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Abstract

This study focuses on the Alentejo and Algarve regions of southern Portugal, which is
characterized by a typical Mediteranean climate. In the Mediterranean region, evaporation
plays a significant role in reservoir water budgets. Therefore, estimating water surface
evaporation is essential for efficient reservoir water management. This study aims to (i) as-
sess the reservoir evaporation pattern in southern Portugal from meteorological offshore
measures, (ii) benchmark various indirect methods for evaluating reservoir evaporation at
a monthly scale, and (iii) provide recommendations on the most suitable indirect method
to apply in operational practices. This study presents meteorological data collected from
floating weather stations on instrumented platforms across nine reservoirs in Alentejo and
Algarve. This is the first time that so many offshore local measurements have been made
available in a Mediterranean climate region. The reservoir evaporation was estimated by
the Energy Budget (Bowen Ratio) method, having concluded that monthly evaporation
rates across the nine reservoirs ranged from 0.8 mm d−1 in winter to 4.6 mm d−1 in summer,
with an annual average of 2.7 mm d−1. Annual evaporation values ranged from 750 to
1230 mm, showing a positive gradient from the northern Alentejo region to the southwest
Algarve region. To evaluate the performance of five empirical and semi-empirical evapo-
ration indirect methods, a benchmarking analysis was conducted. The indirect methods
studied are Mass Transfer (MT), Penman (PEN), Priestley and Taylor (PT), Thornthwaite
(THOR), and Pan Evaporation (PE). Regarding the MT method, an N function of a reservoir
superficial area is presented for the Mediterranean climate regions. In the Pan Evaporation
method, the pan coefficient was considered equal to one. The benchmarking analysis
revealed that all studied methods produced estimates that had good correlation with the
Energy Budget method’s results across all reservoirs. All the methods showed small biases
at the monthly scale, particularly in the dry semester. The estimates’ evaporation variability
depended on the reservoir. Overall, the evaluation of evaporation methods concluded that
(i) the stakeholders should considerer having an evaporation pan offshore; (ii) to manage
the water balance of the studied reservoirs, the manager must apply the method with the
best performance, depending on the data available; (iii) to manage other reservoirs located
in the Mediterranean climate region, the manager must compare reservoir characteristics
and the data available in order to choose the most suitable method to apply.

Keywords: Mediterranean region; reservoirs; offshore measurements on floating platforms;
evaporation; benchmarking analysis
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1. Introduction
The Mediterranean climate is characterized by its accentuated inter-annual variability

with hot and dry summers and mild and rainy winters. Moreover, the Mediterranean region
is considered one of the world’s hot spots of climate change. At the end of this century,
climate models project an increase in air temperature (ranging between 2.2 and 5.1 ◦C),
a decrease in rainfall (ranging between 4% and 27%), and an increase in drought periods [1].
Consequently, climate change impacts on the Mediterranean region will particularly affect
the availability of water resources.

In Alentejo and Algarve, in southern Portugal, where a Mediterranean climate prevails,
the availability of water relies on man-made infrastructures, such as dams and reservoirs,
which are strategic elements for securing urban and industrial water supply, irrigation,
and energy generation due to the challenges presented by water scarcity in this region [2–5].
However, the construction of reservoirs alters the water balance of the region and increases
the loss of water resources to the atmosphere through evaporation. Evaporation from an
open water body, also known as lake evaporation and referred to as reservoir evaporation
throughout this paper, is one of the most important components of the water balance.
According to statistics, the annual evaporation losses of the reservoirs in arid and semiarid
regions account for about 40% of the total usage volume [6].

Classical studies estimating evaporation can use different approaches, including
aerodynamic mass transfer formulations, energy balance formulations, or a combination of
both. Based on these approaches, various methods have been developed for quantifying
evaporation in reservoirs, which are classified according to theoretical developments,
as discussed by [7]: (1) water balance applied to the water body, (2) energy balance applied
to the water body in the reservoir, (3) aerodynamic functions (mass transfer), (4) hybrid with
energy balance and aerodynamic, (5) thermic as a function of the temperature, and (6) direct
measurements. Most of these methods have significant limitations. Methods based on
energy balance depend on energy sources that can be solar radiation, atmospheric radiation,
the sensible heat of the overlying air layer, and/or energy stored in the water body. All
the methods require site-specific measurements of several meteorological variables, such
as air/water temperature, humidity, wind speed, and/or solar radiation, that are not
commonly available at the reservoir’s water surface [8,9].

This paper presents and discusses six of these methods. The conservation energy law
accounts for incoming and outgoing energy, which are balanced by the amount of energy
stored in the system.

The energy balance herein considered can be expressed as

Qn − ∆Q = H + λE + QF + QP (1)

where Qn is the net radiation, ∆Q is the heat storage change in the water body, H is the
sensible heat flux, λE is the latent heat flux, QF is the net heat flux carried by surface water
and groundwater and, QP is the net heat flux resulting from precipitation. All fluxes are in
units of W m−2.

The last two terms of Equation (1) are usually neglected because of their relatively
small magnitudes compared to the other terms in the balance [10–12]. Consequently,
the energy balance equation can be simplified:

Qn − ∆Q = H + λE (2)

One of many approaches is the relation between the flux of sensible heat (H) and
the latent heat flux (λE) through the Bowen ratio (β) (Table 1) [13,14]. Although some
limitations have been identified in previous research [8,15–17], the Bowen Ratio Energy
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Budget (BREB) method has been applied and selected as the reference. This method is
generally regarded as one of the most robust and accurate techniques for determining
evaporation [8,18–20]. BREB-derived evaporation estimates are typically within 10% of true
values when averaged over a season and within 15% when averaged over a month [8,21].

Table 1. Mathematic formulation of the methods used in the study.

Method Ref. Eq.n. Equation Equation Terms and Parameters

BREB [13,14] (3) E = Qn−∆Q
ρw[λ(1+β)+CpwTs]

(86.4 × 106)

MT [7,15,18] (4) E = NU2 × (es − ea)

PEN [22,23] (5)
E = ∆

∆+γ
Qn−∆Q

λρw

(
86.4 × 106)+ γ

∆+γ

× [0.26(0.5 + 0.54U2)(e∗a − ea)× 10−2]

PT [24,25] (6) E = αPT
∆

∆+γ
Qn−∆Q

λρw
(86.4 × 106)

Qn = Qs(1 − α) + Qa(1 − αl)− Qls

α = 0.08 + 0.02 sin
(

2π JD
365 + π

2

)
Qls = εwσ(Ts + 273.15)4

∆Q =
ρwCpw

∆tAL(t) ∑ ∆Tihi Ai

λ =
[
2.501 − (2.361 × 10−3)Ts

]
× 106

β = H
λE = γ

(
Ts−Ta
es−ea

)
H = CpP(Ts − Ta)

