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Abstract: The Alqueva reservoir, in the Southeast of Portugal, has significantly changed the landscape
of the region, with impacts also on the local climate, as documented in this manuscript, namely
the thermal circulation in the form of lake and land breezes. Taking advantage of three strategic
meteorological stations, two installed at the shores and another on a floating platform located near
the center of the reservoir, a detailed analysis of lake and land breeze occurrences during two years is
presented in this study. The thermal gradient between the reservoir and the surroundings is the main
driver for the breeze development and the meteorological stations placed in opposite sides of the
reservoir allow to establish the criteria in order to detect lake and land breezes. The results showed
more land breeze than lake breeze occurrences, in line with the more negative thermal gradient
between shores and reservoir in the annual cycle. Lake breezes are more frequent in summer months
during daytime and land breezes in turn are more frequent in winter months during night-time.

Keywords: lake and land breezes; Alqueva reservoir; atmospheric observation; lake-atmosphere in-
teraction

1. Introduction

Lake and land breezes are prominent events induced by the thermal contrasts between
water and land surfaces, and its structure and magnitude depend on the topography [1,2],
the surface area and the seasonality [3]. In particular, lake dimension is a very important
point of the study, since the results from Wang et al. [4] indicate that the characteristics
of lake and land breezes vary greatly with lake properties, such as lake size and depth.
Particularly in regions such as Northern Europe, Asia and North America, the lake surface
can be very large and the high density of lakes may affect the regional climate [5,6].
Generally, a larger frequency, longer duration, and stronger lake breezes occur more in
large and deep lakes than in small or middle-sized lakes [7]. Keen and Lyons [8] found,
more than 40 years ago, the existence of lake and land breezes on Lake Michigan that
reached until 15 km away from the study site, while Schoenberger [9], a few years later,
discussed land breeze development in wintertime at the same Lake Michigan.

In some regions, the abrupt variation of surface properties can generate organized
atmospheric circulation in response to the existence of temperature differences between
surfaces, commonly called breezes. The high-water heat capacity in relation to any type
of terrestrial soil means that during the day, the solar radiation heats terrestrial surfaces
much more intensely than the surface of the reservoir, with reduced variation of the surface
water temperature over a daytime cycle [10]. Additionally, topography may contribute to
the establishment of breeze circulations, with inversion of the circulation between daytime
and night-time situations. During daytime, the surrounding land near a lake acts as a
heating source inducing upward motions and allowing a cooler air circulation coming from
the water, similar to what occurs in sea breezes. This phenomenon happens when the air
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becomes less dense over land (lower pressure) than over the lake [11]. Consequently, warm
air rises over land and cooler humid air descends over the lake creating a depression over
land and high pressure over the reservoir, at the surface level. In altitude, the air moves to
the lake (where the pressure is lower) and it circulates towards the Earth’s surface, closing
the circulation [12]. During the night, the opposite circulation can occur, with a current
of fresh air taking place from the land to the lake along the slopes. This land breeze is
triggered when the surrounding land cools down and the lake surface remains warmer
causing the inversion of the circulation, with hot air rising upward in the lake and cooler
air descending over the surroundings [13-16].

Observational studies have been used to characterize both the influence and the
frequency of the lake and land breezes in several places around the world. Lemmin and
Adamo [1] studied the importance of lake-land breezes from analysis of the summer wind
components around Lake Geneva, Switzerland in terms of their spatial and temporal
characteristics, in particular of lake-land breezes during the period May to September
1981-1987. The duration of individual events between May and October for wind speeds
above 5 ms~! was between 1 and 2 h, and during summer the wind events were shorter
and of higher velocity. The authors evidenced that the local topography modifies the lake-
land breeze pattern in some parts of the basin and leads in general to spatially variable
distributions of wind stress around the lake. Giovannini et al. [17] described that the “Ora
del Garda”, which is a coupled lake-valley breeze, regularly blows during warm-season
clear-sky days in Lake Garda, Italian Alps. The breeze develops on about 70% of the days
in the warmest months, while it rarely occurs from October to February. Moreover, in
the warmest months, the “Ora del Garda” reaches the inland weather station on about
80-90% of the days probably due to the combination of lake and valley effects. Le Moigne
et al. [18] studied the Thau lagoon, located in Southern France, which is separated from
Mediterranean Sea by a 1 km-wide strip of land. The authors have found sea-breeze events
especially focusing on the boundary layer height over the lagoon that rise on average
at around 11 UTC and drop in intensity from 18 UTC on, whilst the land breezes were
observed on the lagoon from 07 UTC to 08:30 UTC. Nonetheless, sea breeze regimes are
usually observed by the end of the afternoon during hot summertime and dry weather
conditions [19]. Lake and land breezes may develop over lakes and lagoons located close
to the sea, nevertheless these are difficult to distinguish from the sea breezes [20,21].

