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ABSTRACT

The present paper analyses the influence of hydroclimatic forcing and water quality on the evaporation process
of Lake Santo Anastacio, a tropical lake with capacity of about 0.4 hm® and maximum depth of 5m, located in
the city of Fortaleza, Ceard, Brazil. The two-dimensional model CE-QUAL-W2 was used for modelling hydro-
dynamics and direct evaporation from the lake, and an evaporation estimation equation based on the mass
transfer method was calibrated. Subsequently, direct evaporation was modelled while, at the same time, thermal
characteristics of the water column were examined. Then, modelled evaporation was compared to measurements
obtained over a period of 11 years (2009-2019) with a Class A pan. The results indicated a daily thermal
stratification of up to 2 °C. When modelled evaporation was compared with the measurements obtained with the
Class A pan, the mean Class A pan coefficients (K) were between 0.66 and 0.69, lower than the values reported in
literature, possibly due to the high concentration of pollutants in the lake. Finally, the K coefficients were
negatively correlated with wind speed (R? of 0.51; p-value < 0.05), air temperature (R? of 0.67; p-value <
0.05) and total phosphorus concentration in the dry period (R? of 0.41; p-value < 0.05); suggesting that wind-
induced phosphorus resuspension attenuated evaporation rates in the lake. These results confirm the direct
influence of hydroclimatic conditions and water quality on the evaporation rates of a tropical lake. The impact of
different K-values on water availability was also investigated. The results of this study are important to assist in
management operations of lakes and reservoirs, mainly in regions which are substantially impacted by eva-
poration, as is the case of the Brazilian semiarid.

1. Introduction

easy-to-use methods, which take into account the numerous variables
that influence the environmental systems to be analysed (Majidi et al.,

The global climatic energy balance depends on the thermal equili-
brium between successive changes in the physical state of water, which
characterise the many processes involved in the hydrological cycle. One
of such processes is evaporation, which begins with the absorption of
sensitive heat energy, allowing water temperature to vary until ob-
taining the amount of energy required to initiate the change of physical
state. The completion of the latter requires that additional heat is ab-
sorbed, which is known as the latent heat (Abtew and Melesse, 2013;
Zhang and Liu, 2014).

In the context of water resource management, the knowledge of
evaporation rates is essential to assess the water balance of lakes and
surface reservoirs (Biglarbeigi et al., 2018). Yet one of the main chal-
lenges when estimating evaporation is the application of precise and

2015; Anda et al., 2016). The need for these methods becomes urgent in
water-scarce regions, such as arid and semiarid zones (Ali, Ghosh and
Singh, 2008; Majidi et al., 2015; de Aratjo et al., 2018), and notably in
areas where dense networks of superficial reservoirs have been devel-
oped for multiple water uses, as is the case in the state of Ceara, Brazil
(Lima Neto et al., 2011; Mamede et al., 2012; de Aratjo and Medeiros,
2013; Peter et al., 2014).

In such tropical semiarid regions, water scarcity not only occurs in
quantitative but also in qualitative terms, and this makes the evaluation
of water availability even more challenging for the respective water
bodies (Pacheco and Lima Neto, 2017; Aratjo and Lima Neto, 2018;
Aratjo et al., 2019; Moura et al., 2019). The understanding of the
evaporation process is intrinsically linked to quantitative and
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qualitative factors in regions where surface water reserves vary ex-
tremely (Lira et al., 2020). This is because evaporation not only reduces
the amount of water, but also affects the concentration of substances
present in the water bodies (Riveros-Iregui et al., 1997; Havens and Ji,
2018). On the other hand, a higher concentration of substances in a
liquid mass also tends to increase the boiling point, decrease vapor
pressure and, therefore, reduce evaporation (Andrews, 1976; Calder
and Neal, 1984; Hammel, 1994; Oroud, 1995; Ahmadzadeh Kokya
et al., 2011; Watras et al., 2016).

Hence, it is necessary to conduct studies that help understand the
mechanisms involved in the water evaporation process in natural and
artificial water bodies (Zhang and Liu, 2014; Anda et al., 2016; Riveros-
Iregui et al., 1997). Moreover, integrated analyses including hydro-
dynamic and water quality processes should be carried out (Read and
Rose, 2013) to develop technically feasible and quantitatively precise
tools for the operational management of water resources (Gianniou and
Antonopoulos, 2007; Majidi et al., 2015).

There are several classic methods and models for the purpose of
estimating evaporation, such as: the Class A evaporation pan, the mass
transfer methods, Penman, Priestley-Taylor and Bowen's energy-ratio
balance (Harbeck, 1962; Bruin, 1974; Warnaka and Pochop, 1988;
Singh and Xu, 1997; Ali et al., 2008; McJannet et al., 2012; McGloin
et al., 2014; Althoff et al., 2019). Alternatively, previous studies applied
one-dimensional hydrodynamic models aimed at interpreting the en-
ergy balance and thermal stratification in lakes to estimate evaporation
(Hostetler, 1990; Gianniou and Antonopoulos, 2007; Helfer et al., 2011;
McGloin et al., 2014; Helfer et al, 2018). Some of them compared dif-
ferent methods in order to obtain more accurate correction coefficients
for evaporation pans like the Class A pan (Kohler et al., 1955; Neuwirth,
1973; Linacre, 1994; Pereira et al., 2009; Majidi et al., 2015; McJannet
etal., 2017; Althoff et al., 2019). Others analysed the thermal effects of
varying concentrations of Dissolved Organic Carbon (DOC) in lakes
(Read and Rose, 2013), including their impact on evaporation (Watras
et al., 2016).

Thus, the present work aims to investigate the influence of hydro-
climatic forcing (hydrodynamic and meteorological) and water quality
on the evaporation process of a shallow tropical lake located in the
northeast of Brazil. It is meant to advance the current state of the art by
integrating the following innovative aspects: (1) the application of a
two-dimensional hydrodynamic model (CE-QUAL-W2) to analyse eva-
poration; (2) the evaluation of the influence of hydroclimatic conditions
and water quality on lake evaporation rates; and (3) the calculation of
linear relationships to describe the evaporation correction coefficients
in terms of the variables involved in the phenomenon, using measure-
ments from a Class A pan.