λE = λε(es − ea)

γ =
Cp P
ελ

N = f (As)

es = 610.8 exp
(

17.27Ts
Ts+237.3

)
ea = es

HR × 100

e∗a = 610.8 exp
(

17.27Ta
Ta+237.3

)
∆ = 4098×e∗a

(Ta+237.3)2

THOR [26–28] (7) E =

[
1.6 × Nm

(
10Tam

I

)b
](

10
Nd

)
Nm = nd

12 × Nd
30

I = ∑
(

Tam
5

)1.514

b = 6.75 × 10−7 I3 − 7.71 × 10−5 I2

+ 1.79 × 10−2 I + 0.49

PE [7,29] (8) E = KpanEpan

The multipliers of 86.4 × 106 that appear in equations are used to convert results into mm d−1. E—Reservoir
evaporation rate (mm d−1); Qn—Net radiation (W m−2); Qs—Incoming solar radiation (W m−2); α—Surface
short-wave albedo; JD—Julian day; Qa—Incoming atmospheric radiation (W m−2); α1—Surface long-wave
albedo = 0.03; Qls—Emitting long-wave radiation from the surface (W m−2); εw—Water emissivity = 0.97;
σ—Stefan–Boltzmann constant = 5.67 × 10−8 (W m−2K−4); Ts—Water surface temperature (ºC); ∆Q—Heat storage
change in the water body (W m−2); ρw—Density of water = 998 (kg m−3 at 20º C); Cpw—Specific heat capacity of
water = 4186 (J kg−1 ºC−1); ∆t—Time interval (s); AL(t)—Reservoir surface area, a function of reservoir surface ele-
vation and the time (km2); i—Number of layers (1 to 5) where water temperature was measured; ∆T—Temperature
difference of layer i in two consecutive days (ºC); hi—Thickness of each horizontal layer (m); Ai—Average area
of each horizontal layer (km2); β—Bowen ratio; H—Sensible heat flux (W m−2); λE—Latent heat flux (W
m−2); γ—Psychrometric constant (Pa ºC−1); Cp—Specific heat capacity at constant pressure = 1006 (J kg−1 ºC−1);
P—Atmospheric pressure (Pa); ε—Ratio of molecular weight of water vapor/dry air = 0.622; λ—Latent heat of



Hydrology 2025, 12, 286 4 of 25

vaporization (J kg−1); Ta—Air temperature (ºC); es—Saturated vapor pressure at water temperature (Pa); ea—
Actual vapor pressure (Pa); RH—Air relative humidity (%); N—Mass transfer coefficient ((mm d−1/(Pa m s−1));
As—Water surface area (km2); U2—Wind speed at 2 m above the water surface (m s−1); ∆—Slope of the saturated
vapor pressure-temperature curve at mean air temperature (Pa ºC−1); e∗a —Saturated vapour pressure at air
temperature (Pa); αPT—Dimensionless proportionality Priestley–Taylor coefficient = 1.26; Nm—Correction factor
according to the latitude and time of the year; nd—Duration of average monthly or daily daylight (h); Nd—Number
of days in the month; Tam—Mean monthly air temperature (ºC); I—Annual thermal index; b—Polynomial function
of the index; Epan—Measured pan evaporation rate (mm d−1), Kpan—Pan coefficient.

The Mass Transfer method (MT) (Table 1) [22,30] is one of the most widely used
approaches for estimating open water evaporation due to its simplicity and reasonable
accuracy. The input variables are wind speed and the difference of vapor pressure between
actual and saturated vapor pressure [31]. This method assumes that the evaporation rates
are a linear function of the wind speed at 2 m above the water surface, the difference
between the vapor pressure at the water surface and the atmosphere, and the empirical
mass transfer coefficient. The mass transfer coefficient, N, is usually site-dependent on
various factors such as the lake shape, location and height of meteorological measurements,
and climatic conditions [15]. An example of an equation to calculate N as a function of
surface area is N = 0.00144A−0.050

s for the Lake Mirror, Lake Hefner, Lake Mead and Lake
Vergoritis reservoirs ([15,18,32]).

Penman [22,33] developed a combined approach of the Mass Transfer and Energy
Budget methods that eliminated the need for water surface temperature in estimating
open water evaporation. The Penman equation (Table 1) consists of two terms, which
are commonly referred as the “energy term” and the “aerodynamic term”. The first term
represents the minimum possible evaporation rate, which is also known as the “equilibrium
rate”. The second term accounts for the influence of wind on evaporation through a wind
function and the drying capacity of the atmosphere. The success of the Penman equation
(PEN) in various locations is due to its solid physical foundation because it combines the
Mass Transfer and Energy Budget methods [34].

Priestley and Taylor [24] proposed a simpler version of Penman’s equation by consid-
ering evaporation as a function of the energy term only, as they believed the aerodynamic
term could be approximated as a fixed fraction of the total evaporation. Suggesting that the
aerodynamic term contributes 21% of the total evaporation, then an empirically derived
parameter, αPT , with an averaged value of 1.26, was introduced for the energy compo-
nent [35]. The Priestley–Taylor equation (PT) (Table 1) does not require wind speed data
or the determination of the wind function for its application. Ref. [25] formulated the PT
method as a truncated version of the Penman equation, where the aerodynamic component
was dropped, but a coefficient greater than 1.0 is included as a multiplier.

The Thornthwaite method (THOR) (Table 1) [26] is a widely used method for es-
timating monthly potential evapotranspiration. This method correlates mean monthly
temperature with evapotranspiration, which is determined from the water balance for
valleys with sufficient moisture to maintain active transpiration [36]. Ref. [37] provided
estimates of lake evaporation using the THOR formula and compared them with estimates
from other models, concluding that lake evaporation was underestimated by approximately
20% relative to the other models.

The most used evaporation method is the standard pan evaporation (PE) approach
(Table 1) [29,38,39]. Pan evaporation (measured US class A pan evaporation) has been
widely used to monitor reservoir evaporation operationally [40–42] and in lake modeling
studies [43]. Commonly, a reduction coefficient is applied to minimize the “oasis effect”
caused by the advective heat and account for the large quantities of energy received through
the base and sides of the pan. In lake studies [34,44], a value of 0.7 for the annual pan
coefficient is usually used. However, several authors [45,46] state that pan coefficients vary
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throughout the year and should be calculated for each month individually. While many
studies have identified the limitations of this approach [46–49], it remains widely used as a
source for large-scale validations due to its simplicity and moderate data requirements [41].
Recently, an interesting study was developed to estimate evaporative losses from reservoirs
by subtracting the actual natural evapotranspiration that would have occurred on land
from the evaporation caused by the flooded surface [50]. Re-analyzed climate data have
also been used. Ref. [51] developed linear models (LMs) and random forest models (RFMs)
to estimate reservoir evaporation in the Czech Republic.

