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Abstract: Current earth observation models do not take into account the influence of water salinity on
the evaporation rate, even though the salinity influences the evaporation rate by affecting the density
and latent heat of vaporization. In this paper, we adapt the SEBS (Surface Energy Balance System)
model for large water bodies and add the effect of water salinity to the evaporation rate. Firstly, SEBS
is modified for fresh-water whereby new parameterizations of the water heat flux and sensible heat
flux are suggested. This is achieved by adapting the roughness heights for momentum and heat
transfer. Secondly, a salinity correction factor is integrated into the adapted model. Eddy covariance
measurements over Lake IJsselmeer (The Netherlands) are carried out and used to estimate the
roughness heights for momentum (~0.0002 m) and heat transfer (~0.0001 m). Application of these
values over the Victoria and Tana lakes (freshwater) in Africa showed that the calculated latent heat
fluxes agree well with the measurements. The root mean-square of relative-errors (rRMSE) is about
4.1% for Lake Victoria and 4.7%, for Lake Tana. Verification with ECMWF data showed that the
salinity reduced the evaporation at varying levels by up to 27% in the Great Salt Lake and by 1% for
open ocean. Our results show the importance of salinity to the evaporation rate and the suitability of
the adapted-SEBS model (AquaSEBS) for fresh and saline waters.
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1. Introduction

Evaporation from large water bodies, including inland waters, has a dominant role in the
hydrological cycle [1,2]. Therefore, quantitative estimation of evaporation is necessary in the
management of water resources as well as in the proper setup of climate models [3–6]. The largest
open water surface is that of the oceans, contributing to about 86% of the total evaporation feeding to
the water cycle [1], thus playing a controlling role in the global climate [5]. Consequently, accurate
monitoring of this evaporation is of high importance. However, this evaporation greatly varies due to
large variations in ocean water characteristics, such as turbidity and salinity [1].

According to Raoult’s law, ocean salinity affects the evaporation pressure and therefore the
interaction between the water surface and the atmosphere [7]. Saline water has lower evaporation
rates than fresh water, regardless of the chemical composition of the salt. This reduced evaporation
leads to an increase in the energy available for the warming up of the water, and, consequently, to the
energy transfer from the water surface to the atmosphere by other processes, such as sensible heat [8].
Therefore, salinity needs to be considered in estimating evaporation.
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Several methods have been developed to estimate the effect of salinity on evaporation.
These methods can be divided into experimental and semi-physical models. Experimental models
are based on laboratory tests using special apparatus under controlled conditions [8,9].
Semi-physical models use the ratio between saline water evaporation and hypothetical freshwater
evaporation to estimate the influence of salinity on a shallow lake. Experimentally, this ratio had been
estimated by measuring the evaporation from two pans filled with water of two different salinity
concentrations [10]. Both categories of experimental and semi-physical models are limited in their
applications as they assume optimal and known environmental conditions and neglect the energy
balance of the system.

While the impact of salinity on the evaporation has been studied at the local scale, the results
have yet to find their way into large-scale evaporation models. In most atmospheric models [7,11],
the influence of salinity on the evaporation rate, thus on the energy balance is ignored. Not simulating
or predicting these processes properly can even lead to large-scale economic problems. For example,
a large decrease in air temperature caused by lower-salinity (and consequently low-temperature)
ocean currents may lead to a delay of the spring phytoplankton growth [12], directly affecting the
zooplankton growth and fish recruitment.

Identification of such large-scale anomalies can only be performed using remote sensing. However,
as evaporation cannot be directly measured from space, most of the remote sensing evaporation models
are energy balance based, considering the net radiation and surface heat fluxes [13]. Monitoring of
evaporation with remote sensing requires a fine-tuning of evaporation rates from open water bodies.
The water composition and the physical state of the surface must be considered, which would lead to
more accurate water balance calculations. Similarly to the atmospheric models, none of these energy
balance models take into consideration the influence of water salinity.

The main focus of this paper is on the estimation of the evaporation rate over fresh and saline
water bodies using satellite and in-situ data. Since many remote sensing models have been developed
in the past for assessing evapotranspiration over land, the focus of this research is on the adaptation of
such a model over large (saline) water bodies.

The objective of this paper is to introduce the modification of an energy balance model to be
applicable over water bodies (fresh and saline). The objective is achieved through:

i Adapting the parameterizations of the water heat flux (identical to ground heat flux in terrestrial
surface energy calculations) and the heat and momentum roughnesses in a selected surface energy
balance model;

ii Upscaling the calculated evaporation rate from instantaneous to daily;
iii Applying a salinity correction factor in the calculation.