2. Methodology
2.1. Study area

The study area and object of the present work is Lake Santo
Anastécio (coordinates of lake outlet: latitude — 3.74°S, longitude —
38.57° W), located within the city limits of Fortaleza, state of Ceara,
Brazil. It is a coastal region, with an average annual rainfall of 1338 mm
concentrated predominantly in the period between January and May,
with two defined seasons (rainy and dry) and a sub-humid hot tropical
climate, with average temperature ranging from 26 to 28 °C (CEARA,
2016), the maximum monthly temperature being 30.7 °C and the
minimum monthly temperature, 22.4 °C, an average annual total eva-
poration of 1435.2 mm and average wind speed of 3.2m-s~* (INMET,
2009). Fig. 1 shows the location of Lake Santo Anasticio. The only
tributary of the lake is an urban drainage channel with a rectangular
section that is 5m wide and 2.5 km long. It must be mentioned in this
context that there are several irregular sewage connections along the
channel, added to the base flow from an upstream lake, which keep the
water level approximately constant (about 0.2m) during the dry

Journal of Hydrology 590 (2020) 125456

season. In Fortaleza, some areas boast a Human Development Index
(HDI) of 0.85, while the area around the aforementioned channel has
an HDI of approximately 0.35 and can be described as an area of high
social vulnerability. Lake Santo Anastacio has a water surface area of
16.00 = 2.60ha and depth of 4.79 *= 0.56 m, which makes it a
shallow reservoir. Because of eutrophication, the lake water surface is
partially (24 = 6.2%) covered by macrophytes. The above information
was extracted from 27 Landsat (5 and 8) satellite images and 35 high-
resolution images from Google Earth Pro, including the rainy and dry
periods from 2009 to 2020, together with the elevation-area curve of
the lake (Fraga et al., 2020). The water is discharged from the lake
through a 2.0 m wide Creager spillway. Note that the lake inflow and
volume remain approximately constant throughout the days, except for
the events of relevant precipitation, because the catchment area is
considerably impermeable. As a consequence, during the dry periods,
the lake behaves as a nearly steady-state reservoir (Fraga et al., 2020),
with coefficients of variation (CV) for the lake surface area and water
depth of 8 and 1%, respectively.

2.2. Field studies

The hydrological data used in this study was obtained from a me-
teorological station located approximately 1.0 km from the Lake Santo
Anastacio outlet. The station and the lake are located in the Pici
Campus of the Federal University of Ceard (UFC). The surroundings of
the station and the lake have similar characteristics (buildings of small
heights and equivalent vegetation densities). Therefore, we expect no
significant differences between the meteorological parameters at the
station and the lake. Precipitation, air temperature, wind speed and
direction (measured at 10 m above the ground), as well as cloud cover
data were obtained three times a day (9.00 am, 3.00 pm and 9.00 pm),
between 2009 and 2019. The evaporation data were measured using a
standard Class A pan located next to the weather station. It must be
highlighted that, over the course of one month, the data generated by
that station were compared to two automatic stations installed next to
it, so as to guarantee that the station was properly calibrated.
Additionally, field campaigns were carried out to measure flow at the
inlet and outlet of the lake during 14 days in 2013, as well as for five
days in 2018. The equipment used was an electromagnetic propeller
flow meter MiniWater20, from Omni Instruments (speed range of
0.02-5.00 m's™ 1), and a ruler, for measurements of water velocity and
depth, respectively. This allowed for the calculation of the flow rate.

Water samples were collected from the lake outlet with a Van Dorn
bottle, in 2013 (June to December), 2018 (May to December) and 2019
(January to May), totalizing 35 samples. The analysed water quality
variable was Total Phosphorus (TP). These analyses were carried out at
the Chemical Analysis Laboratory (LAQUIM) of the Federal University
of Ceara (UFC), using the ascorbic acid method according to Standard
Methods (APHA, 2005). Concomitantly with the water sample collec-
tion, the temperatures of the lake inflow and outflow were measured by
means of a multiparametric probe (HI9820 Hanna Instruments).

2.3. Hydrodynamic model

The software used was CE-QUAL-W2 version 3.7, a two-dimensional
(2D) hydrodynamic model which considers longitudinal and vertical
variations while ignoring lateral variations of hydrodynamic variables
(Cole and Wells, 2018). It is suitable for water bodies with great lengths
in relation to width and widely applied to study lakes and reservoirs
(e.g., Zouabi-Aloui and Gueddari, 2014; Zhang et al., 2018; Ziaie et al.,
2019). The model requires data on bathymetry, inflows and outflows,
meteorology and water quality (Cole and Wells, 2018). The lake under
study was discretised into 32 longitudinal segments of 29 m each and
into vertical layers with a layer thickness of 0.2m, according to the
variation of bathymetry.

The analysis period of this work covered eleven years (2009-2019).
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Fig. 1. Location of Lake Santo Anastécio in Fortaleza, Ceara — Brazil. Shapefile source: adapted from Mesquita et al. (2020).

The data input into the model for the corresponding period were me-
teorological data [air temperature (°C), dew point temperature (°C),
wind speed (ms™ 1), wind direction (degrees) and cloud cover (scale
from O to 10)] measured by the meteorological station; temperature of
the inflow and outflow (°C) measured in the field; and flow rates of the
lake inlet and outlet (m®s '), measured monthly in 2013 and 2018 and
linearly extrapolated for the remaining days. These features were used
to generate the daily flow series required by CE-QUAL-W2, not only for
the year 2013, but for all analysed years (2009-2019). It was taken into
account that the measurements were made in an intermediate year of
the analysed time series (2013). No significant changes in the use and
occupation of the contributing basin occurred that could substantially
alter the linear relationships adopted (before and after 2013).
Additionally, geographic coordinates, bottom elevation (20m a.s.l.),
initial water temperature (28°C) and sediment temperature (29 °C)
were also included in the CE-QUAL W2 model.

Regarding hydraulic parameters, viscosity and wind roughness,
standard values for the CE-QUAL-W2 version 3.7 were used (Cole and
Wells, 2018). Friction was calculated according to the Chézy equation.
It is noteworthy that CE-QUAL-W2 uses the equations of continuity,
momentum and heat exchange, and considers the fluid dynamics
equations, derived from three-dimensional equations and consisting of
six equations and six unknowns, as being laterally constant. Fluid is,
thus, considered incompressible, the centripetal acceleration is seen as
a small correction of gravity, and the Boussinesq approximation and all
velocities and pressures are the sum of turbulent time averages and
deviations from the mean (Cole and Wells, 2018).

