hydrographic and atmospheric forcings. The southern parts
receive a continuous flux of warm surface waters from the
Red Sea, and thus the temperature there is expected to be close
to that encountered over the northern Red Sea. Furthermore,
solar radiation receipt over the southern portions and near-
surface air temperature have less distinct annual cycles than
the northern parts. The annual surface temperature range
as demonstrated in Figure 7 is much smaller than those
reported, for instance, in the Eastern Mediterranean- ~12 °C,
the Dead Sea ~ 16 °C or the Gulf of Suez, ~ 11 °C (Berman
et al., 2003; Manasrah et al. 2004; Biton and Gllord, 2011;
Nykjaer, 2009; Oroud, 2019b; Oroud, 2023).

The above findings are substantiated by surface
temperature retrieved from MODIS data. Figure 8 shows
that the southern parts of the GOA as warmer than the
northern part particularly at the end of year due to the influx
of warm waters from the Red Sea, warmer air temperatures
and higher solar radiation receipt as indicated in Figure 6.
Landsat data provide finer details compared to the MODIS
data, and thus thermal images onboard Landsat § are more
suitable for detailed investigation of the energy balance
components for small size areas like the GOA compared to
coarse spatial resolution satellite platforms.
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Figure 7. The annual surface temperature range across the GOA.
The ST annual range is obtained by subtracting the temperature of
March from that in August.
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Figure 8. The spatial distribution of monthly surface temperature across the GOA as retrieved from the Moderate Resolution Imaging

Spectroradiometer (MODIS) onboard the Aqua satellite during the study period.
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5. Evaporation across the GOA

Evaporation across the GOA is quite high throughout
the annual cycle. Figure 9 shows the spatial distribution of
average daily evaporation for four selected months: two in
summer and two in winter. Evaporation reaches its peak in
late summer and early fall with average rates of 9.25, 10.24,
and 9.57 mm day! in August, September, and October,
respectively. During this period, the change in heat storage
tends to be either close to zero, as in the case of August,
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or negative, as in the other months, and thus the available
energy for evaporation is large. Despite the significant
drop in air temperature and solar radiation during the low
sun period, evaporation during the cold period of the year
is relatively high. This pattern is due to the substantial
subsurface heat release during the cooling stage of the GOA,
which significantly increases available energy and thus
evaporation.
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Figure 9. The spatial distribution of daily evaporation during four selected months, two in winter and two in summer.
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The spatial distribution of evaporation rates from the
GOA during April through September and October through
March are presented in Figure 10. Average evaporation
during the warm season, April through September, is 1465
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mm -ranging from 1460 mm in the northern parts to 1550
mm in the southern parts-, while its counterpart in the low
sun period, October through march is 1395 mm, varying
from 1340 to 1450 mm across the GOA.

Evaporation: October- March (mm) = Evaporation: April-September (mm)
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Figure 10. Total evaporation during the low sun period and the high sun period. Average evaporation for October through March is 1395
mm and the corresponding value for April through September is 1466 mm.

Although solarradiation and air temperature are relatively
small in the low sun period, evaporation values across the
GOA during this period are comparable to those in the warm
period. This is linked to the very large subsurface heat
storage during the warm period and its subsequent release
in the cool period. Furthermore, the water temperature
in the GOA does not vary much during the annual cycle,
leading to high saturation vapor pressure deficit year-round.
Evaporation across the GOA increases southward in both
seasons, with the increase more pronounced from October
through March.

Total evaporation across the GOA as calculated in this
investigation is ~2860 mm a’'. This figure is larger than
those presented by da Salva (1994) and Matsoukas et al
(2005; 2007), who indicated that evaporation from the Red
Sea is ~1680 mm a! and ~2100-2200 mm a!, respectively.
The estimates given by Matsoukas et al (2005; 2007) were
based on coarse spatial resolution pixels- 2.5x 2.5 degrees.
On the other hand, the calculated annual evaporation in this
investigation is ~21 % lower than that reported by Assaf and
Kessler (1976). Estimates presented by Assaf and Kessler
were based on the bulk transfer coefficient, which is sensitive
to the wind function and saturation vapor pressure deficit.
Furthermore, Assaf and Kessler assumed uniform surface
temperature and weather conditions throughout the GOA
and neglected the effect of salinity on evaporation.

An important observation is the large contribution
of the aerodynamic term in winter. The contribution of
the aerodynamic term to total evaporation during the
months December through March- is ~52%. On the other
hand, the corresponding contribution for the period April
through November is only ~ 32%, despite the larger
saturation vapor pressure deficit during the warm period.
Evaporation contributed by the energy term is relatively
small in the cold months compared to the warm period.
The physical explanation for this annual trend of energy
and aerodynamic contributions is linked to the annual
cycle of the energy conversion factor (A/(A + ). The
efficiency of the energy conversion factor increases
appreciably as the temperature rises. Figure 11 shows
the efficiency of the net energy conversion factor as a
function of temperature. A temperature rise enhances the
conversion of the available energy into evaporation but
tends to suppress the aerodynamic term in the Penman
equation due to the increased numerator in Eqn. 4. This
tendency explains the large contribution of the energy
term in the warm season and the enhanced contribution
of the aerodynamic term in winter when temperature is
relatively low. This tendency is expected to be larger for
other locations like the Mediterranean, the Gulf of Suez or
the Dead Sea due to the larger annual temperature range
compared to the GOA.
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Figure 11. The efficiency of the net energy conversion factor as a
function of temperature.