Tsujimoto and Koike [22] investigated the development mechanisms of lake and land
breezes at low latitudes, in Tonle Sap Lake in Cambodia first using in situ observations
and satellite images, and after exploring the circulation mechanism through numerical
simulations using a mesoscale atmospheric model (Advanced Regional Prediction System,
ARPS) that considered cloud formation. Results from the water surface temperature
experiment suggest that warm water surface temperature (30.6 °C) served to initiate the
updraft, whereas a lower water surface temperature (25.6 °C) could not. Tonle Sap Lake
is a very shallow lake, with average and maximum depth of 2 and 10 m [23], thus easily
warmed, hence, these lake characteristics enable the development of strong land breezes
with updraft movements.

The Alentejo region, south of Portugal, is influenced by the continental and maritime
climate depending on the distance to the coast. In the interior of the Alentejo region, the
climate presents humid and cold winters and dry and hot summers [24]. Salgado et al. [25]
showed that the low-level summer circulation in Alentejo is forced by land-sea thermal
contrasts that give rise to a quasi-permanent thermal low frequently located over the central
region of the Iberian Peninsula. In the region, the strong sea breeze can reach more than
100 km inland, influencing the interior areas of the country in the late afternoon, as shown
by the increase in the wind intensity and its rotation [25].

The generation of lake breezes near the Alqueva reservoir has already been the subject
of some studies. Lopes et al. [26] studied the effect of the lake breeze in Alqueva reservoir in
the local atmospheric electric potential gradient. Potes et al. [27] studied lake-atmosphere
interactions at the Alqueva reservoir and found observational evidence of lake breeze by
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comparing the measurements in three stations located at the lake shores: Amieira, Barbosa
and Cid Almeida. More recently, lakunin et al. [16] quantified the lake breeze effects
induced by the Alqueva reservoir from simulations with the mesoscale atmospheric model
Meso-NH coupled to the FLake freshwater lake model. Two simulations with the presence
and absence of the reservoir on the model surface were performed and compared with
meteorological data collected during an intensive observational period in summer 2014.
The authors stated that the breeze system starts to form in the morning and the peak of the
wind speed reaches 6 ms~! during the afternoon, while the dissipation stage of the lake
breeze system is anticipated with the arrival of the larger-scale sea breeze from the Atlantic
coast late in the afternoon. In addition, the simulations indicate that the lake breeze could
be detected at a distance of more than 6 km away from the lake shores.

However, none of the previous studies dealt with land breezes. The present work
intends to address thermal circulations in Alqueva reservoir in a global way, including
lake and land breezes. Therefore, this is the first study of observational evidence of Land
Breezes in the region. This study was performed in the framework of the ALOP (ALentejo:
Observation and Forecasting systems, http:/ /www.alop.ict.uevora.pt/?lang=en, accessed
on 28 October 2020) project, and the lake and land breeze effects are investigated using
data from automatic weather stations located at the shores and at the center of the reservoir
during two years [28]. This work is organized as follows: Section 2 gives an overview of
the Alqueva reservoir, Lake and Land breeze characterizations at Alqueva and details of
the methodology adopted for detection of Breezes between onshore stations at opposite
sides; In Section 3, results of two years of breezes are shown as well as stronger lake and
land breeze cases during the period of study; conclusions are given in Section 4.

2. Data and Methodology
2.1. Site Description

The Alqueva reservoir is located along 83 km of the main course of Guadiana River,
in the interior of Alentejo, as shown in Figure 1. Considered one of the largest artificial
lakes in Europe, it represents a strategic water reserve for the south of Portugal covering
the municipalities of Moura, Portel, Mourao, Reguengos de Monsaraz and Alandroal and
occupying an area of 250 km? with a flood flow of 12,000 m3/s [28-30] and maximum
depth of 65 m. The reservoir is a large natural laboratory for the study of the interaction
between inland water bodies and the atmosphere. This artificial lake, belonging to the
Guadiana basin, has significantly modified the landscape of the region and has impacts on
the local climate that are still poorly documented [31].
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Figure 1. Localization of Alqueva reservoir (left panel) and location of meteorological stations used in this study (right

panel). Source: QGIS.
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Previously to the construction of the dam, a case study was carried out on the envi-
ronmental impact that the influence area of the Alqueva Multipurpose Project (including
an irrigation area of around 120,000 ha) would have on the climate. One of the conclusions
of the study was that there could be a reduction in the 2 m air temperature during summer,
with a substantial reduction in the maximum temperature (of the order of —7 °C) and also
in the daily thermal amplitude (of the order of —5 °C) over densely irrigated areas [32].
However, since the filling phase of the reservoir until the present, only a few studies have
been developed on the impact of the lake water body in the local climate.