2.4. Hydrodynamics and evaporation estimation

Among the flow rates measured in 2013 and 2018, those gauged on
days without rain were selected. Such consideration can be made given
the short concentration time of the basin (less than three hours)
(Campos et al., 2020) and its high imperviousness to water, as it is
located in a densely urbanised area, so that effects of rainy events from
one day do not spread to the following days. According to this rationale,
it was possible to estimate the direct evaporation of the lake through
the difference between inlet and outlet flow, herein referred to as
“calculated evaporation”. The starting point was the premise that there
are no inflows or outflows along the lake other than evaporation, and
that the lake maintains its level practically constant throughout the
year, as observed by Aratjo et al. (2019) and Fraga et al. (2020). It was
then assumed that there is a balance between groundwater input (G)
and infiltration (I), so the difference between G and I would be negli-
gible. What is more, there is no consumptive use of the lake, whose only
use is subsistence fishing. Thus, taking the evaporation data calculated
in 2013 as reference values, it was possible to calibrate the parameters
of a wind function by using the mass transfer method (Dalton's Law)
(see Singh and Xu, 1997; Gianniou and Antonopoulos, 2007; Lépez
et al., 2012; Alazarda et al., 2015). This method is represented in Egs.
(1) and (2), which are employed by CE-QUAL-W2 to calculate the
evaporative heat loss in the lake, H, (W-m~2):

H, =f(u)(es - ea); and (@)
fu) =a + bus; (@3]

where: f(u) = wind function (W-m ™~ ?mmHg~!); ¢; = saturation vapor
pressure at the lake surface (mmHg); e, = atmospheric vapor pressure
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(mmHg); a (W~m_2-mmHg_l), b (W~m_2~mmHg_l-(m~s_1)_c), ¢ (di-
mensionless) = empirical coefficients; u = wind speed measured at 2m
from the ground outside the lake (m's™Y). The CE-QUAL-W2 model
converts the wind speed from 10 to 2 m using the equations described
by Cole and Wells (2018). Moreover, the standard values of the em-
pirical coefficients of the wind function used by CE-QUAL-W2 are from
the equation of Edinger et al. (1974), where a, b and c are
9.2Wm~>mmHg !, 0.46 Wm ™ >mmHg~ *(ms~!) ~° and 2, respec-
tively (Cole and Wells, 2018).

The calibration and validation of the model parameters were per-
formed by statistical analysis, comparing the calculated and modelled
evaporation data through mean deviation and determination coefficient
(R?). Note that evaporation calculated with data from 2018 was used to
validate the model. The thermodynamic method used to calculate heat
exchanges consisted of solving Eq. (3) in each discretisation cell of the
2D domain. It is important to highlight that the heat exchanges along
the vertical profile depend on water surface temperature. The equations
used to calculate each term in Eq. (3) are based on meteorological data
and geographic coordinate information, as detailed by Cole and Wells
(2018):

H, = Hy + H, + H, + H. — (Hy + Hyr + Hp); 3

where: H, = net heat exchange rate on the water surface (Wm~2);
H, = incident shortwave radiation (W-m~2); H, = incident longwave
radiation (W-m™~2); H, = heat lost in evaporation (Wm™2); H, = sur-
face heat conduction (W-m™32); H, = reflected shortwave radiation
(Wm~?); H,, = reflected longwave radiation (W-m~2); and H,, = back
radiation from the water surface (W-m™2). Note that CE-QUAL-W2
calculates incident shortwave radiation (H;) from the relationship be-
tween the angle of the sun and cloud cover from the equations de-
scribed by EPA (1971), Spencer (1971), Wunderlich (1972), Ryan and
Stolzenbach (1972), and DilLaura (1984). Moreover, the model con-
siders an exponential decay of shortwave radiation in the water
column, according to Bears' Law (Wunderlich, 1972). It should be noted
that all terms of the energy balance equation are calculated by CE-
QUAL-W2 based on short wave radiation data (Cole and Wells, 2018).
The incident longwave radiation from the atmosphere (H,) is obtained
by using the Brunt’s formula from data of air temperature, cloud cover
and air vapor pressure (Brunt, 1932). Heat lost in evaporation (H,) is
calculated by Egs. (1) and (2). Surface heat conduction (H,) is obtained
by the product of Bowen's coefficient (0.47 mmHg."C™ 1), the wind
function and the air temperature (EPA, 1971). Reflected shortwave
radiation (H,), reflected longwave radiation (H,) and back radiation
from the water surface (H,) are computed using water surface tem-
perature data, water emissivity (0.97) and the Stephan-Boltzman con-
stant (5.67 X 10°¥Wm™ 2K~ %) (EPA, 1971; Wunderlich, 1972). It is
noteworthy that the absence of radiometric data directly measured in
the lake, and the estimation of the terms of the energy balance equation
using only meteorological and geographic coordinate data, is a limita-
tion of the present study. On the other hand, the estimates of the data
necessary for the thermal balance, carried out through the equations
incorporated in the model, as explained, were sufficient for the com-
plete energy balance. Observe that several previous studies applied the
same methodology adopted in the present paper for the energy balance
by using the CE-QUAL-W2 model (Deus et al., 2013; Zouabi-Aloui and
Gueddari, 2014; Firoozi et al., 2020).