2. Methods

2.1. Description of the SEBS Model

The Surface Energy Balance System (SEBS) algorithm was developed by Su [3] to estimate the
heat fluxes by integrating satellite data and hydro-meteorological field data. SEBS is a one-source
physical model which is applicable on a large scale, as it incorporates the physical state of the surface
and the aerodynamic resistances for daily evaporation estimation [6]. It has been validated in several
studies over land [4,7,14,15], but has hardly been validated over fresh and saline water bodies.

SEBS requires three sets of data as input. The first set is the remote-sensing data, including
emissivity, surface albedo and (water) surface temperature. The second set is the meteorological data,
including air pressure, air temperature, relative humidity and wind speed at a reference height. Thirdly,
radiative forcing parameters are required, such as downward shortwave and long-wave radiations.

The energy balance of the water surface can be expressed as Equation (1).

Rn “ G0´H´λE (1)
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where Rn is the broadband net radiation, G0 is the water (or ground for land surfaces) heat flux, H is
the sensible heat flux and λE is the latent heat flux. All terms are expressed in (W¨m´2).

The net radiation is the balance between the incoming and outgoing radiations and this is the
forcing of the system energetically.

2.1.1. Heat Flux (G0)

G0 represents the energy used to heat the ground. Over land, G0 is calculated as a function of
the surface properties [3]. In many SEBS applications, ground and water cover is not differentiated.
Simple approximation for water bodies was suggested by [9] as G0 = 0.5 Rn (W¨m´2). However,
the measurements done over Ijsselmeer and Tana lakes showed that G0 is not constant in space and
time over a water surface.

2.1.2. Sensible Heat Flux (H)

The sensible heat flux is the exchange of heat between the atmosphere and the surface through
air molecules, resulting from the vertical temperature gradient between the water surface and the
atmosphere. The sensible heat flux is estimated by iteration of the non-linear equations of the
Monin-Obukhov Similarity (MOS) [3] (Equations (2)–(4)).
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Here u is the velocity of air (m¨ s´1); u* is the friction velocity (m¨ s´1); k is the von Karman’s
constant (k = 0.4 (-); z is the reference height above the water surface (m); d0 is the zero plane
displacement (m); z0m is the surface roughness length for momentum transfer (m); L is the
Monin-Obukhov length (m); θ0 is the potential temperature of the water surface (K); θa is the potential
temperature of air at reference height z (K); z0h is the surface roughness length for heat transfer (m);
ϕm and ϕh are the stability correction functions for momentum and sensible heat transfer, respectively;
is the air density (kg¨m´3); cp is the specific heat of air at constant pressure (J¨kg´1¨K´1); and is the
gravitational acceleration g = 9.81 (m¨ s´2). These equations can be applied if the reference height is a
few meters above the ground, where the surface heat fluxes are related to the atmosphere and surface
variables [8]. Otherwise, Bulk Atmospheric Boundary Layer (ABL) Similarity (BAS) equations can be
used [3].

2.1.3. Latent Heat (λE)

The latent heat is the energy needed for evaporation. SEBS calculates the latent heat using
the evaporative fraction term (EF) and the actual sensible heat [3]. Evaporative fraction is the ratio
between the latent heat and the available energy at the water surface. The daily stability of this term was
investigated in different studies [7,10,15]. The actual sensible heat flux value is constrained between
the dry (minimum latent heat flux) and wet (minimum sensible heat) conditions. The terms are coming
from land application, where the sensible heat in dry conditions is equal to the difference between the
net radiation and the ground heat flux, i.e., there is no water available for evaporation, and the soil
moisture is at wilting point. In wet conditions, when there is no water limitation, the sensible heat flux
reaches its minimum; and evaporation will occur at the potential (maximum) rate. SEBS estimates the
total energy used for evaporation in a day-based evaporative fraction term (EF) using Equation (5) [3].

λEdaily “ 8.64ˆ 107EF pRn ´ G0 q (5)
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Over land, the daily ground heat flux is considered zero. However, in this paper, it is proved that
this is not valid for water surfaces. So, another formulation of water heat flux is introduced to SEBS.

Finally, this total daily energy is converted into daily evaporation estimates by considering the
latent heat of vaporization (λ) (Equation (6)):

Edaily “ λEdaily{λ ρw (6)

Here, Edaily is the daily evaporation (mm¨day´1); ρw is the water density (kg¨m´3).

2.2. Development of AquaSEBS

Based on the SEBS model as it is described in Section 2.1, we implemented modifications to
estimate evaporation over water using remote sensing in the following five steps:

1. Adapting the formulations of the water heat flux (G0w).
2. Identifying the roughness of momentum transfer (z0m) for fresh water.
3. Identifying the roughness of heat transfer (z0h) for fresh waters.
4. Modifying the parameterization of the evaporative fraction to upscale the instantaneous values

to daily values.
5. Adding a salinity-correction term to the latent heat of vaporization.