2.2. Meteorological Stations at Alqueva Reservoir

In the framework of the ALOP project, the protocols for collection and storage of
the data in the meteorological stations were harmonized in order to guarantee accurate
comparison between the observations. This study is based on observations and analysis
of meteorological parameters from a set of three automatic weather stations installed in
the region in the period comprised between 1 May 2017 and 30 April 2019. The project
ALOP takes advantage of the facilities already installed in the reservoir. The meteorological
station on the floating platform Montante was installed during the filling phase (2002)
by the Portuguese Environment Agency [29]. The onshore stations were installed in the
vicinity of the Montante station on opposite shores to support the measurements of the
platform and to study the effect of lake and land breeze. The three weather stations are
separated by approximately 2 km (Figure 1): one at the north shore identified as Barbosa
(38°13/39.18” N, 7°28'14.74"”" W), one at the south shore called Cid Almeida (38°1259.00" N,
7°27'16.34" W) and another in the middle of these two, installed in a floating platform over
the Alqueva reservoir named Montante (38°13'24.75"” N, 7°27'34.18"" W). Throughout the
manuscript the time used is UTC. Local winter time is the same as UTC and local summer
time is UTC + 1.

Barbosa and Cid Almeida stations include the following measuring instruments:

Thermo-Hygrometer at 2 m height (air temperature and relative humidity);
2-axis Ultrasonic Anemometer at 3 m height (wind speed and direction);
Udometer (precipitation);

Albedometer (downwelling and upwelling solar irradiance).

In Montante the following equipment is installed:

e  Temperature Array of 14 thermistors (water temperatures sensors measured at 0.05,
0.25,0.50, 1,2, 4, 6,8, 10, 12, 15, 20, 30, and 60 m depth);

e Integrated open-path analyzer and sonic anemometer (IRGASON) measuring the
following parameters at 1.75 m from the water surface:

Air temperature;
Atmospheric pressure;

Wind speed and direction;
Water vapor concentration;
Carbon dioxide concentration.

O O O O O

o  Albedometer (downwelling and upwelling solar irradiance);

The meteorological variables of the three weather stations located in Alqueva (Figure 1)
were measured every 5 s in the dataloggers and the averages/accumulation were recorded
every minute.

2.3. Criteria for Breeze Detection between Onshore Stations at Opposite Sides

Lake and land breeze generation usually occurs under clear sky conditions, calm or
light synoptic wind and considerable temperature differences between land and water
surfaces. A few studies have proposed some criteria for breeze detection. Giovannini
et al. [17] used a set of six objective criteria based on observations of solar radiation, wind
speed and direction at two onshore stations, in order to identify lake-breeze days in lake
Garda (Italy). Potes et al. [27] used the following criteria to select days with high probability
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of lake breeze occurrence: daily maximum of the temperature difference between air (in
Barbosa station) and water (in Montante) greater than 7 °C; and daily average wind speed
lower than 3.5 m s~! at Barbosa station. By applying these criteria, the authors ensure
high temperature gradients between the lake and the surroundings and avoid the presence
of a strong synoptic circulation or a strong sea breeze, which can mask the local effects.
They noticed that the wind changed from the north component to the south component
at Barbosa station, which is located on the northern shore of the reservoir, whereas at the
same time in Cid Almeida station, located on the southern shore of the reservoir, the wind
remained from the north quadrant during the period 9-18 UTC.

This study takes advantage of the position of the meteorological stations installed
in the shores in relation to the reservoir. The wind directions that represent lake and
land breezes should be divided according to the 225°—45° plane i.e., in the SW-NE axis
(Figure 2). We based our criteria mainly on wind divergence and convergence over the lake,
for lake and land breeze scenario, respectively, discarding some of the criteria presented
above. Nevertheless, some of them will be examined in the results.

. ",":,;’Q‘.’.‘.".). ' 4 > X > ¥z f,‘r T_-}'f?_
i 4Tyt e 1) SR

7.50°W

Figure 2. Location of the meteorological stations and the 225°-45° plane (in the SW-NE axis) used in
this study to detect the lake and land breeze occurrences. Source: QGIS.

Thus, the following criteria were established:

e  For lake breeze scenario, the wind direction on the north shore (Barbosa) had to be
greater than 45° and lower than 225° (from the lower half—lake side) and at the same
time on the south shore (Cid Almeida), the wind should have the opposite direction
(from the upper half); we also tested other plans, namely the 240°-60° plane, which
is roughly parallel to the southern shoreline of the reservoir, and the results showed
only slight differences of the order of 1-3% of total breeze hours. We decided to apply
the 225°—45° plane, which is closest to the reservoir’s symmetry axis on this section.

e Incase of land breeze circulation, the wind field should be reverse with respect to that
of lake breeze case and wind should blow from the upper half (land side) in Barbosa
and from the lower half in Cid Almeida;

e Additionally, for both cases the wind direction difference between the two onshore
stations has to be greater than 90° to avoid close directions even in opposite quadrants,
that do not represent breeze circulations;

e  For both scenarios, daily precipitation events greater than 0.5 mm were discarded,
following Roman-Cascon et al. [33];

e  Finally, in order to be considered a breeze event at a particular hour, the conditions
should be fulfilled during at least twenty minutes.
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With the criteria used in this work, eventual episodes of valley (mountain) breezes
may be detected as lake (land) breezes. Given the low relief of the region and with water
filling the valley, the anabatic and katabatic winds hardly generate an autonomous breeze
system, rather reinforce the lake/land breeze. It is also possible that the flow channeling
along the valley (now a reservoir) may generate difluence or confluence of the wind of
purely mechanical origin. In this sense and in this work, it is considered that there is a lake
breeze whenever the air blows from the lake to the land (simultaneously on both margins)
and a land breeze whenever the air blows from land to the reservoir.