After calibrating and validating the CE-QUAL-W2 model, it was
possible to perform hydrodynamic and evaporation simulations for the
years 2009 to 2019. To that end, the thermal regime in the water
column was interpreted. Therefore, simulations were carried out using
the adjusted Egs. (1) and (2), solving the Eq. (3). Water temperature
measurements of Pacheco and Lima Neto (2017) and Lima Neto (2019)
were also presented to show the validity of the CE-QUAL-W2 simula-
tions of vertical temperature profiles.
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2.5. Correction coefficients and hydroclimatic variables

Using simulations of eleven years (2009-2019), time series of daily
evaporation were generated for the stratified lake, and they were
compared with the measurements in the Class A pan. This way, annual,
monthly and seasonal correction coefficients were calculated for the
Class A pan (K), as these are commonly used to estimate actual eva-
poration in water bodies and to obtain greater accuracy in evaporation
measurements (e.g., Kohler et al., 1955; Neuwirth, 1973; Linacre, 1994;
Pereira et al., 2009; Majidi et al., 2015; Alazarda et al., 2015; Anda
et al., 2016; McJannet et al., 2017; Althoff et al., 2019). The annual
Class A pan coefficient was obtained by means of linear regression
between the respective series of accumulated data for every year
(modelled and measured with a Class A pan): this was the slope of the
line. Monthly values were obtained in two ways: a generic monthly
Class A pan coefficient, obtained by linear regression between mea-
sured and modelled evaporation for every month, similar to the annual;
and by the relationship between the modelled and measured monthly
evaporation. The seasonal Class A pan coefficient was estimated for
both the rainy (January to June) and dry (July to December) periods,
respectively, by the relationship between modelled and measured
evaporation in the corresponding period. After these procedures, cor-
relations were estimated between correction coefficients (K) and me-
teorological variables in order to analyse the influence of hydroclimatic
variables on the measurements of evaporation obtained through a Class
A pan.

2.6. Correction coefficients and water quality

To analyse the impact of water quality on evaporation, the monthly
correction coefficients, obtained through the previously described re-
lationship between modelled and measured evaporation with the Class
A pan, were correlated with the monthly average of the total phos-
phorus variable (or predictor) (TP). The choice of this variable as pre-
dictor is justified by the fact that phosphorus is considered the de-
terminant nutrient of the trophic state of the lake under study (see
Pacheco and Lima Neto, 2017; Aratjo et al., 2019).

As previously mentioned, it is noteworthy that rainfall in the studied
region is concentrated between January and May, while the other
months of the year are predominantly dry (INMET, 2009). This is why
the months of the dry (2013 and 2018) and rainy (2019) periods were
segregated for the correlations, in order to minimise possible inter-
ferences of meteorological variables in the analysis. Furthermore, it was
decided to use the Class A pan coefficient correlated to total phos-
phorus, since it already incorporates the complexity of meteorological
variables in the two systems (lake and Class A pan). Additionally, the
meteorological variables were correlated with TP concentration, aiming
to understand the factors affecting the physical phenomenon under
analysis.

Moreover, an analysis of the impact of evaporation on water
availability was carried out using the Vyelas water balance model,
which was developed by de Aratijo et al. (2006). The hydrological data
used for the simulation were those of the 20-year period between 2000
and 2019. Evaporation was estimated using different values of Class A
pan coefficients, obtained by interpolating the maximum values of total
phosphorus concentration, wind speed and air temperature in the cor-
relation lines mentioned above. A Class A pan coefficient of 0.8 was
used as reference value for comparative purposes, as it is commonly
used for studies in this region (e.g., Oliveira et al., 2005; Pereira et al.,
2009; Campos et al., 2016).

3. Results and discussion
3.1. Meteorological variables

Fig. 2 shows the distribution of evaporation, precipitation, air



J.B.d.F. Mesquita, et al.

Journal of Hydrology 590 (2020) 125456

@ [OClassA pan evaporation (2013) [ Precipitation (2013)

E\wo-
2 250 - N ~
w 200
=
20 150 1
= 100
£ 50 H
R 1
= 0 |—| |_| m | 1= [ =
I I I I I I I I

(b) O Air temperature (2013) |2} Wind speed (2013)
~ 3109 v e ey P ms gt gt oy ey i 00
o E I T O T A A A B A B A A ST -
~ [ e I T B A R v
LR I A S A O A A A A O -
2590t 1 L e A A A A S =1
= 2004 - O O A o X
B 285 1 50 &
2 280+ H6.0 &
..- 277 5 4 _70 ;.'
33 nnnni

270 I I I I I |—II I I I I 80

SRS I A T S T - R S S
AN TS F NS
RO & & & &
N ‘c“" S Q QY <
- = 9

Fig. 2. Monthly distribution (2013) of (a) evaporation and precipitation; and (b) average air temperature and wind speed. Data source: meteorological station from

UFC, Ceard, Brazil.

temperature and wind speed throughout 2013 to illustrate the general
pattern observed in the region under study. As can be noted, there is a
clear seasonality, with evaporation and average wind speed showing
predominantly higher values in the second half of the year (July-De-
cember), in contrast to higher values for precipitation and average air
temperature in the first half (January—-May) and reduced rainfall and air
temperatures during most months of the second half. De Aratjo and
Medeiros (2013) describe the hydrological characteristics of the semi-
arid region of Northeast Brazil, similarly to the patterns stated in this
work. They show that rain is concentrated from January to May, with
an average between 500 and 1000 mm-year ™ !: these month are re-
sponsible for more than 80% of the annual precipitation, they present
average temperatures above 20 °C (usually between 24 and 27 °C) and a
potential evaporation of 2500 mm-year ™!, measured with a Class A
pan.

3.2. Rainfall and flow data correlations

Fig. 3 exhibits the correlations between rainfall and inflow to and
outflow from Lake Santo Anasticio in 2013; these data are used to
extrapolate the flows intra and inter annually. It can be seen that linear
correlations show a relatively high coefficient of determination
(R? = 0.93; p-value < 0.05), and this demonstrates the representa-
tiveness of the models. Note that Cole and Wells (2018) suggest the use
of linear interpolation to fill time series. The proposed correlation
considers an increase in flows, however, due to precipitation; this is
why it was adjusted to the specific characteristics of the study area.

3.3. Model calibration and validation

Table 1 presents the result of the tests of different value

189 @

v=0.0362x + 0.1144
R2=0.93
<005

Flow rate (m*.s?)

T y=0.0334x+0.1065
R2=093
<005

Flow rate (m*s?)