2.2.1. Water Heat Flux (G0w)

For the estimation of the water heat flux (denoted as G0w to differentiate it for the ground heat
flux), the thermal equilibrium exchange model [16] was incorporated into the SEBS model as detailed
hereafter. Many studies neglect the value of water heat flux on a daily basis, as the energy gained
during a daytime is assumed to be lost in the night. In reality, it depends on the atmospheric conditions
and the amount of heat transported by flow and convection at the surface of the water body [11].
From in situ measurements, the water heat flux, G0w, can be estimated from temperature measurements
at different water depths [11] (Equation (7)):

G0w “ ρwcw

ż Z

Z“0

∆T
∆t

dZ (7)

where ∆T/∆t is the rate of change in temperature between two consecutive depths (K¨ s´1); Z is the
thickness of the water layer between two consecutive depths (m) and cw is the specific heat of the
water (J¨kg´1¨K´1).

Remote sensing observations, however, only obtain the skin temperature of the water.
Consequently, direct use of Equation (7) is not possible. Instead, the equilibrium temperature model
(ETM) [17] was used, as explained hereafter. Water heat flux can be described as the imbalance between
the solar radiation, thermal radiation, sensible heat and latent heat fluxes. As such, there is a theoretical
height at which the net heat flux exchange between the water surface and the atmosphere equals
zero. The equilibrium temperature (Te) is a hypothetical water surface temperature when this occurs.
This equilibrium temperature can be calculated using the thermal exchange coefficient (β). In order to
estimate the equilibrium temperature and the thermal exchange coefficient, as well as to derive the
water heat flux (G0w), Equations (8)–(13) can be applied:

Tn “ 0.5 p T0 ´ Td q (8)

η “ 0.35` 0.015 T0 ` 0.0012 pTnq
2 (9)

S pWq “ 3.3 u (10)

β “ 4.5` 0.05 T0 ` pη ` 0.47q SpWq (11)
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Te “ Td `
Rs

β
(12)

G0w “ β pTe ´ T0q (13)

where Te is the equilibrium temperature (˝C); T0 is the water surface temperature (˝C); Td is dew
temperature of the air (˝C); Rs is the net shortwave radiation (W¨m´2); β is the thermal exchange
coefficient (W¨m´2¨ ˝C´1); S(W) is the wind function (m¨ s´1). This method had been applied in
various studies, (e.g., [16,18]). In this paper, we estimate the instantaneous water heat flux using the
equilibrium temperature model. The input parameters to the equilibrium temperature model are water
surface temperature, dew temperature, wind speed and the net solar radiation. In our case, the results
were compared with the European Centre for Medium-Range Weather Forecasts (ECMWF) water heat
flux values (calculated as a residual of the energy balance equation) over selected test areas.

2.2.2. The Roughness Height for Momentum Transfer (z0m)

The roughness height for momentum transfer (z0m) and the zero displacement height (d0) play
a vital role in the Monin-Obukhov Similarity theory (MOS) (Equations (3) and (4)). These two
parameters significantly influence the momentum transfer between the evaporating surface and
the atmosphere [12]; z0m is the height up to which the momentum transfer is affected by surface
characteristics [18]. Despite that this parameter is related to wind speed, atmospheric stratification and
other factors, z0m can be considered as a constant value over water bodies [19]. Although it is difficult
to get an accurate estimation of z0m, many methods have been developed to get a realistic estimation
based on experimental measurements or remote-sensing techniques [20,21]. Equation (14) [22] was
used to estimate the roughness for momentum in this study.

z0m “ u˚
2{81g (14)

The zero displacement height (d0) over water surface was assumed to be zero [23].

2.2.3. The Roughness Height for Heat Transfer (z0h)

Many studies have been developed to estimate z0h on land [20,21,24]. However, few studies have
investigated it for water surfaces. In this research, z0h was determined using eddy covariance heat
fluxes and hydro-meteorological data by inverting the similarity equations. The equation of [10] was
used to estimate the roughness of heat transfer on water surface (Equations (15) and (16)).

kB´1 “ ρacp
pT0 ´ Taq

H
ku˚ ´ ln

„

z´ d0

z0m



` ϕh

ˆ

z´ d0

L

˙

(15)

kB´1 “ ln
z0m

z0h
(16)

where, B is the Stanton number (-); Ta is the air temperature (K). As the roughness height for heat
transfer can be considered constant over water surfaces [25], the values obtained over the Lake
IJsselmeer were used also for larger water bodies.

2.2.4. Up-Scaling to Daily Values

In the original (land) SEBS, the evaporative fraction is calculated using the sensible heat values at
dry and wet boundary conditions (Equation (17)).