3. Results and Discussion
3.1. Thermal Gradient between Lake and Surroundings

Lake and land breeze events were detected during the two years of study period,
between 1 May 2017 and 30 April 2019 at Alqueva reservoir. While lake breeze developed
more often in summer and autumn months, land breeze developed along all the year
with more occurrences in winter and autumn months. The thermal contrast between the
reservoir and adjacent land is the crucial factor for the development of lake and land
breezes. In Figure 3 the monthly temperature differences between the onshore stations
(Cid Almeida and Barbosa) and the platform station (Montante) are shown. Figure 3a—c
shows the monthly differences for average, maximum and minimum air temperatures,
respectively, and Figure 3d illustrates the differences between air temperature in onshore
stations and water temperature at 0.5 m depth obtained from the platform station. There
are two gaps in the monthly data, in October 2018 and February 2019, due to lack of data
in more than 10 days of these months.
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Figure 3. Monthly temperature differences between onshore stations (Barbosa and Cid Almeida) and platform station

(Montante) for: (a) mean air temperature; (b) maximum air temperature; (¢) minimum air temperature. (d) Monthly

difference between air temperature in onshore stations and water temperature at 0.5 m depth (in Montante station). Grey

vertical lines separate the years 2017, 2018 and 2019.

The temperature differences present seasonal dependence showing that in general
during summer the average air temperature differences between shores and reservoir are
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positive, while negative differences occur from autumn to spring with more pronounced
values in Cid Almeida (Figure 3a). Positive differences mean that lake shores are warmer
than the center of the lake, and vice-versa. Between autumn and spring, the air temperature
over the lake is higher than at the shores due to higher water surface temperatures with
respect to the surrounding land surface, and the opposite is noticed in the summer period.
The average air temperature difference was maximum in Cid Almeida in July 2017 with a
value of 0.4 °C and in Barbosa in August 2018 with 0.7 °C. The minimum differences were
—1.6 °C in December 2017 in Cid Almeida and —1.4 °C in Barbosa in January 2019. We
note that in May 2017 there was a positive difference in Barbosa and a slightly negative
one in Cid Almeida, and in May 2018 both stations present a very negative difference,
which can be due to very different meteorological conditions in the springs of these two
years. April and May 2017 were drier and warmer than the equivalent months in 2018
that were very humid and colder (Figure 3a,c). For the same reason June 2017 had positive
temperature difference and June 2018 had negative difference. Similarly, in September there
are some differences between both years. In fact, spring and autumn months represent in
the region transition seasons with highly variable conditions in terms of synoptic patterns
conditioned by the movement of the polar front, determining the occurrence of Atlantic
frontal systems over the area [34].

Regarding the monthly maximum temperature differences, shown in Figure 3b, the
values are mostly positive throughout the study period with higher values in summer
and lower (and slightly negative) during the winter. In Figure 3¢ the monthly minimum
temperature difference is shown. An opposite behavior with respect to that of the maximum
difference is noticed with almost all values being negative, presenting lower values in
winter. These two plots illustrate the attenuation that the water mass can cause to the air
temperature above its surface in relation to the air temperature at both shores, reducing the
air temperature amplitude above the reservoir. Water is colder than air and land surface
during summer and warmer during the winter.

Figure 3d shows the monthly difference between the average air temperature at the
onshore stations and the water temperature at 0.5 m depth in Montante. This plot presents
a similar behavior with respect to that shown in Figure 3a, nevertheless, the positive
differences in summer are smaller and the negative differences in the rest of the seasons are
higher. The different vertical structure of the thermal profile between the summer and the
winter explains why, in summer, the lake surface temperature increases during daytime,
reducing the thermal contrasts. Contrariwise, the nonstratified profile in winter nights,
curbs the decrease of the surface temperature, reinforcing the contrast with the neighboring
land. The wind roses for the whole period are presented in Figure 4 for Barbosa and
CidAlmeida stations. It is evident the predominance of stronger Northwest winds, with
almost 13% in Barbosa and 10% in CidAlmeida. In CidAlmeida we also note that more
than 8% of the winds were from the Southeast quadrant.

N

Wind Velocity (m/s) Wind Velocity (m/s)

v, >5 mmv, >5
-2§VV<5 -2§Vv<5
125V, <2 12<V, <2
I 1<V, <12 1<V, <12
-0.5§Vv<1 -O'SSVV<1
o<V, <05 o <V,<05

S

Figure 4. Wind roses for the full period in Barbosa station (left panel) and for CidAlmeida station (right panel).