The direct method has been applied, but, taking into account the great cost of the
equipment, it is applied punctually for research aims. As an example, eddy covariance
was applied to calculate Alqueva reservoir evaporation, allowing the definition of a pan
coefficient for each month [42].

Ref. [52] presents a holistic overview of basin water balance, emphasizing reservoir
evaporation as a topic of great relevance to researchers, consulting hydrologists, and prac-
ticing engineers. The authors highlight several issues associated with traditional methods,
particularly the influence of water body heat storage on surface energy fluxes, which is
rarely well quantified [52,53].

To overcome the limitations mentioned above, this study was based on data collected
from floating weather stations on instrumented platforms across nine reservoirs in Alentejo
and Algarve for the period 2002–2006. The complementary water temperature profile
measurements are collected at the floating platforms, too. This dataset allows researchers
to estimate reservoir evaporation at nine reservoirs by the energy balance method, find
parameters to apply, and then compare the results of easier to apply and less demanding
data-indirect methods [8,54,55], as Mass Transfer (MT), Penman (PEN), Priestley and
Taylor (PT), Thornthwaite (THOR), and Pan Evaporation (PE). The results of the energy
balance analysis allow for the characterization of reservoir evaporation patterns in southern
Portugal. In most reservoirs, the available datasets are limited, and managers require a
better understanding of reservoir evaporation. The findings of this study can be applied to
other locations with similar climatic conditions. For each specific case, reservoir managers
can identify the most appropriate indirect model for assessing evaporative losses and
develop recommendations for operational practices in Mediterranean climate regions.

The paper is organized as follows: Section 1 presented the reservoir evaporation
processes and most common methods along with the data source and objectives of this
research. Section 2 describes the study area, the floating stations built in the reservoirs,
the dataset and the statistic descriptors to evaluate the performance of indirect methods
in relation to the estimation reservoir evaporation obtained by the energy balance and
offshore measures. The pattern of reservoir evaporation in southern Portugal, and the
results of the monthly benchmarking results, are presented and discussed in Section 3.
Finally, Section 4 summarizes the major conclusions.

2. Materials and Methods
2.1. Study Area

Alentejo and Algarve, located in southern Portugal (Figure 1), have a Mediterranean
climate of type Csa, according to the Köppen classification. This corresponds to a temperate
climate with hot, dry summers (IPMA, https://www.ipma.pt/en/oclima/normais.clima/,
last accessed: 21 March 2025), and this type of climate can be found throughout the
Mediterranean basin [1] and some regions of Australia and California (USA).

https://www.ipma.pt/en/oclima/normais.clima/
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Figure 1. Study area location. A zoom from Alentejo (yellow) and Algarve (blue). The red triangles
represent the locations of the nine monitored reservoirs, while the green circle indicates the location
of the IPMA meteorological stations.

Based on the climatological normal of 1981–2010 (Instituto Português do Mar e da
Atmosfera, IPMA, https://www.ipma.pt/en/oclima/normais.clima/1991-2020/#535, last
accessed: 4 October 2025), the warmest months in southern Portugal are July and August
with average temperatures ranging between 23.2 ºC in Setúbal and 25.0 ºC in Beja. In Faro
(on the coast), the average maximum temperatures is the lowest, 24.5 ºC, and in Beja
and Évora (inland), it is the highest, 33.5 ºC, while on extreme days, temperatures can
exceed 45 ºC in the interior of Alentejo. The coldest months are January and February
with average temperatures ranging between 8.6 ºC in Portalegre and 12.3 ºC in Faro.
During these months, average minimum temperatures vary between 4.5 ºC in Évora and
8.3 ºC in Faro, and negative temperatures may occur, especially in regions far away from the
coastline. The average annual total rainfall varies between 455.1 mm in Faro and 838.5 mm
in Portalegre, with the rainiest months being November and December, with monthly
values of 75.9 mm in Évora and 124.5 mm in Portalegre.

Nine reservoirs were selected across the region (Figure 1), and the main morphometric
characteristics are presented in Table 2. Reservoirs are mainly used for irrigation and
domestic water supply, resulting in significant fluctuations in water levels during the dry
season as large volumes of water are mobilized to meet these needs.

https://www.ipma.pt/en/oclima/normais.clima/1991-2020/#535
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Table 2. Main reservoir morphometric characteristics.

Parameter
Reservoirs

Alqueva Alvito Bravura Caia Maranhão Odeleite Pego do Altar Roxo Sta Clara

NWL (m) 152.0 197.5 84.1 233.5 130.0 52.0 52.3 136.0 130.0
V (hm3) 4150.0 132.5 34.8 192.3 205.4 130.0 94.0 96.3 485.0
As (km2) 250.0 14.8 2.9 19.7 19.6 7.2 8.0 13.8 19.9
Mn depth (m) 16.6 8.9 12.2 9.8 10.5 18.1 11.8 7.0 24.4
Mx depth (m) 77.0 32.8 34.5 37.2 44.0 41.3 37.3 27.3 71.6
P(km) 1160.0 93.2 33.9 99.8 188.0 65.3 94.7 99.2 230.0
L (km) 83.0 7.0 5.5 12.8 25.0 18.0 15.0 4.3 21.2
(P/L) 14.0 13.3 6.2 7.8 7.5 3.6 6.3 23.1 10.9
Kc (–) 30.3 6.8 5.6 6.3 11.9 6.8 9.4 7.5 14.5
Ad (km2) 55,400.0 212.0 76.8 571.0 2282.0 352.0 743.0 351.0 520.0
Ad/As 222.0 14.0 27.0 29.0 116.0 49.0 93.0 25.0 26.0

NWL—Normal water level; V—Total reservoir capacity; As—Water surface area; Mn depth—Mean depth;
Mx depth—Maximum depth; P—Water surface perimeter; L—Reservoir length; Kc—Compacity coefficient
(Gravellius); Ad —Catchment area.