EF “ λEwet

ˆ

EFr

pRn ´ G0q

˙

(17)
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where EFr is the relative evaporative fraction (-) which can be calculated using Equation (18). λEwet is
the latent heat under wet condition where the potential evapotranspiration takes place and the sensible
heat takes its minimum value pHwetq.

EFr “
λE

λEwet
“ 1´

λEwet ´ λE
λEwet

“ 1´
H ´ Hwet

Hdry ´ Hwet
(18)

where Hdry is the sensible heat under the dry condition where the evapotranspiration takes its
minimum value.

This evaporative fraction is used to scale from instantaneous to daily values. However, the
underlying assumptions for the use over land and water differ. The difficult question is how to
consider conceptually the dry boundary over water surfaces. For relative humidity higher than 70%,
no evaporation will take place over the water that is saturated with sodium or magnesium chloride [26].
Therefore, the evaporation process above the water surface is constrained by the water composition
and the atmospheric conditions. In this work, the dry condition was considered for salt-saturated water
and relative air humidity >70%, whereas, the ‘wet’ condition was considered over open fresh water.

2.2.5. Correction for Salinity

The influence of salinity on the latent heat of vaporization and evaporation rate is expressed as a
reduction of evaporation of saline water in comparison to fresh water. We use the salinity reduction
formulation of [27], (Equation (19)).

9 “ 1.025 ´ 0.0246 exp r0.00879¨ ss (19)

where 9 is the salinity reduction factor, is the salinity (g¨L´1). Equation (20) is used to correct for
salinity effect on the daily evaporation rate produced by AquaSEBS.

Es “ 9λEdaily{λρw (20)

where Es is the estimated evaporation rate over the surface of the saline water body.

3. Data Collection and Analysis

In this study, we used three data sets, two sets were measured in inland waters and one set is
based on ECMWF ERA-Interim reanalysis. To make an objective evaluation of the improvements to
the SEBS model, we chose to use the meteorological forcing data from ECMWF to run both SEBS and
AquaSEBS and validated the results using in situ measurements (Lake IJsselmeer and Lake Tana) and
using ECMWF ERA-Interim data where in situ measurements were not available.

Lake IJsselmeer, The Netherlands: A measurement setup was constructed at the shore of Lake
IJsselmeer for calibration and validation purposes. The set up consisted of water temperature profile
measurements and a flux tower. The tower had a 4-component radiation sensor, an eddy-covariance
sensor, and a relative humidity sensor. The eddy-covariance sensor was installed at 3 m height whereas
the relative humidity sensor was at 2 m height. The radiation sensors were installed at 1.5 m height
above the water surface, and 4 m away from the land. The water surface temperature was calculated
from the measured radiation data using the Stefan-Boltzmann equation.

Lake Tana, Ethiopia: Data from Lake Tana were used for evaluating the calibrated roughness
heights. At this location temperature profile at different depths in the water and air, wind speed, relative
humidity, and net radiation components were collected during the one-day period of 15–16 September
2011 [11,28].

ECMWF products: ECMWF ERA-Interim reanalysis data products, provided by the European
Centre for Medium Range Weather Forecasts organization, were used as reference data to validate
AquaSEBS over different test areas. It has to be noted that these data products can be considered
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as the best fit of world-wide in situ measurements and modelled data, since this data set is
energetically consistent.

3.1. Processing the IJsselmeer Data

All measured values, including the four components of radiation, air temperature, and relative
humidity, were averaged to 30 min intervals. The footprint of the eddy co-variance sensor was
computed following [29]. More than 70% of the measured evaporation came from the surrounding
150 m of the eddy co-variance sensor. Three scenarios were identified in the dataset, according to the
source of the signal, i.e., the footprint: full water, full land and mixed fetch. The data were then filtered
to consider only the fluxes over the water. This occurred when the wind direction was between 200˝

and 280˝.

3.2. Analysis

The GeoCalVal method [30] was used to divide the collected data into two independent sets for
calibration and validation. The calibration (Cal) set was used to infer the values of the water heat flux
and roughness heights for heat and momentum, whereas the validation (Val) set was used to check
the accuracy of AquaSEBS in producing the energy balance terms (evaporation and sensible heat).
AquaSEBS was evaluated at different spatial scales over different study areas with various salinity
concentrations (Table 1).

Table 1. Latitude, longitude and salinity of each study area.