Atmosphere 2021, 12, 535 8 of 18

3.2. Lake Breeze

The number of lake breeze occurrences in hours is shown in Figure 5 at the following
scales: monthly (a), daily cycle per month (b) and daily cycle for all period (c). As expected,
and according to the positive thermal gradient between the lake and the shores presented
in the Section 3.1, the lake breezes are more frequent in summer, spring and autumn
and less frequent in winter. There are only a few lake breeze events during night-time
with prevalence of daytime events during the study period (Figure 5c). During the entire
period (730 days) we found lake breeze in 386 days that more frequently starts at 07:00 and
dissipates at 16:00. On average the lake breeze lasts 3.5 h with maximum duration of 10 h
on 3 August 2018. It can be seen that the maximum number of occurrences happened in
August 2018 with a total of 151 h, followed by June, July and August 2017. In August 2018,
the highest positive difference between mean air temperature in Barbosa and Montante
was registered (0.69 °C—Figure 3a), creating the conditions for lake breeze occurrences.
The relationship between the temperature gradient and the strength of the lake breeze
was studied. However, the slight tendency found is not statistically significant (not shown
here). Most of the lake breeze velocities were between 1 and 2 m/s and occurred with
temperature gradients between 1 and 3 °C. The breezes occurred in a larger period of the
day with maximum incidence between 11:00 and 12:00 (Figure 5b). August 2018 contributes
with 19 occurrences at 11:00, to a total of 220 h that were recorded at 12:00 during all of
the study period (Figure 5c¢). June, July and August 2017 also present positive thermal
gradient between onshore stations and platform (Figure 3a) allowing good conditions for
lake breeze formation. A total of 112 occurrences were recorded both in June and July while
132 in August 2017.

Total time (hours)
0 50 100 150 200
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©
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Apr19 Hours (UTC)
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Figure 5. Lake breeze occurrences in hours representing monthly (a), daily cycle per month (b) and daily cycle for the whole
period (c). Grey horizontal lines in panel (a) separate the years 2017, 2018 and 2019.

Still, according to Figure 5, the lake breeze occurred most frequently between 07:00
to 16:00. In June and July 2018, the average air temperature was lower than the water
temperature at 0.5 m depth (Figure 3d) by around 2 °C. Thus, it was noticed that these
months presented a lower number of lake breeze occurrences than the corresponding
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months of 2017 (Figure 5a). This was due to a very rainy Spring in 2018 (and also February),
with monthly accumulated values of precipitation above the climatological normal, e.g.,
March registered an accumulation of around 200 mm which is one third of the annual
precipitation [35]. This period was very active regarding the passage of frontal systems in
Portugal and this synoptic situation, with higher wind speed, inhibited the local thermal
circulation. March 2018 presented the minimum number of occurrences, with only 10 h,
nevertheless, it was in December 2017 and in January 2019 that the lowest average air
temperature differences between Cid Almeida and Montante and Barbosa and Montante
occur, respectively. In January 2019, 36 h of lake breeze were detected, mostly around
11:00 and 12:00. This is due to a period of around 15 days with clear sky, low wind speed
and a high thermal amplitude allowing for both lake and land breeze occurrences in the
same day.

August 2018 was the month with highest thermal gradient between Barbosa and the
middle of the reservoir, as well as highest thermal gradient between air in the Barbosa and
the lake water. While in Cid Almeida the highest thermal gradient occurred in July 2017,
the second higher for Barbosa was in this month. The highest gradient in August 2018 led
to the highest lake breeze occurrences of the whole period, as mentioned before. The daily
cycle of the temperature difference between air at the shores and water in Montante for
August 2018 is shown in Figure 6. The air temperature in the onshore stations is higher
than the water temperature during daytime, coinciding with the period with the highest
lake breezes occurrence. During night-time and early morning, the land surface cools and
the difference becomes negative, inhibiting the formation of the lake breeze, but allowing
the formation of land breezes (discussion in the next section).

10 T T T T T T T T

Il Barbosa
8 | | [ CidAImeida

0‘0 0‘3 0‘6 0‘9 1‘2 1‘5 1I8 2‘1 00
Hours (UTC)

Figure 6. Daily cycle of the temperature difference between air and water at 0.5 m depth in Montante

in August 2018. Grey vertical lines indicate the sunrise and sunset.

Stronger Lake Breeze Cases

A strong lake breeze case was considered when a day presented more than 6 h of lake
occurrence. During the entire period (730 days) there were 102 days with 6 or more hours
of lake breeze. On these days the average wind speed was 1.55 ms~! with maximum wind
speed of 3.65 ms~! at onshore stations. The average air temperature difference between
these stations and the center of the reservoir was 0.9 °C and between air on the shores and
water in the reservoir was 3.55 °C. These particular days presented at the onshore stations
an average solar radiation of 600.6 Wm~?, relative humidity of 43% and air temperature of
274 °C.

Nonetheless, the day with more lake breeze occurrences was the 3 August 2018, with
10 h. The air temperature for the three stations (upper panel) as well as temperature
difference of the onshore stations in relation to the platform (bottom panel) are shown in
Figure 7. The air temperature on both shores presents a sharper increase with respect to
that over the lake (Montante) and remains higher from 09:00 to 18:00. In the lower panel it
is visible that in Barbosa the gradient is up to 8 °C and in Cid Almeida up to 6 °C, with a
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point value of 7.6 °C around 13:00, with perfect conditions for lake breeze development.
On this day, lake breezes occurred from 07:00 to 10:00, at 12:00, from 14:00 to 17:00 and at
23:00 when the air temperature on the shores suddenly increases and gets higher than that
of air above the lake (lower panel of Figure 7).