00 T T T T T 1
30 40 50

Precipitation (mm)

Fig. 3. Correlations between daily precipitation and average daily flow rates at
the (a) inlet and (b) outlet of Lake Santo Anastacio in 2013.
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Table 1

Tested combinations of coefficient values, a (W.m-2.mmHg" b, b
(W.m~2mmHg ~.(m.s~!) ~°) and ¢ (dimensionless), for the calibration of the
wind function, necessary to estimate evaporation in the studied lake.

c a b Mean Determination coefficient (R%)  p-value
deviation (calculated and modelled)
0.00 18.00 0.00 0.33 0.70 0.8
28.00 0.00 0.38 0.63 0.11
0.5 0.00 2.50 0.66 0.00 0.07
3.00 3.50 0.40 0.02 0.13
5.00 15.00  0.29 0.84 0.03
5.00 18.00 0.29 0.85 0.02
5.00 20.00 0.30 0.85 0.03
10.00 15.00 0.31 0.77 0.05
10.00  20.00 0.33 0.73 0.07
1.00  0.00 10.00  0.41 0.04 0.72
4.00 24.00 0.25 0.18 0.48
5.00 20.00 0.26 0.43 0.23
6.00 5.00 0.35 0.04 0.09
7.00 18.00  0.27 0.78 0.05
8.00 17.00  0.28 0.85 0.02
8.00 16.00* 0.28* 0.85* 0.03*
8.00 15.00 0.28 0.83 0.03
10.00 5.00 0.32 0.11 0.05
20.00 2.00 0.28 0.03 0.74
20.00 10.00  0.34 0.70 0.08
2.00 5.00 15.00 0.32 0.04 0.74
8.00 16.00 0.29 0.29 0.35
9.20 3.00 0.34 0.72 0.07
9.20“* 0.46  0.36 0.71 0.07
16.00 0.46  0.32 0.72 0.07

* Coefficients that resulted in the best fit;
** Standard equation coefficients of the model (see Cole and Wells, 2018).

combinations of the coefficients a, b andc of the adjusted wind function
for the evaporation estimation in Lake Santo Anastdcio for the dry
period of 2013. The analysed statistical parameters (percentage devia-
tion and coefficient of determination) between calculated and modelled
evaporation showed that the best fit for the 2013 data was for exponent
¢ equal to 1 and for coefficients a and b equal to 8 W'm~>mmHg ! and
16 W~m’2~mmHg’1~(m~s’1) -1 respectively (see: Eq. (4)). Between
modelled and measured values in 2013, this combination generates an
average deviation of 28% and R? coefficient of 0.85. Table 1 also shows
that most of the other values have a lower coefficient of determination
than that obtained with the mentioned values, although some do have a
slightly lower deviation. The value of ¢ = 1 corroborates the results of
Neuwirth (1973), who states that values of ¢ < 1 adapt better to wind
speed data for the evaporation estimation. The coefficients a and b are
within the ranges reported by Cole and Wells (2018).

fw) =8+ 16u (€)]

The proposed wind function (Eq. (4)) for the evaporation estimate,
when validated with calculated evaporation data for 2018, was ob-
tained by using the same methodology for the evaporation estimate in
2013; it presented an average deviation of 18%, a R? coefficient of 0.74
(p-value of 0.1), and confirms the representativeness of the calibrated
model.

Please note that the default equation for the model
(a=9.2 W~m_2~mmHg_1, b =0.46 W~m_2~mmHg_1~(m~s_1) =2, and
¢ = 2) showed a deviation of 36% and an R? coefficient of 0.71 (p-value
of 0.07) for 2013 data. For the year 2018, however, despite presenting a
19% deviation, the R? coefficient was 0.36 (p-value of 0.40); this sug-
gests that the default equation is less representative for the investigated
region than the adjusted equation (Eq. (4)). Similarly, Singh and Xu
(1997) evaluated thirteen equations based on the mass transfer theory
to estimate evaporation, and adapted seven generalist equations to
stations located in Ontario, Canada: the authors observed that these
models were representative when applied to different stations in the
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same location yet, when applied to stations in different locations, the
models did not represent the measured data. These results confirm the
need for wind functions to be adjusted to the respective local conditions
and validate the proposition of the present study to develop an equation
to estimate evaporation.

Fig. 4 shows the result of the simulations of the adjusted equation in
CE-QUAL-W2 for 2013 and 2018 (dry periods). As expected, the ad-
justed equation (Eq. (4)) presents values below those measured by the
Class A pan practically throughout the entire year (see Kohler et al.,
1955; Linacre, 1994). It should be remembered in this context that
studies which apply CE-QUAL-W2, or other two-dimensional hydro-
dynamic models, are not identified in literature with the specific pur-
pose of estimating evaporation. Among the studies with computational
modelling to adjust the wind function, Lopez et al. (2012) can be
mentioned as an example: the authors proposed a methodology which
applied Computational Fluid Dynamics (CFD) and aimed to obtain the
wind function individually for each analysed system, and an evapora-
tion estimation in Class A pans and water bodies.

3.4. Thermal regime of the lake

Simulations with CE-QUAL-W2 of the thermal regime of Lake Santo
Anasticio showed temperatures on the water surface vary between
approximately 27 and 31 °C during all analysed years (2009-2019), as
illustrated in Fig. 5. In addition, it was possible to identify daily (diurnal
and nocturnal) thermal stratifications of approximately 1-2 °C. These
results are consistent with observations of Pacheco and Lima Neto
(2017) and Lima Neto (2019), who experimentally identified the same
thermal stratification pattern in the lake (Fig. 6). Lopez Moreira et al.
(2018) found a considerable diurnal thermal stratification in Ypacarai
Lake, a shallow subtropical lake in Paraguay, described as a result of
high turbidity. Previous studies have also simulated similar thermal
behaviors in lakes (see Li et al., 2010; Read and Rose, 2013; Soares
et al., 2019).

3.5. Class A pan coefficient

Table 2 presents a synthesis of the simulation results for the ad-
justed equation, displays the annual and monthly Class A pan coeffi-
cients which were obtained by linear regression, and the seasonal ones
derived through the relationship between modelled and measured va-
lues. Fig. 7 illustrates the linear correlations between evaporation
(measured by the Class A pan and modelled in CE-QUAL-W2) as ob-
tained for the year 2013.

Normally, a value close to 0.70 is adopted for annual estimates with
Class A pan, following the example of Kohler et al. (1955), who esti-
mated the annual correction coefficient for a Class A pan with an
average value of 0.70 in the United States of America. Neuwirth (1973)
compared values obtained in loco in a shallow lake in Austria with a
Class A pan and estimated an average pan coefficient of 0.72 for the
analysis period between May and October. Again, in the United States,
Linacre (1994) derived a value of 0.70 when relating the averages of
twenty months between the evaporation estimated with the Penman
method and the Class A pan. Ali et al. (2008) calculated annual Class A
pan coefficients between 0.65 and 0.73 (average of 0.65), in a study
area in the semiarid region of India. In the northeast of Brazil, in which
the lake under study is located, works usually adopt Class A pan coef-
ficients predominantly between 0.60 and 0.90 (Oliveira et al., 2005;
Pereira et al., 2009; Mamede et al., 2012; Campos et al., 2016).