Study Area
Corners of the Area

Salinity (g¨ L´1) Descriptor
Upper Right Lower Left

Great Salt Lake
41˝30100”N 40˝45100”N

240 [31] Brine111˝45100”W 112˝30100”W

Atlantic Ocean
24˝30100”N 23˝30100”N

34.7 [1]

Saline

39˝30100”W 40˝30100”W

Indian Ocean
18˝30100”S 19˝30100”S

34.7 [1]74˝30100”E 73˝30100”E

Mediterranean Sea
33˝30100”N 32˝30100”N

34.7 [1]26˝30100”E 25˝30100”E

North Sea
60˝30100”N 59˝30100”N

34.7 [1]00˝30100”E 00˝30100”W

Red Sea
18˝30100”N 17˝30100”N

34.7 [1]39˝30100”E 38˝30100”E

IJsselmeer lake
52˝49100”N 52˝49100”N

0.6 [32] Brackish5˝15100”E 5˝15100”E

Lake Victoria
00˝30100”S 01˝30100”S

0.17 [33]

Fresh
33˝30100”E 32˝30100”E

Lake Tana
37˝30100”S 37˝30100”S

0.143 [34]12˝00100”E 12˝00100”E

Various statistical parameters were used to assess the efficiency of the model on the evaporation
rate estimation such as average, standard deviation (STD), root mean square error (RMSE)
(Equation (21)) and relative root mean square error (rRMSE) (Equation (22)).

RMSE “

g

f

f

en´1
n
ÿ

i“1

pXi ´ Yiq
2 (21)

rRMSE “ 100ˆ RMSE{ pYmax ´ Yminq (22)
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where n is the sample size, Xi is the model estimated parameter; Yi is the measured reference value;
Ymax and Ymin are maximum and minimum of the reference values, respectively.

4. Results and Discussions

4.1. Water Heat Flux

Table 2 shows the resulting water heat flux from AquaSEBS after applying the equilibrium
temperature model. Comparison with ECMWF data shows that the computed G0w values are in close
agreement with ECMWF outputs with less than 9% of rRMSE.

Table 2. Comparison of water heat flux values calculated by AquaSEBS (using the equilibrium
temperature model) and ECMWF models (January 2010 to September 2012).

Area Indian Ocean Atlantic Ocean Mediterranean Sea North Sea Red Sea

Model AquaSEBS ECMWF AquaSEBS ECMWF AquaSEBS ECMWF AquaSEBS ECMWF AquaSEBS ECMWF

n 1005 1005 1005 1005 1005 1005 1005 1005 974 974

Average
(W¨ m´2) 126.5 120.0 53.7 55.7 507.5 513.8 101.1 147.7 573.3 542.7

STD
(W¨ m´2) 180.5 175.1 131.6 131.8 284.8 253.8 284.2 252.5 132.5 136.3

RMSE
(W¨ m´2) 32.2 26.5 49.6 68.5 42.1

rRMSE
(%) 4.8 4.3 5.2 8.5 6.4

4.2. Momentum and Heat Transfer Roughness Heights

The roughness of momentum transfer, z0m was computed as 0.0002 m. This small value of z0m
means that the momentum transfer to the atmosphere is close to the water surface. The roughness
height for heat transfer parameter over a water surface was estimated to be 0.0001 m, whereas the
sensible heat ranges between ´70 W¨m´2 and 30 W¨m´2.

The estimated roughness height parameters were used to estimate the sensible heat over IJsselmeer
lake using AquaSEBS model for the period of 11–26 October 2012. The results show similarity between
AquaSEBS heat fluxes and the eddy covariance heat fluxes data (Figure 1) with RMSE of 9.0 W¨m´2

and R2 = 0.70.
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Figure 1. Comparison between the in situ measurements and AquaSEBS sensible heat over the
Lake Ijsselmeer.



Remote Sens. 2016, 8, 583 9 of 17

The low difference between the roughness height for momentum transfer and its counterpart for
heat transfer is reflected in the kB´1 value. It is estimated to be 0.3 over water surfaces. It is notable
that the roughness height for heat transfer is less than for the momentum transfer. In other words,
the level of virtual source of heat is lower than the level of the virtual sink for momentum; therefore,
the aerodynamic resistance of heat transfer is larger than of momentum transfer [10].

Although [10] stated that the poorest estimation of sensible heat flux takes place when the
difference between the roughness lengths is small, AquaSEBS produces good estimations of the
sensible heat. This is due to the iteration process of the similarity relationship between the sensible
heat, friction velocity and Monin-Obukhov length, which improves the accuracy of the estimates.
In addition, AquaSEBS shows lower sensitivity to the roughness parameters over water surfaces than
to the atmospheric parameters (see Section 4.6).

Eddy covariance data measured at the IJsselmeer site were used to estimate the aerodynamic
resistance parameters, including the roughness height values of momentum and heat transfer. It was
found that the aerodynamic resistance of the water surface relates to the wind speed in an inverse
exponential relationship. Therefore, an increase in the wind speed value leads to a decrease of the
aerodynamic resistance of water. Above 3 m¨ s´1 wind speed, the aerodynamic resistance over water
surfaces ranges mostly between 50 and 200 s¨m´1, resulting in low sensible heat fluxes.