45 1 1 1
——Barbosa
—CidAlmeida
——Montante
40 -
35 -
g
=
30 -
25 -
20 1 1 1 1 1 1 1
00 03 06 09 12 15 18 21 00
Hours (UTC)
10 T T T T T T T
===0°C
g || —Barbosa
—— CidAlmeida
-6 1 1 1 1 1 1 1

00 03 06 09 12 15 18 21 00
Hours (UTC)

Figure 7. Air temperature in Alqueva (upper panel) and air temperature difference between shores
and platform (lower panel) on 3 August 2018. Grey vertical lines indicate the sunrise and sunset.

During 3 August 2018 there was a gradual increase in water vapor concentration in
Montante station, reaching 15 g/m?, as can be seen in Figure 8. This situation lasted until
around 11:00, followed by a decrease in water vapor concentration until 18:00 when it
starts again to increase. The drop of water vapor in the early afternoon is a signature of
the descending branch of the breeze circulation, which causes subsidence of dry air from
the upper layers, as described in Iakunin et al. [16]. Finally, water vapor concentration
increased again in the late afternoon, with the arrival of moist air associated to the Atlantic
sea breeze. The establishment of this larger scale circulation is very common during
summer (see Salgado et al. [25] and lakunin et al. [16]) and overlaps the local wind systems
caused by the thermal contrasts between reservoir and land surfaces.

In Figure 9, the wind variation is shown for 3 August 2018. The wind was synoptic
from Southwest with maximum intensity between 2 and 3 m/s until 03:00, between 03:00
and 07:00 there were situations of land breezes, since there were low wind speeds and
opposite quadrant of the wind in Barbosa and Cid Almeida. Lake breezes occurred when
the wind blew from the Southernmost quadrant in Barbosa and from the Northernmost in
Cid Almeida. As common in summer, the lake breezes tend to be interrupted by the arrival
of the Atlantic sea breeze, stronger than the local circulation (see Figure S1 for August 2018
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wind velocity). This phenomenon is visible in Figure 9 from 18:00 to 21:00 when the wind
directions of both shores are the same and the wind speed increases. This day present the
ideal conditions described by [27], for high probability of lake breeze occurrence: daily
temperature difference between air and water greater than 7 °C and daily average wind

speed lower than 3.5 m s~ 1.
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Figure 8. Water vapor in Alqueva (Montante station) on 3 August 2018. Grey vertical lines indicate
the sunrise and sunset.
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Figure 9. Wind speed (Up panel) and wind direction (Down panel) in Alqueva on 3 August 2018.
Grey vertical lines indicate the sunrise and sunset.

To better illustrate the wind field on 3 August 2018, the day with more lake breeze
hours (10 h), Figure 10 shows the wind roses, in the upper panel the full day and in the lower
panel the lake breeze occurrences. The two upper wind roses show the great variety of
directions with light and moderate intensities. However, there were lake breeze occurrence
conditions for 10 h as can be seen in the lower wind roses. There was more variability
in directions and speeds in Barbosa (reaching 3.5 m/s) than in Cid Almeida where the
directions were more concentrated at just 45° and did not exceed 2.5 m/s (lower panels).



Atmosphere 2021, 12, 535

12 of 18

S

Wind Velocity (mis) Wind Velocity (m/s)

v, >35 v, >35
El3<V, <35 3 <V, <35
Pm25<V, <3 mm25<v, <3
10.8% 2<V, <25 2<V, <25
7.2% 15<V, <2 15<V, <2
. 36% 1<V, <15 1<V, <15

o5 <V, <1

E EmO5<V,<1
O <V, <05

E
WO <V, <05

Wind Velocity (m/s) Windy Velocity (m/s)

v, >35 v, >35
B3 <V, <35 B3 <V, <35
Em25<V,<3 Em25<V, <3
25Vv<2.5 25Vv<2‘5
15<V,, <2 15<V, <2
1<V, <15 1<V, <15
Emos <V, <1 E-O.SSVV<1

E
m_—o <V, <05 WO <V, <05

S

Figure 10. Wind roses for the full day (upper panels) and during land breeze occurrences (lower panels) for Barbosa station

in the left panels and for Cid Almeida station in the right panels, on 3 August 2018.