The present work evidences, however, annual values for the Class A
pan between 0.57 and 0.73 (average of 0.67 and median of 0.66): they
are represented by the slope of the line with a null linear coefficient,
and their values are slightly below what is commonly suggested in
literature (Kohler et al., 1955; Brutsaert and Yeh, 1970; Neuwirth,
1973; Linacre, 1994). The (generic) monthly Class A pan coefficients
ranged between 0.59 and 0.70, with an average and median of 0.66; the
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Fig. 4. Modelled evaporation time series (calibrated and CE-QUAL-W2 model default), measured (Class A pan) and calculated by the difference between the inflow to

and outflow from the lake in (a) 2013 and (b) 2018.

monthly numbers from relating modelled and measured monthly eva-
poration varied between 0.49 and 0.84, with averages between 0.56
and 0.72, a general average of 0.67 and a median of 0.68. Althoff et al.
(2019) estimated monthly correction coefficients between 0.72 and
0.92 in a small rural reservoir with a surface area of 0.25 ha, located in
the Center-West region of Brazil (Brazilian Savannah), by using equa-
tions that included meteorological variables and a Class A pan. In a
study carried out in an arid region of Australia, McJannet et al. (2017)
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estimated a monthly Class A pan coefficient between 0.62 and 0.80
when comparing data from a weather station with simulations using an
aerodynamic model. Oliveira et al. (2005) obtained monthly Class A
pan coefficients between 0.76 and 0.93 for the semiarid region of
Paraiba in Northeastern Brazil.

The seasonal Class A pan coefficients in this work (wet and dry
seasons) ranged from 0.61 to 0.75, with an average of 0.69 and 0.66;
median of 0.68 and 0.67, respectively. Pereira et al. (2009) estimated
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Fig. 5. Daily-water temperature time series of Lake Santo Anasticio at different depths, as simulated by CE-QUAL-W2 for the year 2017.



J.B.d.F. Mesquita, et al.

Journal of Hydrology 590 (2020) 125456

004 @ 9 (® 7 © (@ 71 @
o o (o]
0.5 4 B 7 1
= 1.0 B q -
N 15+ E b .
204 o | o i o <) |
s Dec 5,2013-3.00 pm Dec 9, 2013 -3.00 pm i Nov [7 201[4 - 3.0[0 pm_ Nov 24, 2014 - 3.00 pm Oct 23,2016 - 9.00 am
.2 T T T T T T T T T T T T T T T 1 T T T T T 1

26 27 28 29 30 31 326 27 28 29 30 31 32 27 28 129

Temperature (°C) Temperature (°C)

30 31 32w 27 28 29 30 31 322 27 28 29 30 31 32
Temperature (°C)

Temperature (°C) Temperature (°C)

Fig. 6. Comparison of the vertical temperature profile of the water column (Z) modelled by using CE-QUAL-W2 (continuous line) with measured data (circles), from
surface to 2 m deep, in Lake Santo Anastacio in (a, b) 2013, (c, d) 2014 and (e) 2016. Measured temperature data: a, b, ¢, d (Pacheco & Lima Neto, 2017) and e (Lima

Neto, 2019).

net evaporation in Sobradinho Lake, located in the Sdo Francisco River
Basin (northeast region of Brazil), through measurements with a Class A
pan and the models of Linacre (1993), Kohler et al. (1955) and CRLE,
and concluded that the seasonal pan coefficient was 0.57. Oliveira et al.
(2005), on the other hand, estimated seasonal pan coefficients for the
semiarid region of Paraiba, Brazil, and obtained 0.9 and 0.7 for rainy
and dry periods, respectively. It is noteworthy in this context that the
monthly pan coefficients calculated with the two mentioned methods
and the seasonal one, present similar order of magnitude: this suggests
that in the study area, seasonality does not affect the Class A pan
coefficient as in other regions of Brazilian northeast.

Therefore, the present study showed slightly lower values for Class
A pan coefficients than those normally suggested in literature. Morton
(1983) also found that pan coefficients of arid regions tend to be lower
than those of humid regions. The study area of this work presents high
temperatures during practically the whole year (averages of 26 to 28 °C)
(INMET, 2009) and a sub-humid hot tropical climate (CEARA, 2016).
Estimated coefficients are lower, however, than those obtained in arid
and semiarid climates, including other parts of Brazil (e.g. Oliveira
et al., 2005; McJannet et al., 2017), which suggests the interference of
other conditions, in addition to climate.

Fig. 8 shows a comparison between modelled and measured
monthly evaporation (Class A pan) in 2013 as an illustration of the
general intra-annual pattern. These figures were used to calculate the
monthly and seasonal pan coefficients through the relationship between

these variables, as described. There is a clear influence of seasonality on
evaporation, because the second semester shows the highest values
both in measured and modelled values for all analysed years
(2009-2019). Nevertheless, there was no significant impact on the
seasonal pan coefficient, as explained. This fact indicates, of course,
that there is a proportional reduction and increase between lake eva-
poration and the measurement with the Class A pan in the rainy and dry
period, respectively. Contrastingly, in another study area in the
northeast region of Brazil, Oliveira et al. (2005) observed a clear sea-
sonality that impacts the pan coefficient. Linacre (1994) suggested a
Class A pan coefficient of 0.77 as a general standard. Still, he warns that
several factors can change this value, including evaporation rates,
which are a function of latitude, solar declination, cloud cover and
aridity of the environment. Therefore, the pattern of proportionality
between evaporation in lakes and pans is directly linked to the climate
of the study region, among other aspects. This fact justifies the parti-
cular trends to be discussed in the following section.