4.3. Daily Evaporation

It was found that the average daily evaporative fraction over the Mediterranean Sea in the period
between January 2010 and September 2012 had mostly high values, as most of the available energy
was converted to latent heat. The histogram in Figure 2 illustrates that the evaporative fraction
ranges mostly between 0.8 and 1.2. Values lower than 1.0 occur when sensible heat has a positive
value (unstable condition), and higher than 1.0 occur when the sensible heat has a negative value
(stable condition). The latent heat under stable conditions dissipates energy from the stored heat in the
water body. In the same regard, the ratio between the latent heat and the available energy at the surface
is mostly higher than 0.8, i.e., more than 80% of the available energy at the water surface during the
day is used in the evaporation process (Figure 3). The standard deviation of evaporative fraction was
found to be 0.05, which confirms the stability of this parameter under different atmospheric conditions.
This can be explained in terms of stability of the latent heat and available energy over the water
surfaces throughout the day [35]. It can therefore be deduced that the evaporative fraction defined at
overpass time of the satellite can be used to upscale evaporation rate estimation from instantaneous to
a daily basis over water surfaces.
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SEBS uses the evaporative fraction and daily available energy to upscale the latent heat from
instantaneous to a daily basis. According to [35], the sensible and latent heat fluxes are stable during
the day over water surfaces; therefore, the available energy follows a constant behavior during the
day (Figure 4). AquaSEBS uses the same theory to upscale the latent heat from instantaneous to a
daily basis.Remote Sens. 2016, 8, 583 10 of 17 
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4.4. Evaluation of AquaSEBS over Fresh Water

In order to assess its performance, the AquaSEBS model has been applied to two study areas
under different atmospheric conditions and at different spatial and temporal scales. Ground data and
ECMWF data were used to validate the model over the Tana and Victoria lakes, respectively.

For Lake Tana, the latent heat and the sensible heat flux values calculated by AquaSEBS were
compared to the ones calculated by [11] using field measurements of four component radiation (CNR1,
Kipp and Zonen), Bowen ratio (inter-calibrated Theodor Friedrichs TRH sensors at two heights), water
temperature (Onset TMC20-HD) and eddy covariance (CSAT3 sonic anemometer, Campbell Scientific
Inc., Logan, UT, USA). Both fluxes show a good agreement (Figure 5 and Table 3). It can be seen that
the AquaSEBS model exhibits a slight underestimation compared to the in situ data during the night
time, i.e., when the net radiation is negative.
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Figure 5. Comparison between the latent heat calculated by AquaSEBS and the in situ data measured
over Lake Tana [11].

Table 3. Comparison of the AquaSEBS results and heat fluxes calculated from field measurements over
Lake Tana by [11] (W¨ m´2).

LE (AquaSEBS)
(W¨ m´2)

LE (in Situ by [11])
(W¨ m´2)

H (AquaSEBS)
(W¨ m´2)

H (in Situ by [11])
(W¨ m´2)

n 23 23 23 23
Average (W¨ m´2) 102.1 109.9 21.6 21.1

STD (W¨ m´2) 226.3 193.8 13.7 17.2
RMSE (W¨ m´2) 35.6 4.8

rRMSE % 10.3 7.9

It is interesting to note that while over the Indian Ocean the latent heat flux was practically
constant during a day (Figure 4), over Lake Tana it showed a diurnal variation (Figure 5). Figure 4
demonstrates that over oceans, convection dissipates the incoming energy, thus the heat fluxes towards
the air remain relatively stable, or in fact, change very slowly. The dissipated energy modifies the
thickness of the convection layer of the ocean. In an inland (shallow) lake, water depth influences the
amount of energy stored since the possible thickness of the convection layer is limited to the water
depth. This affects the latent heat and sensible heat fluxes, resulting in diurnal variations, as shown by
Figure 5.

The AquaSEBS model was implemented over Lake Victoria. No ground data were available
during the execution of this research; therefore, ECMWF simulated data were used for input. There was
a good agreement between AquaSEBS estimates of sensible heat, latent heat, water heat flux as well as
daily evaporation rate values and the corresponding ECMWF variables (Table 4).

Table 4. Comparison between the AquaSEBS model and ECMWF model over Lake Victoria
(January 2010 to September 2012).