2.2. Floating Stations

A floating monitoring station was designed and built for each one of the selected
reservoirs to record meteorological and water temperature data. These stations are part of
the Portuguese Water Resources Monitoring Network (SNIRH, https://snirh.apambiente.
pt, last accessed: 21 March 2025) and were installed over wooden floating platforms
with a 30 m2 area, which were anchored in place by ropes tied to three sunk concrete
blocks. The meteorological station installed on each platform records pan evaporation,
downward solar radiation, atmospheric pressure, precipitation, air temperature, air relative
humidity, and wind speed and direction. Data are recorded at a frequency of one value per
10 min, except precipitation and wind speed, which are recorded every minute according
to precipitation events. Data are used on an hourly average scale. To reduce the effects
of direct solar radiation on the walls of the pan and ensure closer proximity between
the temperatures of the water in the pan and in the reservoir, the pan is recessed into
the platform, contacting the reservoir water. Wind speed and direction, air temperature,
and relative humidity are recorded at three levels (2, 5, and 8 m), and the vertical wind
speed sensor is located 2 m above the water surface on an additional rod that includes
a sensor for measuring atmospheric pressure and solar panels for charging the system
batteries. The water temperature in the reservoirs was also monitored continuously using
five sensors placed at depths of 1, 5, 10, 15, and 20 m. These sensors were installed along a
steel cable with a ballast at its lower end to keep the cable in a vertical position. To protect
the probes and reduce the risk of any winding in the mooring cables of the platform,
the entire assembly, including the cable and sensors, is positioned inside a perforated
tube (high-density polyethylene) with a 90 mm diameter. A schematic layout and the
dimensions of the floating monitoring stations are presented in Figure 2.

The floating stations were installed in 2001 with the exception of the Alqueva reservoir
where the station was established in 2002. All measurements were parametrized, pre-
processed, and temporarily stored in a data acquisition system, GEOLOG S (Logtronic,
GmbH, Hamburg, Germany), expanded in its standard configuration to accommodate all
sensors. The locally stored data were transmitted via GSM to the SNIRH central repository
either daily or upon request.

https://snirh.apambiente.pt
https://snirh.apambiente.pt
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Figure 2. Schematic representation of meteorological and water temperature floating stations.

2.3. Meteorological Data and Water Body Temperature

Meteorological and water body temperature data from the nine floating stations were
recorded between 2002 and 2006 by the first author.

The annual cycle and daily data of air temperature, air relative humidity, wind speed,
and solar radiation at 2 m high were characterized. Water surface temperature was also
analyzed. The graphical representation of the data time series is presented at Figure 3.

The annual cycle of air temperature between the different reservoir locations shows
great homogeneity, ranging from 8.5 to 24.2 ºC. During winter, the highest temperatures
are observed in reservoirs located further south, particularly in Bravura, which records
temperatures about 4 ºC higher than those in other reservoirs. During summer, Odeleite has
higher air temperatures, while Bravura has lower air temperatures. It can be verified that the
air temperature in the Bravura reservoir has the lowest amplitude and the smallest variation
throughout the year, which can be attributed to its proximity to the sea. The behavior of air
relative humidity is identical to that of air temperature. The recorded values fall within
the expected range for the region, with the highest values (>80 %) occurring in November,
December, and January, and the lowest values (<50%) occurring in the summer months.
The lowest value was recorded in July, during which the variability between reservoirs
was more pronounced. The Bravura reservoir exhibited the lowest amplitude, ranging
from 65.7% in July to 80.3% in November. Significant differences in wind speed were
observed between reservoirs. While the annual cycle in each reservoir demonstrated a
smooth variation, a slight upward trend in wind speed during summer months was noted,
particularly in the Bravura and Odeleite reservoirs. This increase in wind speed may be
attributed to the summer breeze characteristic of southern Portugal afternoons and may
explain the greater variability in wind speed values observed in these two reservoirs, whose
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local physiography favors the establishment of long fetches from the north quadrant. The
Maranhão and Pego do Altar reservoirs consistently exhibited the lowest wind intensity
throughout the year. The behavior of incoming solar radiation is quite similar across all
nine reservoirs. The annual cycle of solar radiation is consistent for most of the reservoirs
with identical behavior in winter across all reservoirs. However, during summer months,
higher values are observed in the Santa Clara and Bravura reservoirs, while lower values
are observed in the Maranhão reservoir.

Figure 3. Annual cycle (left) and daily mean data (right) of air temperature (Ta), water surface
temperature (Ts), air relative humidity (RH), wind speed (U2) and incoming solar radiation (Qs)
measured at 2 m high. The 14 days forward–moving average was obtained considering the data from
all reservoirs.

Figure 4 presents daily water temperatures (Tw) recorded at depths of 1, 5, 10, 15,
and 20 m in the reservoirs. A spatial and temporal analysis of water temperature reveals
consistent thermal behavior between reservoirs, with the greatest amplitudes occurring
at the surface, ranging 16–18 ºC. The highest water surface temperatures range 25–27 ºC
and are observed in July and August. At the maximum monitored depth (20 m), recorded
water temperature amplitudes varied 8–10 ºC. Minimum values were observed in January
and February with most reservoirs recording values not falling below 10 ºC.
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Figure 4. Daily mean water temperature observed at 1 (Tw1), 5 (Tw5), 10 (Tw10), 15 (Tw15) and
20 (Tw20) meters depth in the reservoirs (on left) and corresponding annual cycle (on right). The gaps
in the graphics indicate periods of missing data resulting from equipment failures.

The temperature profiles exhibit a consistent annual cycle across most reservoirs.
In January, all reservoirs display an isothermal profile. As air temperature, solar radiation,
and day length increase in April, the water column experiences deep heating, leading
to thermal stratification that reaches its peak during summer. By June, some reservoirs
exhibit an upper-mixed layer, which is characterized by constant temperature (upper-mixed
layer induced by surface agitation) overlapping a layer where the temperature varies with
depth (thermocline). As autumn begins, the surface temperature gradually decreases,
extending to deeper layers and leading to a progressive reduction in the thermocline until
the isothermal profile is re-established in January or February.

2.4. Methods Performance Evaluators

The performance of the indirect methods was evaluated using the statistical descrip-
tors [7] presented in Table 3. The Index of Performance, d, was classified according to
Table 4 [56].
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Table 3. Statistical descriptors.

Descriptor Eq.n. Equation Range Optimum Value

Root mean square error (9) RMSE =

√
1
n

n
∑

i=1
(Si − Oi)2 0 to +∞ 0

Correlation coefficient (10) R = 1
n

n
∑

i=1

(Si−S)(Oi−O)
σSσO

−1 to 1 1

Index of agreement (11) IoA = 1 −
[

∑n
i=1(Si−Oi)

2

∑n
i=1(|Si−S|+|Oi−O|)2

]
0 to 1 1

Index of performance (12) d = R × IoA 0 to 1 1

Si—Indirect method values; Oi—BREB values; S—Mean of the indirect method values; σS—Standard deviation of
the indirect method values; O—Mean of the BREB values; σO—Standard deviation of the BREB values; n—Number
of values.

Table 4. Classification of Index of performance, d [7].