6. Sensitivity of evaporation to uncertainty in surface
temperature

Surface temperature retrieved from Landsat 8 is
consistent with field observations and those obtained from
MODIS images, but uncertainty is expected to occur in
SST which in turn influences evaporation estimates. The
total effect of a temperature departure on evaporation as
formulated by the Penman equation may be expressed using
the following expression,

dE _ OE 0Rn

dr = dRn aT

JE 0A

OE Odeg
dA OT

deg OT (19

where all terms as indicated previously. A change in
temperature has positive and negative feedback effects
on evaporation (Oroud, 2019a). For instance, a departure
in T reduces net radiation because of the enhanced
upwelling radiation, while a temperature increase elevates
the saturation vapor pressure and its slope at the surface-
atmosphere boundary. The effects of these mechanisms on
evaporation are nonlinear.

Figure 12 shows the response of evaporation as
influenced by a one Celsius temperature departure as
presented in Eqn. 14 for typical meteorological conditions
encountered over the GOA. Assuming that the ambient
conditions are unchanged, a temperature increase has
mixed effects on evaporation. For instance, a temperature
increase by one Celsius at 25 °C reduces net radiation by ~6
W m? (-4ecT33T) but increases the saturation water vapor
pressure deficit which in turn enhances evaporation flux
across the surface- atmosphere boundary. Figure 12 shows
that the total evaporation response caused by one Celsius
departure at the environmental conditions encountered at
the GOA is close to 90-100 mm/year. It is clear that a small
uncertainty in SST estimates is not expected to have a large
impact on the calculated annual evaporation, as presented
in this investigation. Evaporation departure is indeed very
small and represents only ~3% of annual evaporation.
The calculated evaporation uncertainty resulting from
uncertainty in SST is smaller than uncertainties caused by
other terms influencing evaporation estimates, like solar
radiation receipt, the wind function or incoming longwave
radiation.
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Figure 12. The sensitivity of evaporation as influenced by
temperature departure at the environmental conditions encountered
across the Gulf of Aqaba.

7. Discussion and conclusion

Accurate estimates of surface temperature are essential
for numerous geophysical investigations, such as mass and
heat exchange across the surface atmosphere boundary.
Results show that the surface temperature of the GOA varies
from a minimum of ~20 °C during the low sun period to
about 27 °C in August and September. The southern parts
of the GOA are warmer than the northern parts year-round.
The influx of warm water from the Red Sea is likely the main
mechanism influencing this spatial pattern. The warmer
climate and higher solar radiation, particularly in winter, in
the southern areas, also contribute to this spatial temperature
gradient.

Thermal images reveal that the average annual
temperature range over the GOA varies from ~5.6 °C near
the Red Sea to >8 °C in the northern parts of the gulf. This
spatial pattern demonstrates that the GOA does not have a
uniform annual temperature range. The annual temperature
range in the GOA is relatively smaller than that encountered
in nearby lakes and open seas. For instance, the southeastern
Mediterranean has an annual range of 12 °C while the Suez
Canal, which forms the western extension of the Red Sea,
was reported to have an annual temperature range close to
11 °C, and the Dead Sea has an annual temperature range in

excess of 16 °C.

The annual evaporation from the GOA is quite large,
reaching ~ 2860+100 mm a™'. Being hyperarid and receiving
no flow from nearby terrains, the large water deficit of the
Gulf of Agaba is compensated by the continuous flow of
water from the Red Sea. Based on the evaporation results
presented in this investigation and the area of the Gulf of
Aqaba, total annual flow from the Red Sea to the Gulf of
Aqaba is close to 8.86 billion cubic meters. This massive
flux keeps the salinity and water temperature of the Gulf
of Aqaba very close to those encountered over the northern
parts of the Red Sea. This investigation provides insight into
the energy, water, and salt balances across the Gulf of Aqaba,
and also offers a better understanding of processes shaping
the marine environment of the Gulf of Agaba.

An important relevant point regarding the difference
between Landsat and MODIS in calculating temperature and
evaporation rates is illustrated. The Landsat program and the
Moderate Resolution Imaging Spectroradiometer (MODIS)
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are widely used to estimate evaporation from both land and
water surfaces, although they differ in their overpass times.
Landsat is commonly applied to derive surface temperature
and evaporation rates for terrestrial areas, lakes, and
reservoirs, whereas MODIS sensors aboard Terra and Aqua
are designed to monitor temperature and evaporation over
broad regions due to their wide swath coverage. Landsat
typically passes at about 10:15 a.m., while Terra and Aqua
(MODIS) overpass at approximately 1:30 p.m.

Surface temperatures over land are highly sensitive to
the timing of satellite overpasses because of pronounced
diurnal heating cycles. In contrast, sea surface temperature
shows minimal diurnal variation. This stability is primarily
due to water’s high thermal capacity and the involvement of a
relatively deep, well-mixed surface layer generated by wave
action. The large heat capacity of seawater (density x specific
heat x depth) means that substantial energy is required to
raise its temperature even slightly. Consequently, the precise
timing of a satellite pass over has little effect on measured
sea surface temperature and associated evaporation rates.
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