Water Heat Flux
(W¨ m´2)

Sensible Heat
(W¨ m´2)

Latent Heat
(W¨ m´2)

Daily Evaporation
(mm¨ day´1)

AquaSEBS ECMWF AquaSEBS ECMWF AquaSEBS ECMWF AquaSEBS ECMWF

n 1005 1005 1005 1005 1005 1005 1005 1005
Average (W¨ m´2) 110.2 110.9 3.9 4.2 51.4 51.0 4.8 4.8

STD (W¨ m´2) 82.8 79.3 4.63 5.02 34.09 29.59 2.8 1.7
RMSE (W¨ m´2) 19.9 1.7 19.8 1.5

rRMSE (%) 6.7 4.1 8.9 7.4
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4.5. Salinity Effect

Water salinity reduces the evaporation due to a decrease in the saturation vapor pressure and
an only partially compensating increase in water surface temperature [36]. The effect is very limited
(less than 1% reduction in evaporation) for fresh and brackish water (0–20 g¨L´1), and increases
gradually over saline and hypersaline water reaching ~32% (reduction) for salinity up to 300 g¨L´1.
AquaSEBS is applied over different geographic areas at one square degree grid to estimate the
daily evaporation from January 1979 to December 2012. The mean global salinity of the oceans
is 34.7 g¨L´1 [1].

It can be shown that the evaporation calculated by the AquaSEBS model (accounting salinity)
corresponds to the ECMWF data very well (Table 5). In both cases, AquaSEBS (without accounting
salinity) overestimated the evaporation, and the introduced parameterization and salinity coefficient
decrease it to match the ECMWF values. AquaSEBS estimates of heat fluxes have been validated with
ECMWF data (Table 6).

Table 5. Comparison between the evaporation rate values calculated by the AquaSEBS and ECMWF
models (January 2010 to September 2012).

Atlantic Ocean Indian Ocean

Aqua SEBS AquaSEBS
(accounting salinity) ECMWF Aqua SEBS AquaSEBS

(accounting salinity) ECMWF

n 1005 1005 1005 1005 1005 1005
Average (mm¨ d´1) 5.04 5.01 5.01 6.95 6.81 6.72

STD (mm¨ d´1) 1.88 1.86 1.85 2.70 2.68 2.63
RMSE (mm¨ d´1) 0.11 0.10 0.25 0.21

rRMSE (%) 0.90 0.81 1.44 1.27

Table 6. Comparison of the heat fluxes values calculated by the AquaSEBS and ECMWF models over
Lake Victoria (January 2010 to September 2012).

Water Heat Flux
(W¨ m´2)

Sensible Heat
(W¨ m´2)

Latent Heat
(W¨ m´2)

Daily Evaporation
(mm¨ d´1)

AquaSEBS ECMWF AquaSEBS ECMWF AquaSEBS ECMWF AquaSEBS ECMWF

n 1005 1005 1005 1005 1005 1005 1005 1005
Average 110.2 110.9 3.9 4.2 51.4 51.0 4.8 4.8

STD 82.8 79.3 4.63 5.02 34.09 29.59 2.8 1.7
RMSE 19.9 1.7 19.8 1.5

rRMSE (%) 6.7 4.1 8.9 7.4

Since the RMSE of the water heat flux is much higher than that of the sensible heat, it can be
concluded that the overall uncertainty of the model output propagates from errors in the water heat
flux estimation.

The deviation between the two models over different study areas is less than 20 W¨m´2.
The accuracy of the AquaSEBS computation of sensible heat flux was tested under different atmospheric
and stability conditions: wind speeds between 0.07 and 20 m¨s´1, and temperature difference of
air-water between´4 and 8.5 ˝C. Overestimation occurs between the two models when the wind speed
is higher than 10 m¨ s´1 and the temperature difference is larger than 4 ˝C, whereas underestimation
occurs for the same wind speed and negative temperature difference of ´2 ˝C. This may be due to the
inability of the stability equations to describe the boundary layer of a roughened sea surface.

The estimated latent heat closely follows the values of ECMWF data at most test sites (Table 7).
The maximum average rRMSE is 14.3% over the North Sea, where the net shortwave radiation and the
dew temperature are low, the temperature difference has a low negative value, and the wind speed
value is high; resulting in a high error in the water heat flux and sensible heat estimation, thus in the
latent heat estimation.
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Table 7. Comparison of the latent heat values calculated by the AquaSEBS and ECMWF models
(January 2010 to September 2012).

Atlantic Ocean Indian Ocean Mediterranean Sea Red Sea North Sea

AquaSEBS ECMWF AquaSEBS ECMWF AquaSEBS ECMWF AquaSEBS ECMWF AquaSEBS ECMWF

n 1005 1005 1005 1005 1005 1005 974 974 1005 1005
Average

(W¨ m´2) 151.1 145.1 181.7 194.6 120.9 120.5 100.8 128.6 101.1 57.1

STD (W¨ m´2) 55.9 56.7 79.7 78.5 103.8 77.7 63.0 68.7 94.3 54.1
RMSE

(W¨ m´2) 26.9 33.7 51.1 37.6 77.5

rRMSE (%) 6.8 7.0 8.6 10.5 14.3

To test the model over a hypersaline water body, the AquaSEBS model was applied over the Great
Salt Lake in the US and was compared to the ECMWF water heat flux values. Other hypersaline water
bodies, such as the Dead Sea in Jordan, could not be investigated due to the small size of the lake
relative to the large pixel size of the ECMWF data products.