3.5.1. Correlation between pan coefficients and meteorological variables
By the correlation between the annual Class A pan coefficients for
the eleven year period with annual average air temperature (°C) and
annual average wind speed (ms™1), as shown in Fig. 9, a negative
correlation could be found: R? of 0.51 (p-value < 0.05) and 0.67 (p-
value < 0.05), respectively. It may be inferred that this correlation
exists due to the tendency of the Class A pan to enhance evaporation in

Table 2

Class A pan coefficients (annual, monthly and seasonal) and statistical analysis (data measured and modelled in CE-QUAL-W2) for simulations between 2009 and

2019.
Year DM R? Kannual” R? p-value Kmonthly generic R? p-value Kmonthly” Keasonal”

(%) (calculated vs. modelled)* (Kannuat)” (Kmonthty) ™ (average)
Wet Dry

2009 - - 0.72 0.99 0 0.70 0.94 1.78.1077 0.72 0.73 0.70
2010 - - 0.57 0.99 0 0.59 0.94 7.90.10~8 0.56 0.72 0.61
2011 - - 0.70 0.99 0 0.68 0.96 1.67.10°8 0.70 0.73 0.67
2012 - - 0.66 0.99 0 0.65 0.78 6.23.107° 0.66 0.67 0.65
2013 0.28 0.85 0.67 0.99 0 0.67 0.81 3.64.107° 0.68 0.66 0.69
2014 - - 0.63 0.99 0 0.64 0.98 2.00.10~° 0.68 0.63 0.64
2015 - - 0.64 0.99 0 0.65 0.93 3.97.1077 0.64 0.61 0.67
2016 - - 0.66 1.00 0 0.66 0.90 2.17.107° 0.65 0.65 0.66
2017 - - 0.65 0.99 0 0.63 0.98 1.43.1071° 0.66 0.68 0.63
2018 0.18 0.74 0.71 0.99 0 0.69 0.79 6.63.10"° 0.71 0.75 0.67
2019 - - 0.73 0.99 0 0.70 0.96 8.03.1078 0.71 0.72 0.70
Average - - 0.67 0.99 0 0.66 0.91 1.53.107° 0.67 0.69 0.66
Median - - 0.66 - - 0.66 - - 0.68 0.68 0.67

! DM (mean deviation between modelled and measured values);

R? (determination coefficient between modelled and measured values);
Kannua (annual pan coefficient — straight slope);

R? (corresponding coefficient of determination);

Kgeneric monthly (monthly pan coefficient — straight slope);

2
3

*

Kmonthly (monthly pan coefficient obtained from the relationship between modelled and measured values);
Kseasonal (seasonal pan coefficient calculated from the relationship between modelled and measured data).
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dry periods, mainly because of the aforementioned meteorological
variables, since the equipment consists of a metallic pan which favors
the occurrence of such a phenomenon (Linacre, 1994). In periods of
more substantial precipitation, lower wind speeds and air temperature,
though, the opposite phenomenon can be observed. Note that the effect
of wind speed on phosphorus re-suspension will also be discussed later
in this paper (see Section 3.5.2). This particularity indicates that the
meteorological factor is directly related to measurement variations of
the Class A pan and, therefore, to the annual pan coefficient to be
adopted (Morton, 1986). Linacre (1994) draws attention to the fact that
Class A pan coefficients are strongly influenced not only by the geo-
metry of the equipment, which interferes with energy irradiation, but
also by climate characteristics of the studied region, such as the aridity
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of the environment. Morton (1983) states that traditional evaporation
estimation techniques depart from the assumption that evaporation can
be estimated in different environments by applying a simple coefficient
transposed from one place to another. At the same time the author
pointed out that Hounam (1973) obtained several annual Class A pan
coefficients in different lakes where annual rainfall was quite variable,
such as a K, coefficient equal to 0.81 for an average annual precipita-
tion of 1400 mm; 0.7 for 800 mm and 0.52 for approximately 60 mm
precipitations. These examples confirm the trends detected in this work
with regards to variations of the correction coefficients as being pro-
portional to weather conditions. Moreover, the present study
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Fig. 8. Comparison between the monthly evaporation data (mm) in 2013 measured in the Class A pan and modelled in CE-QUAL-W2; this data was used to calculate

the monthly and seasonal Class A pan coefficients.
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demonstrates variability of the K, coefficient in the same study area,
depending on meteorological variables: a finding that highlights the
sensitivity of this parameter to local peculiarities (Linacre, 1994).

With regards to seasonality, the following data were obtained:
correlations with average annual wind speed (m's~') and average an-
nual air temperature (°C) with R? coefficients of 0.44 (p-value < 0.05)
and 0.08 (p-value of 0.39), for the rainy season, and of 0.19 (p-value of
0.18) and 0.36 (p-value of 0.05), for the dry season, respectively. It can
be seen, through the non-significant statistical results, that there is no
relevant correlation between the wind speed (dry period), the air
temperature (rainy period), and the seasonal Class A pan coefficients.
These results express that on a smaller time scale, in this case seasonal,
the relationship between variability in the Class A pan coefficient and
the climate shows an average correlation only in the rainy season for
wind speed and in the dry period for air temperature. Yet the re-
lationship between seasonal Class A pan coefficients and the meteor-
ological variables is not direct and considerable, unlike on a larger scale
such as the annual one, as was demonstrated. It is important to high-
light that in literature no studies with similar correlations could be
found.

3.5.2. Correlation between pan coefficient and water quality

Fig. 10 shows the correlation between the monthly average of total
phosphorus concentration (TP) and the monthly Class A pan coeffi-
cients for the dry (2013 and 2018) and rainy (2019) periods. It appears
that the pan coefficient decreases as the concentration of TP increases,
since the R? coefficient is 0.41 (p-value < 0.05) and 0.27 (p-value of
0.37) for the dry and rainy periods, respectively. This finding reveals
the impact of water quality on reducing evaporation from the lake.
Another aspect to be considered is the influence of seasonality on the
quality of the lake water, with higher and lower concentrations of total
phosphorus during the dry and rainy periods, respectively. This fact is a
reminder that these periods need to be segregated for the observation of
the phenomenon under analysis. In addition, the correlation between
the TP concentration and the Class A pan coefficient is not statistically
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significant for the rainy season (R? of 0.27; p-value of 0.37), probably
due to the small number of data points, relevant variability of weather
conditions, and relatively low values of TP concentration. Note that the
high level of TP observed in this study is a clear indicator that there are
other substances and microorganisms in the lake water (for example,
organic matter and bacteria), as verified by past studies (Aratjo and
Lima Neto, 2018; Aratjo et al., 2019; Fraga et al., 2020). This suggests
that the other substances and microorganisms in the lake can also affect
the evaporation process, either directly or through secondary processes,
such as eutrophication.