Index of Performance, d Performance

>0.85 Excellent
0.76–0.85 Very good
0.66–0.75 Good
0.61–0.65 Average
0.51–0.60 Poor
0.41–0.50 Bad

<0.40 Very bad

3. Results and Discussion
3.1. Patterns of Reservoir Evaporation in Southern Portugal

Considering the energy balance, Table 5 shows the annual mean energy fluxes for
the nine reservoirs. In the absence of on-site atmospheric radiation (Qa) measurements,
the European Centre for Medium-Range Weather Forecasts (ECMWF) analysis was used
(http://www.ecmwf.int/products/forecasts/d/charts, last accessed: 21 March 2025).
The energy balance closure (EBC) was calculated by

EBC(%) =

(
H + λE

Qn − ∆Q
− 1

)
× 100 (13)

For most reservoirs, the heat storage change (∆Q) is close to zero, confirming that
the net heat flux carried by surface water and groundwater (QF) and the net heat flux
resulting from precipitation (QP) can be neglected. The EBC shows good results for almost
reservoirs except for Bravura, Caia, and Maranhão. Comparing Bravura and Odeleite,
despite Bravura being located under a more Atlantic influence with a different wind pattern
and a smaller surface area, the latent heat flux can be overestimated. For the Caia and
Maranhão reservoirs, which are located at higher latitudes, the incoming atmospheric
radiation may be underestimated when compared to Pego do Altar, which lies further
inland at a much higher altitude. These findings allow us to conclude that even for these
reservoirs, the net heat flux carried by the surface water and groundwater (QF) and the net
heat flux resulting from precipitation (QP) can be neglected.

The monthly values for the different components of the heat budget, including net
radiation, latent heat, sensible heat, and heat storage change, are illustrated in Figure 5.

http://www.ecmwf.int/products/forecasts/d/charts
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Table 5. Annual mean values of reservoir energy fluxes (W m−2) and the EBC (%).

Reservoirs

Alqueva Alvito Bravura Caia Maranhão Odeleite Pego do Altar Roxo Sta Clara

Qa(1 − α1) 314.2 317.0 320.5 310.3 313.6 316.4 315.9 317.0 320.5
Qls 402.1 399.2 402.2 399.1 399.7 404.1 400.6 399.0 402.4

LWBalance −87.9 −82.2 −81.7 −88.8 −86.1 −87.7 −84.7 −82.0 −81.9
Qs(1 − α) 162.6 169.9 173.5 161.8 154.0 168.0 159.0 169.4 173.4

Qn 74.7 87.7 91.8 73.0 67.9 80.3 74.3 87.4 91.5
∆Q −0.2 0.1 0.4 0.2 1.9 −0.8 0.6 −1.2 −0.9
λE 74.4 76.7 96.6 79.4 74.6 77.9 65.3 79.9 79.0
H 5.4 8.3 6.8 6.8 8.0 4.2 7.1 10.2 12.5

EBC 6.5 −3.0 13.1 18.4 25.2 1.2 −1.8 1.7 −1.0

Net loss of heat in the long-wave radiative balance, LW, is calculated by LW = [Qa(1 − α1)− Qls].

Figure 5. Monthly energy balance components in reservoirs. Net radiation (Qn), heat storage change
in the water body (∆Q), latent heat flux, (λE) and sensible heat flux (H).
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The monthly variation of latent heat flux (λE) exhibits a strong seasonality that aligns
with the net radiation (Qn), which is the primary energy source for the heat balance.
The maximum λE flux typically lags the peak values of Qn. On the other hand, the mini-
mum λE flux is primarily influenced by the heat storage change (∆Q). In most reservoirs,
the annual ∆Q approaches zero, indicating a null balance between energy gains and losses
throughout the years. The energy dynamics of the reservoirs can be understood by an-
alyzing the gains and losses of energy by the water body over the year. During spring,
the reservoirs experience an energy gain and storage phase driven by net radiation and
low evaporation rates. Generally, the energy begins to increase from February or March
until August, reaching its maximum around April (although this timing can vary across
years and reservoirs, sometimes occurring in May or June). From September onwards,
the energy storage variation reverses, and the water mass undergoes an energy reduction,
typically lasting until January, with the maximum energy loss occurring in November. ∆Q
exhibits large positive and negative values, ranging from 55.2 to 88.8 W m−2 and −45.7
to −93.1 W m−2, respectively. During autumn, as solar radiation decreases, the energy
required for evaporation is sourced from the release of ∆Q in the form of λE and, to a
lesser extent, H. Qn fluxes display seasonal trends, with the highest values observed in
summer, following a similar pattern to solar radiation (Qs). However, in some winter
months, negative values of Qn can be observed.

The annual mean Qn ranges from 68 to 92 W m−2 for all reservoirs, as shown in Table 5.
H depends on the temperature difference between the water surface (Ts) and the air (Ta).
H has relatively low values compared to other components of the energy balance. It is
generally positive since, on average, Ts is higher than Ta. Under these conditions (Ts > Ta),
the sensible heat flow occurs from the water surface to the atmosphere, resulting in energy
loss from the lake.

Daily evaporation values were determined for all reservoirs using the BREB method,
as described by Equation (3). The monthly evaporation is presented in Figure 6. To identify
possible outliers, the annual cycles of mean, maximum, and minimum evaporation were
also presented. Although there are no substantial inter-annual variations in evaporation,
a pronounced seasonality is evident. The highest evaporation rates are observed from
June to August, while the lowest rates occur between December and February. Generally,
the monthly mean evaporation falls within the expected range for each respective month,
indicating a reasonable consistency throughout the period.

When comparing the monthly evaporation rates shown in Figure 7, it is evident
that July has the highest evaporation values, while January experiences the lowest rates.
The maximum monthly evaporation ranges from 4.4 mm d−1 in the Maranhão reservoir
to 6.7 mm d−1 in the Bravura reservoir. In general, the minimum monthly evaporation is
nearly zero for most reservoirs, except for Alqueva and Santa Clara, which have values
ranging from 0.4 to 0.6 mm d−1, respectively. Across all reservoirs, the monthly evaporation
varies from 0.8 mm d−1 in winter to 4.0 mm d−1 in summer with an average of 2.7 mm d−1.
These values align with other measurements in the Mediterranean region, as reported in
studies by [57] or [58]. The latter authors studied the Mediterranean region of Sardinia,
Italy, and concluded that evaporation ranged from 0.58 mm d−1 in winter to 4.96 mm d−1

in summer with an average of 2.63 mm d−1.
Figure 8 illustrates the spatial distribution of mean seasonal reservoir evaporation val-

ues in southern Portugal. The values were obtained through inverse distance interpolation
for the dry and wet semesters, respectively. Figure 9 displays the spatial distribution of
mean annual reservoir evaporation values. The patterns of reservoir evaporation exhibit
distinct seasonal and spatial variations. Throughout the year, a clear minimum is observed
in the northern part of the region, while the maximum values are concentrated in the south-
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west Algarve region. This spatial pattern is consistent in both the dry and wet semesters.
The annual evaporation losses range from 750 to 1230 mm, showing a significant positive
gradient from the northern part of the region toward the southwest Algarve region. This
indicates that the reservoirs in the Algarve region experience higher evaporation rates
compared to those in the northern areas. These differences can be explained by the higher
solar radiation typically observed in the southern areas compared to the north and by the
stronger wind regimes along the coastal zones, which enhance evaporation rates.