3.3. Land Breeze

According to the thermal gradient between lake and shores, presented in Section 3.1,
most of the study period presents a negative gradient, with exception for the summer
period. Thus, more land breeze than lake breeze occurrences are expected. Figure 11
summarizes the monthly, daily by month and the daily variation of the whole period of
land breeze occurrences during the study period. During the entire period (730 days) we
found land breeze in 496 days (68% of the days) that normally starts at 17:00 and dissipates
at 08:00. On average the land breeze lasts 8.1 h with a maximum of 17 h on 1 January 2019.
According to Figure 11a, the number of land breeze occurrences per month vary from 28,
in July 2018, and 292, in January 2019. Thus, land breeze conditions were twice as frequent
as lake breeze conditions. There is also a huge interannual difference between January
2018 and the same month in 2019, which had less than 40% of land breeze events with
respect to January 2019. The air temperature differences between onshore stations and
Montante were more negative in 2019 than in 2018 (Figure 3a). The relationship between
the temperature gradient and the strength of the land breeze was studied. As noticed
for lake breeze case the slight tendency is not statistically significant. Most of the land
breeze velocities were between 0.5 and 1.5 m/s and occurred with temperature gradients
between —6 and —1 °C. This indicates that land breeze is weaker than lake breeze and
develops under greater difference between the shores and the center of the reservoir. As
expected, the land breezes occur essentially during night-time when the water temperature
is higher than the air temperature. As shown in Figure 11c, the breezes were more frequent
between 17:00 and 08:00 with focus in the period comprised between 00:00 and 05:00 (total
occurrences greater than 230). The hourly period with more land breeze events was 01:00
with a total of 259 h, which indicates that in about two thirds of the days, a land breeze
was identified in the first hour of the day. According to Figure 11b it is noticed that in
October 2017 and January 2019, between 21:00 and 05:00 the total land breeze occurrences
was maximum, with values greater than 20 occurrences.
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Figure 11. Land breeze occurrences in hours representing monthly (a), daily cycle per month (b) and daily cycle for all

period (c). Grey horizontal lines in panel (a) separate the years 2017, 2018 and 2019.

On summer days, the air temperature can be very high, with maximum temperatures
close to 40 °C, far above water temperature nevertheless, in the summer months of 2017
and in August 2018, the average temperature of the water is still slightly higher than air in
Cid Almeida and slightly lower than air temperature in Barbosa (Figure 3d). This explains
that, even in summer, there are frequent conditions for the development of land breezes,
for example, land breeze episodes were detected in situations where the air temperature
decreases rapidly and water temperature remains warm, causing a negative difference
between shores and lake, resulting in a total of 92 h in August 2018 (151 h of lake breeze in
the same month as shown in Figure 5a).

Figure 12 presents the daily cycle difference between the air temperature of the onshore
stations and the water temperature in Montante, for January 2019, with 292 occurrences of
land breeze. The more negative values occurred from 00:00 to 07:00, which coincides with
the periods of more land breezes (Figure 11b), and also with the period with lower wind
speeds (Figure 52). The mean difference in the afternoon is slightly positive, which inhibits
land breeze formation until 16:00. From 17:00 onwards there are again conditions for land
breeze formation.

Stronger Land Breeze Cases

In order to better describe the stronger land breeze events at Alqueva reservoir a
detailed analysis of the days with more than 8 h was performed. In the entire period
(730 days) there were 174 days with 8 or more hours of land breeze. On these days the
average wind speed was 0.9 ms~! with maximum wind speed of 2.5 ms~! on shore stations.
The average air temperature difference between these stations and the center of the reservoir
was —1.9 °C and between air on the shores and water in the reservoir was —6.1 °C. These
particular days presented at the shore stations an average solar radiation of 24.3 Wm 2
denoting mainly nocturnal breeze, relative humidity of 80% and air temperature of 11.5 °C.

The 1 January 2019, the day with the greatest land breeze duration (in hours) was
chosen. Figure 13 shows the evolution of the air temperature in the three stations and the
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temperature difference between shores and platform for that day. A total of 17 h of land
breeze occurrence was registered divided in the periods 00:00 to 09:00 and from 17:00 until
the end of the day.

Il Barbosa
[ CidAImeida

_10 1 1 1 1 1 1 1 1
00 03 06 09 12 15 18 21 00
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Figure 12. Daily cycle of the temperature difference between air temperature in the shore stations
and water temperature at 0.5 m depth in Montante during January 2019. Grey vertical lines indicate
the sunrise and sunset.
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Figure 13. Air temperature in Alqueva (upper panel) and air temperature difference between shores
and platform (lower panel) on 1 January 2019. Grey vertical lines indicate the sunrise and sunset.
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During the night and early morning, air temperature in Montante (red line) is higher
than the temperature in the onshore stations, with anomalies down to —5 °C, as can be seen
in the lower panel, thus leading to the development of land breezes. During the morning
and afternoon, the temperature was very close between the three stations, inhibiting the
formation of breezes. From 16:00 onwards the difference became negative again in Cid
Almeida while in Barbosa only at 19:00.

The evolution of the wind speed and direction are shown in Figure 14 for the same
day. Wind speed does not exceed 3.0 m/s at both stations. From 00:00 to 09:00 it is visible
in the lower panel of Figure 14 that wind blows from opposite directions on the reservoir
shores, from Northern quadrant in Barbosa and from Southeast in Cid Almeida. However,
during midday there were periods of coincident directions and a small period around 12:00
when the wind changes direction in the two stations, from Southernmost in Barbosa and
Northernmost in Cid Almeida. From 17:00 on the wind direction in Cid Almeida maintains
again in Southeast direction while in Barbosa some scatter is present, but mainly from
Northern quadrant. In summary, the wind directions are opposite on the lake shores for a
large part of the day at low wind speeds, resulting from the land breeze conditions.
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Figure 14. Wind speed (Upper panel) and wind direction (lower panel) in Alqueva on 1 January
2019. Grey vertical lines indicate the sunrise and sunset.