The influence of TP concentration on evaporation rates may explain
why Class A pan coefficients are lower than those reported in the lit-
erature. And may also suggest that this variable can be reduced in the
presence of a high pollutant load, as is normally the case in urban lakes
and was also verified for the hypereutrophic Lake Santo Anasticio
(Pacheco and Lima Neto, 2017; Aradjo and Lima Neto, 2018; Aratjo
et al., 2019). A relevant aspect caused by water pollution is the re-
duction of light penetration in the liquid mass due to high turbidity that
normally characterises hypereutrophic surface water bodies (Havens
and Ji, 2018) and increases the albedo (Jin et al., 2004), along with
floating macrophytes that can also prevent the passage of light. On the
other hand, the presence of certain species of aquatic macrophytes can
increase surface water losses through evapotranspiration (Jiménez-
Rodriguez et al., 2019). Classically in studies on evaporation, turbidity
is pointed out as an analytical parameter that indicates a reduction of
evaporation as it rises (Morton, 1986; Finch and Hall, 2001). Still, other
limnological variables should also be evaluated as they, too, can in-
fluence the energy balance and, consequently, the evaporative process:
examples include submerged macrophytes, water colour (related to
DOC concentration), the depth of the water column and the char-
acteristics of the sediments (Herb and Stefan, 2004; Persson and Jones,
2008; Rinke et al., 2010). These caveats suggest a potential topic for
further research.

Anda et al. (2016), for instance, performed experiments and com-
pared evaporation in two Class A pans: the first, a standard Class A pan;
the second, with submerged macrophytes and sediment cover at the
bottom. These authors observed that evaporation in the second pan was
higher than in the first, probably due to the greater energy absorption
of the dark color, an effect of the presence of macrophytes and sedi-
ment. Read and Rose (2013), on the other hand, applied a one-di-
mensional thermodynamic model to eight shallow lakes in Wisconsin
and Michigan, in the United States, and analysed the dissolved organic
carbon (DOQ): they found that an increase in DOC concentration favors
a decrease in the overall heat content by blocking the penetration of
light into the water column and, consequently, a reduction in the
general temperature of the lake. The authors also found an increase in
the outward heat fluxes, which would tend to damp evaporation, be-
cause this is one of the terms of the energy balance. Oroud (1995)
observed an increase in the water temperature, although in his study it
was related to an increase in salinity. More recently, Watras et al.
(2016) studied the influence of dissolved organic carbon (DOC) on the
evaporation of three shallow lakes in Wisconsin, United States. The
authors found that although the presence of DOC is related to the ele-
vation of lake surface temperature, it does not imply an increase in
evaporation, but its reduction. They suggested two mechanisms to ex-
plain this effect: disproportionate emission of radiant energy by lakes
with high DOC concentrations, and the combined effect of wind speed
and vapor pressure gradient, of which the product is lower in lakes with
the described features.

It can, hence, be inferred that high polluting loads in water bodies
may alter the process of direct evaporation, and this mechanism should
not be analysed only from the perspective of climatic variables (Zhang
and Liu, 2014). To measure evaporation data using a Class A pan it is,
therefore, necessary to adopt pan coefficients which coherently re-
present the system, incorporate aspects related to water quality (Boyd,
1985; Oroud, 1995) and, consequently, contribute to a proper
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Fig. 11. Linear regression between Total Phosphorus concentration (TP) and
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estimation of the water balance, especially in lentic environments. The
need for further studies that consider the complexity of the involved
variables must also be emphasised, in order to deepen this area of
knowledge.

Fig. 11 shows a linear regression between total phosphorus con-
centration and wind speed including both the dry (2013 and 2018) and
rainy periods (2019). The direct dependence of TP on wind speed (R of
0.71; p-value < 0.05) confirms that wind-induced sediment/phos-
phorus resuspension was an important process, as pointed out by
Aratijo et al. (2019). This suggests that the impact of the wind speed on
water quality was the dominant factor damping evaporation rates in the
lake, as compared to those at the Class A pan. Observe that this analysis
also provided a new empirical correlation to estimate the total phos-
phorus concentration in the lake.

Finally, Fig. 12 shows a comparison of water availability simula-
tions in Lake Santo Anastacio, which were estimated by using the
Vyelas model (de Aratjo et al., 2006) for different evaporation values
calculated with Class A pan coefficients of 0.80, 0.68, 0.63 and 0.58,
that had been obtained in correlations with TP concentration, wind
speed and air temperature, respectively. A reduction in evaporation
rates of 15, 21 and 28% could be observed; attained with the last three
coefficients in relation to the Class A pan coefficients of 0.80. This
implied an average increase in water availability of 18.24, 24.25 and
29.50%, respectively, evidencing the high sensitivity of the water re-
liability estimate to the employed evaporation rates and, consequently,
to the pan coefficient for the case of estimations which use evaporation
data measured with a Class A pan.

— Pan coefficient 0.8

Reliability (%)

— — Pan coefficient 0.68
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4. Conclusions

The present work analysed the influence of hydroclimatic forcing
agents on the evaporation process of a tropical urban lake. Considering
the results obtained, it can be concluded that the lake presented mild
thermal stratification of the water column, from 1 to 2 °C, despite its
shallowness, which demonstrates that the energy distribution in the
water column is not uniform. It was also found that annual, monthly
and seasonal Class A pan coefficients showed lower values than those
obtained in literature. There was, moreover, a strong negative corre-
lation between the annual Class A pan coefficients and meteorological
variables (wind speed and air temperature), suggesting that Class A
pan-based methods tend to overestimate evaporation measurements,
depending on weather conditions.

Additionally, it was observed that a higher concentration of total
phosphorus potentially resulted in a lower monthly Class A pan coef-
ficient, a fact that suggests the influence of water quality on evapora-
tion in the studied tropical reservoir. The results also indicated that
wind-induced sediment/phosphorus re-suspension potentially atte-
nuated evaporation rates in the lake. Moreover, the impact of eva-
poration on water availability could be proven: reductions in eva-
poration above 15% implied an increase in water availability in the
same proportion.

Finally, we may say that it is essential to adopt tools which can
provide an integrated analysis and to verify meteorological and hy-
drodynamic processes and water quality, in order to achieve greater
accuracy when estimating the evaporation process in lakes and re-
servoirs, and to guarantee the effective operation and management of
such water bodies.
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