Figure 6. Monthly energy budget evaporation (bars) and the annual cycle of mean (circles), maximum
(squares), and minimum (triangles) values.
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Figure 7. Monthly mean evaporation estimated by the BREB method.
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a) Jan b) Feb

f) Jun

c) Mar d) Apr

e) May g) Jul h) Aug

i) Sep j) Oct k) Nov l) Dec

m) Wet semester n) Dry semester
E (mm/d)

0.0 - 0.2
0.3 - 0.5
0.6 - 0.8
0.9 - 1.1
1.2 - 1.4
1.5 - 1.7
1.8 - 2.0
2.1 - 2.3
2.4 - 2.6
2.7 - 2.9

3.0 - 3.2
3.3 - 3.5
3.6 - 3.8
3.9 - 4.1
4.2 - 4.4
4.5 - 4.7
4.8 - 5.0
5.1 - 5.3
5.4 - 5.6
5.7 - 5.9

Figure 8. Spatial distribution of monthly mean (a–l) and seasonal mean (m,n) reservoir evaporation
in southern Portugal.

Figure 9. Spatial distribution of mean annual reservoir evaporation in southern Portugal.

3.2. Benchmarking of Indirect Methods

Given that the measured parameters required for direct estimation are often unavail-
able, a monthly benchmarking analysis was conducted to evaluate the performance of
different indirect methods for estimating reservoir evaporation. Five evaporation models,
as summarized in Table 1, were applied to compute reservoir evaporation for the nine
reservoirs included in this study.

Figure 10 illustrates the comparison between monthly evaporation estimates obtained
from the five indirect methods and the evaporation estimated with the BREB method, using
the Alqueva reservoir as an example. The figure displays the trend line and the 1:1 line (left)
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and the differences in average monthly evaporation for both the wet and dry semesters
(right). Table 6 presents the same results for all reservoirs.

Figure 10. Evaporation estimated by the 5 indirect methods compared to evaporation calculated by
the Energy Budget method (EBREB) for Alqueva reservoir: Left—trend lines; right—difference for the
average monthly evaporation, blue—wet semester; orange—dry semester.

Table 7 presents the estimation of the mass transfer coefficient (N) for each reservoir.
There is a strong correlation (R2) between the evaporation rates estimated by the Energy
Budget method and the Mass Transfer product U2 × (es − ea). However, variations in N
were observed among the reservoirs, which can be attributed to differences in exposure to
prevailing winds and physiographic characteristics of the water bodies. It was observed
that the mass transfer coefficient decreases with an increase in the water surface area of
the reservoirs, which is consistent with the findings from studies conducted on lakes in
the USA (Mirror, Hefner, Mead) [15] and the Greek lake Vegoritis [59]. The calculated N
value for these lakes was slightly higher than the values obtained in our study, resulting
in higher evaporation rate estimates for those cases. This discrepancy can be attributed to
differences in measurement procedures, such as the measurement of atmospheric humidity
being conducted on the shore upwind of those lakes, while in our study, all measurements
were made offshore in the reservoir.
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Table 6. Evaporation estimated by the 5 indirect methods compared to evaporation calculated by the
Energy Budget method. The annual mean, determination coefficient and maximum and minimum
differences in average monthly evaporation for wet and dry semesters (mm d−1).

Reservoir Method Mean R2 MaxB_WS MinB_WS MaxB_DS MinB_DS

Alqueva

MT 2.52 0.97 0.62 −0.06 −0.21 −0.04
PEN 3.20 0.99 0.52 0.15 0.31 −0.13
PT 2.17 0.98 −0.42 −0.11 −0.57 −0.09
THOR 2.30 0.95 −0.29 −0.04 −0.16 0.03
PE 2.60 0.96 0.35 0.01 0.06 0.00

Alvito

MT 2.75 0.98 0.97 −0.01 0.18 −0.01
PEN 3.13 1.00 0.85 0.16 0.18 0.10
PT 2.42 1.00 −0.30 −0.08 −0.15 −0.07
THOR 2.20 0.98 0.47 0.01 −0.24 −0.16
PE 2.72 0.99 −0.16 0.02 0.02 0.02

Bravura

MT 3.15 0.86 −0.48 −0.20 −0.29 0.03
PEN 3.47 0.97 1.10 0.02 0.17 0.04
PT 2.68 0.97 −0.56 −0.11 −0.34 −0.10
THOR 2.53 0.94 0.84 0.08 −0.46 −0.07
PE 3.12 0.95 0.92 0.04 −0.45 −0.17

Caia

MT 2.72 0.96 1.35 0.10 −0.23 0.03
PEN 3.07 0.97 1.27 −0.04 0.28 0.10
PT 2.20 0.97 −0.67 −0.09 −0.36 −0.10
THOR 2.35 0.96 0.37 0.01 −0.39 −0.02
PE 2.74 0.97 0.73 0.00 0.11 0.01

Maranhão

MT 2.06 0.97 2.23 −0.07 −0.18 0.02
PEN 2.52 0.95 0.97 −0.06 1.07 0.14
PT 2.22 0.93 −0.93 0.01 1.15 −0.01
THOR 2.22 0.93 2.08 0.38 0.37 0.04
PE 2.54 0.76 0.45 −0.01 0.65 0.00

Odeleite

MT 2.90 0.96 3.15 −0.02 0.13 0.00
PEN 3.45 0.99 1.49 0.11 0.37 0.23
PT 2.32 0.98 −1.33 −0.50 −0.23 0.00
THOR 2.52 0.97 2.08 0.22 −0.17 −0.08
PE 2.83 0.97 3.26 0.00 0.12 0.03

Pego do Altar

MT 2.37 0.96 1.83 −0.01 0.21 0.00
PEN 2.39 1.00 1.15 0.07 0.04 −0.02
PT 2.10 1.00 −0.44 −0.09 −0.13 −0.06
THOR 2.27 0.97 1.67 −0.01 −0.13 −0.01
PE 2.30 0.97 0.85 0.02 −0.20 0.00

Roxo

MT 2.82 0.97 1.61 −0.22 −0.25 0.00
PEN 3.16 0.99 1.26 −0.01 0.14 0.05
PT 2.46 0.99 −0.38 −0.11 −0.22 −0.07
THOR 2.54 0.97 0.62 −0.21 −0.40 −0.01
PE 2.89 0.96 0.29 0.00 0.06 0.00

Santa Clara

MT 2.71 0.97 0.23 0.00 −0.09 −0.01
PEN 2.82 1.00 −0.16 0.00 0.04 0.00
PT 2.48 0.99 −0.45 −0.09 −0.17 −0.04
THOR 2.04 0.97 −0.39 −0.06 −0.35 −0.14
PE 2.87 0.95 1.1 0.03 −0.01 0.03

MaxB_WS—Maximum bias in wet semester; Min_Bws—Minimum bias in wet semester; MaxB_DS—Maximum
bias in dry semester; MinB_DS—Minimum bias in dry semester.