The comparison over the Great Salt Lake shows a clear improvement in the instantaneous
evaporation estimation by the AquaSEBS model in comparison to the original SEBS model with about
a 4% reduction in rRMSE and 0.25 mm 3 h´1 (Table 8). AquaSEBS over the Great Salt Lake reduces
the calculated evaporation by 26.5% under the same atmospheric conditions, but it is still higher
than the ECMWF-calculated values. The sensible heat fluxes over saline water are larger than over
freshwater. Thus, an underestimation of sensible heat is observed between AquaSEBS and ECMWF
results, as shown in (Figure 6). The mean values of sensible heat for the two models are 20.52 W¨m´2

and 94.42 W¨m´2, respectively, and the slope of the linear equation is 0.26. This low slope value is due
to the conversion of the excess energy from the reduced evaporation to other heat fluxes [37]. As it
was described in Section 4.4, in oceans, most of this energy is converted to water heat flux resulting
in an increase of the convection layer thickness [38]. In inland lakes, shallow water depth limits the
thickness of the convection layer, thus it affects the heat fluxes [39]. At this stage, the effect of (shallow)
water depth is not directly considered in AquaSEBS.
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Figure 6. Comparison between the sensible heat (W¨m´2) of AquaSEBS and ECMWF models over the
Great Salt Lake from January to December 2010.
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Table 8. Comparison of evaporation rates calculated by different models over the Great Salt Lake in
the period of (January 2010 to September 2012).

Statistical tools SEBS AquaSEBS ECMWF

Average (mm 3 h´1) 0.78 0.57 0.26
STD (mm 3 h´1) 0.51 0.37 0.20

RMSE (mm 3 h´1) 0.63 0.38
rRMSE (%) 23.48 19.60

4.6. Evaluation and Sensitivity Analysis

To evaluate the model sensitivity, we estimated the effects of the variability of the values of each
important input parameter. We showed that a high error in the water heat flux estimation greatly
affects the performance of the AquaSEBS model. We found that the modelled water heat flux is more
sensitive to the surface water temperature than to other parameters. In general, the most - to - least
effectual parameters on the water heat flux value are the water surface temperature, dew temperature
and wind speed, respectively.

The modelled sensible heat flux is more sensitive to the air temperature and wind speed than
to the parameters of aerodynamic resistance. Figure 7 shows that the temperature difference is the
main variable that controls the sensible heat over water surfaces. It was found that the influence of
roughness height of momentum and heat on the modelled sensible heat does not exceed 6.5% when
the roughness parameters are within 50% of their actual values (Figure 8).
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The sensitivity of evaporation rate to errors in salinity measurements depends on the actual
salinity concentration of the water body. If the salinity is estimated with an error of 10 g¨L´1 at an
actual concentration of 290 g¨L´1, the error in the evaporation estimation will be around 2.65%, whilst
a 10 g¨L´1 overestimate or underestimate at 20 g¨L´1 results in an error of 0.23% approximately.

5. Conclusions

Salinity is one of the parameters that affects the evaporation rate. In this study, AquaSEBS model
was developed based on the SEBS surface energy balance model to estimate the heat fluxes over
fresh and saline water bodies. Firstly, the equilibrium thermal exchange method was incorporated
to estimate the water heat flux parameter. Secondly, the roughness heights for momentum and heat
transfer were estimated as 0.0002 m and 0.0001 m, respectively. It was proved that the evaporative
fraction can be assumed stable during the day. Consequently, the evaporative fraction can be multiplied
by the available energy at the overpass time of the satellite to estimate the daily latent heat and
evaporation. AquaSEBS was validated over different study areas with different salinity concentrations.
The results showed that AquaSEBS can be used to estimate the heat fluxes and the daily evaporation
over water bodies of different salinity at different spatial scales. In the presence of salinity, a part of the
energy available for evaporation is converted into other forms of heat fluxes. In inland waters, this
energy affects the aerodynamic resistance of the water surface (by changing the physical properties
of the surface water) and increases the sensible heat fluxes. Determining the roughness heights for
momentum and heat transfer over hypersaline lakes may improve the performance of the model.
AquaSEBS is most sensitive to water surface temperature, therefore, satellite sensors with high thermal
accuracy (<0.3 K), e.g., the ATSR, provide the most suitable input data for AquaSEBS.
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