An overall relationship between N and the reservoir water surface area (As) was
established to be applied in the Mediterranean climate region:

N = 0.00139A−0.049
s (14)
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Table 7. Mass transfer coefficient, N ((mm d−1)/(Pa m s−1)), and its relationship with water surface
area, AS (km2).

Reservoirs As N R2 N = f (As)

Alqueva 250 0.00092 0.88

0.00139A−0.049
s

Alvito 14.8 0.00101 0.91
Bravura 2.85 0.00104 0.60
Caia 19.7 0.00990 0.91
Maranhão 19.6 0.00158 0.71
Odeleite 7.2 0.00095 0.90
Pego do Altar 7.98 0.00176 0.83
Roxo 13.78 0.00157 0.90
Santa Clara 19.86 0.00159 0.79

Lake Mirror 0.15 0.00164

0.00144A−0.050
s

Lake Hefner 10.5 0.00095
Lake Mead 640 0.00118
Lake Vergoritis 33.5 0.00143

The comparison between monthly evaporation estimated using the MT method and
the evaporation estimated using the BREB method is presented in Figure 10 and Table 6.
The trend lines closely follow the 1:1 line, indicating a high level of accuracy in the MT
method’s estimation of evaporation for all nine reservoirs. However, there is a slight under-
estimation observed for the largest studied reservoir (Alqueva), and some overestimation
was observed for the smaller studied reservoir (Bravura). In addition to the differences
in reservoir size, the higher wind speeds observed at the Bravura site, as discussed in
Section 3.1, may contribute to these discrepancies in evaporation estimates by the MT
method. Regarding the average monthly, the differences were ±1 mm d−1 for all reservoirs.

In this study, due to specific pan settlement on the floating platform, as previously
referred in to Section 2.2, the measured evaporation at the pan should be identical to
real evaporation over the inundated area at the site. The factors that determine high pan
evaporation rates usually observed on terrestrial frameworks are minimized here as the
pan was placed offshore, on the floating platform, in contact with the water body surface.
The best estimates of evaporation using the PEN method are obtained for reservoirs where
the wind speed is consistently lower. This can be attributed to the reduced aerodynamic
term in the Penman equation, which leads to smaller evaporation estimates and reduces
the bias compared to the BREB values. Reservoirs such as Pego do Altar and Santa Clara
exhibit nearly zero bias in evaporation estimates when using the PEN method.

Monthly average evaporation rates estimated by the PT method and BREB show a
good fit, and it can be observed that in eight out of nine reservoirs, there is a consistent
underestimation of evaporation throughout the year. This finding is contrary to what is
typically reported in the literature [8]. The standard coefficient (α) value of 1.26 used in
the PT method takes into account the proportion of energy mobilized for evaporation
through advection [60,61]. However, in our specific conditions, this coefficient seems to be
insufficient. The observed underestimations of evaporation using the PT method indicate
the need to increase the standard coefficient (α) value by 10%, suggesting that moderate
advection occurs at the reservoir sites.

The THOR method, based on the Thornthwaite formula using air temperature mea-
surements only, tended to underestimate evaporation during the dry semester in most
reservoirs, except for Maranhão and Pego do Altar, where the fit was good. The underes-
timation was more pronounced in the Bravura and Santa Clara reservoirs, with average
biases of −1.10 mm d−1 and −1.04 mm d−1, respectively.

In the PE method, the trend lines closely align with the 1:1 line, indicating a strong
positive correlation between pan measured evaporation and BREB estimated evaporation
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for eight reservoirs (R2 values greater than 0.95). However, in the Maranhão reservoir,
the pan measured evaporation exceeded the estimated evaporation by 24%. When consid-
ering the average monthly difference, there is nearly zero annual bias in most reservoirs
except for the Bravura and Maranhão reservoirs. In Bravura, the dry semester exhibits the
highest negative bias (−1.38 mm d−1), while in Maranhão, the maximum bias is positive
(0.59 mm d−1), also occurring in the dry semester.

Figure 11 shows the average and standard deviation of the monthly differences be-
tween BREB evaporation values and estimates obtained from the five alternative evapora-
tion methods. All methods yield evaporation estimates identical to BREB values during
the wet semester regardless of the reservoir considered. In the dry semester, all methods
provide small biases, but the standard deviations vary substantially depending on the
reservoir. Larger standard deviations can be observed in the MT evaporation estimates for
the Bravura reservoir and in the PEN values for the Maranhão and Pego do Altar reservoirs.

Figure 11. Seasonal mean and ±standard deviation of the differences between the monthly estimates
of the alternate evaporation methods and the BREB method at all reservoirs. The two orange lines
display the standard deviation value associated with the BREB daily estimates.

The evaluation of evaporation methods is presented using the statistical descriptors in
Table 3. Table 8 provides the statistics and performance of the methods for all reservoirs.
The MT method exhibits the highest Root Mean Square Error (RMSE) value of 1.6 mm d−1

in the Bravura reservoir, while the PEN method shows the lowest value of 0.16 mm d−1

in the Pego do Altar reservoir. The range of RMSE varies from 0.25 to 0.44 mm d−1 for
most reservoirs, except for Santa Clara and Bravura, which have values of 0.73 mm d−1

and 0.95 mm d−1, respectively.
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Table 8. Statistical descriptors of monthly evaporation (mm d−1) and methods performance for the
nine reservoirs.

Reservoir Method RMSE R IOA d Performance

Alqueva

MT 0.57 0.93 0.96 0.89 Excellent
PEN 0.80 0.98 0.95 0.92 Excellent
PT 0.57 0.97 0.96 0.94 Excellent
THOR 0.73 0.90 0.94 0.84 Very Good
PE 0.49 0.95 0.97 0.92 Excellent

Alvito

MT 0.48 0.96 0.98 0.94 Excellent
PEN 0.49 0.99 0.98 0.98 Excellent
PT 0.32 1.00 0.99 0.99 Excellent
THOR 0.75 0.97 0.94 0.91 Excellent
PE 0.39 0.98 0.99 0.96 Excellent

Bravura

MT 1.60 0.74 0.82 0.61 Average
PEN 0.65 0.93 0.96 0.89 Excellent
PT 0.92 0.92 0.90 0.83 Very Good
THOR 1.16 0.87 0.83 0.72 Good
PE 0.78 0.87 0.93 0.81 Very Good

Caia

MT 0.64 0.94 0.97 0.91 Excellent
PEN 0.75 0.94 0.96 0.91 Excellent
PT 0.82 0.95 0.94 0.89 Excellent
THOR 0.77 0.93 0.95 0.88 Excellent
PE 0.56 0.95 0.98 0.93 Excellent

Maranhão

MT 0.69 0.87 0.93 0.81 Very Good
PEN 0.77 0.92 0.93 0.85 Excellent
PT 0.72 0.88 0.94 0.83 Very Good
THOR 0.61 0.88 0.93 0.82 Very Good
PE 0.90 0.89 0.90 0.80 Very Good

Odeleite

MT 0.64 0.94 0.97 0.91 Excellent
PEN 1.01 0.98 0.94 0.92 Excellent
PT 0.57 0.98 0.98 0.95 Excellent
THOR 0.62 0.95 0.97 0.92 Excellent
PE 0.60 0.95 0.97 0.93 Excellent

Pego do Altar

MT 0.53 0.94 0.97 0.90 Excellent
PEN 0.16 1.00 1.00 0.99 Excellent
PT 0.24 1.00 0.99 0.99 Excellent
THOR 0.51 0.95 0.97 0.92 Excellent
PE 0.41 0.96 0.98 0.94 Excellent

Roxo

MT 0.59 0.95 0.97 0.93 Excellent
PEN 0.50 0.99 0.98 0.97 Excellent
PT 0.45 0.99 0.98 0.97 Excellent
THOR 0.68 0.95 0.96 0.91 Excellent
PE 0.70 0.94 0.97 0.91 Excellent

Santa Clara

MT 0.49 0.92 0.96 0.89 Excellent
PEN 0.22 0.99 0.99 0.98 Excellent
PT 0.37 0.99 0.98 0.97 Excellent
THOR 0.95 0.90 0.80 0.72 Good
PE 0.68 0.85 0.91 0.78 Very Good

The ranking of methods was determined based on the Index of Performance (d)
(Table 8) and the Taylor diagram [62] (Figure 12).

The performance of the five methods was classified as Excellent for the Alvito, Caia,
Odeleite, Pego do Altar and Roxo reservoirs. The PEN and/or PT methods generally
performed better, except for the Caia reservoir, where the PE method showed better perfor-
mance (Table 8). These findings are consistent with the results from the Taylor diagram
(Figure 12).
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Figure 12. Taylor diagram for the nine reservoirs showing the relative performance of the five evapora-
tion methods compared to the BREB. The RMSE is indicated by pink arcs, the black arc refers to the
NSD, and the green contours indicate the R. The five evaporation methods were assigned by letters.

The Taylor diagram enables stakeholders to identify the better method to apply by
considering the study objectives, data availability, and time scale. For instance, in the
Alqueva reservoir, the PT, THOR, and PE methods provide an excellent representation
of variability, although the PEN method shows a stronger correlation. In Pego do Altar,
the PEN and PT methods achieve a correlation coefficient and an NSD equal to one, with an
RMSE close to zero, indicating an almost perfect agreement with the observed data.

4. Conclusions
This study presents a set of offshore meteorological data—namely, pan evaporation,

downward solar radiation, atmospheric pressure, precipitation, air temperature, air relative
humidity, wind speed, wind direction, and reservoir water temperature on different levels
(1, 5, 10, 15, and 20 m)—obtained in nine meteorological and water temperature floating
stations built in nine reservoirs located in southern Portugal. The nine reservoirs are
Alqueva, Alvito, Bravura, Caia, Maranhão, Odeleite, Pego do Altar, Roxo, and Santa Clara.

At an annual scale, the simplified four-term energy balance model accurately repre-
sented the evaporation process in the reservoirs. There are three exceptions: Bravura, Caia
and Maranhão that must be carefully considered.

The monthly analysis of the heat budget revealed significant variations in the latent
heat flux (λE), which closely aligned with the changes in net radiation (Qn). The peak
values of λE generally occurred shortly after the Qn peak values, indicating a slight time
lag. On the other hand, the minimum λE flux was predominantly influenced by the heat
storage change (∆Q) within the reservoir system. Most reservoirs exhibited an annual ∆Q
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approaching zero, indicating a null balance between energy gains and losses throughout
the years. The sensible heat flux (H) showed relatively low values compared to other
components of the energy balance. Reservoir evaporation losses demonstrate noticeable
seasonal and spatial variations. The results reveal a clear seasonal pattern, with July
consistently exhibiting the highest evaporation values, while January experiences the
lowest rates. Across all reservoirs, the monthly evaporation varies from 0.8 mm d−1 in
winter to 4.0 mm d−1 in summer with an average of 2.7 mm d−1. The northern part of
the region consistently exhibits a minimum evaporation throughout the year, while the
southwest Algarve region shows maximum values. This spatial pattern remains consistent
during both the dry and wet seasons. The annual evaporation values span from 750 to
1230 mm, indicating a significant positive gradient from the northern part of the region
toward the southwest Algarve.

Water reservoir managers often do not have access to these data; for that reason a
benchmarking analysis of indirect methods [Mass Transfer (MT), Penman (PEN), Priest-
ley and Taylor (PT), Thornthwaite (THOR), and Pan Evaporation (PE)] was carried out.
The performance of the methods was evaluated by the d index and the Taylor diagram.
Concerning the MT method, an equation for the mass transfer coefficient (N) function
of the reservoir water surface area (As) was established for each reservoir, and a general
overall equation to Mediterranean climate region was established, too. The reservoir evap-
oration estimated by the MT method showed a strong correlation with the Bowen Ratio
Energy Budget (BREB) method, indicating its accuracy in estimating evaporation rates.
However, slight underestimation was observed in the largest reservoir (Alqueva), and there
was some overestimation in the smaller reservoir (Bravura), which may be attributed to
differences in wind speed and reservoir size. The PEN method overestimated the annual
evaporation rates, particularly during the dry season. The best estimates were observed
for reservoirs with lower wind speeds, suggesting that the reduced aerodynamic term
in the Penman equation contributed to smaller evaporation estimates. The PT method
consistently underestimated evaporation rates throughout the year for most reservoirs,
being more pronounced in the Bravura and Santa Clara reservoirs. The THOR method
showed a tendency to underestimate the evaporation rate during the dry semester for most
reservoirs, except for the Maranhão and Pego do Altar reservoirs. The offshore measured
PE rates showed a strong positive correlation with the BREB estimated evaporation rates for
most reservoirs, demonstrating that it is a good practice to build a offshore pan evaporation.
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