The same data represented in Figure 14 can be seen in Figure 15 for the same day, but
in wind rose format. The first two wind roses (top panel) show the full day while the next
two (bottom panel) only show the period of land breeze occurrences. The total 17 h, in the
lower panel, are clearly marked with opposite wind directions, NNW in Barbosa and SSE
in Cid Almeida station. In the upper panel a greater scatter of wind direction is visible in
Barbosa, already mentioned above.
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Figure 15. Cont.



Atmosphere 2021, 12, 535

16 of 18

S

Wind Velocity (m/s) Wind Velocity (m/s)

v, =25 .V, >25
Em2<V,<25 Em2<V,<25
15<V, <2 15<V, <2
1<V, <15 1<V, <15
oS5 < Vv <1 25.6% -0.5 < vv <1
WO <V, <05 . 12.8% MO <V,<05

S

Figure 15. Wind rose for the full day and during land breeze occurrences for Barbosa station in the left panels and for Cid

Almeida station in the right panels on 1 January 2019.

4. Conclusions

The objective of this study was to explore the lake and land breezes in a large Mediter-
ranean reservoir: the Alqueva reservoir. The study was based on 2 years (May 2017 to
April 2019) of in situ atmospheric measurements in three meteorological stations, in the
framework of a regional Horizon 2020 project: the ALentejo Observation and Prediction
system (ALOP project, [28]).

It was shown that the thermal gradient established between the shores and the center
of the reservoir is the main trigger for the development of lake and land breezes, however,
low wind speed is also a necessary condition to allow the development of the local cir-
culation, thus excluding moderate and strong synoptic and convective circulation. The
thermal gradient analysis was twofold: the air temperature difference between the shores
and the center of the reservoir and difference between the air temperature in the shores and
the water surface temperature (depth of 0.5 m) also in the center of the reservoir. Positive
differences drive lake breezes while negative differences drive land breezes and the higher
the difference, the greater is the probability to have local breeze development.

A couple of criteria based on wind direction in two meteorological stations installed
at opposite shores of the reservoir, distanced about 2 km from each other, were proposed
for lake and land breeze detection and quantification. Simultaneous wind should be from
opposite directions in both onshore stations and from lake or land direction depending on
the station. These criteria follow the studies of Giovannini et al. [17] and Potes et al. [27]. In
this study the temperature difference between the air in Barbosa and the water in Montante
in lake breeze scenario was on average 5.5 °C, whereas the threshold from Potes et al. [27]
was greater than 7 °C. If these criteria are considered, only 31% of the occurrences will be
detected, thus it can be concluded that the criteria from Potes et al. [27] underestimates the
lake breeze. According to the same authors, the threshold for wind speed was lower than
3.5 ms~! and for this study the average value for the same station is 1.46 ms~!.

During the study period a higher frequency of land breezes was observed with respect
to lake breezes, yielding a total of 3160 h versus 1541 h. This fact is due to the negative
thermal gradient between the shores and the center of the reservoir, the lake surface in
the middle is warmer than the ground surface in the shores, thus heating more of the
air above the water than above the shores. This gradient is positive in summer when
the lake breeze occurred more frequently. Lake breeze developed during daytime, more
frequently between 07:00 and 16:00, and has no expression during night-time. Nevertheless,
in summer the strong Atlantic sea breeze can often reach Alqueva region in the middle/late
afternoon with stronger wind fields, suppressing the local circulations. On the contrary,
the thermal gradient tends to be negative from autumn to spring and it is in this period
that land breezes occur more frequently. The land breeze was also found during night-time
when the air above the lake was warmer than the air in the shores, and almost insignificant
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during the day due to radiative heating. Land breezes are more frequent between 17:00
and 08:00.

August 2018 was the month of the study period with the most lake breeze events,
with a total of 151 h, and was the month with greater thermal gradient between the shores
and the lake. In the case of land breeze, the month with more occurrences was January
2019 with a total of 292 h and was one of the months with lower negative thermal gradient.
On the other hand, also in summer there are conditions for land breeze circulation, and
examples of that are the 92 occurrences of land breezes detected in August 2018. Therefore,
in some parts of the day, in this month, there were conditions for the development of both
lake and land breezes.

Overall, this work documents the formation of thermal circulations, giving rise to
lake and land breezes, due to thermal gradients between the shores and the center of
an artificial lake. In line with other (few) studies, the results quantify the frequency of
occurrence of breezes, showing their importance in the local wind regime. In particular,
this study shows a very high frequency of occurrence of land breezes near the borders of a
Mediterranean reservoir.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/atmos12050535/s1, Table S1: Number of hours of lake breeze occurrences, Table S2: Number
of hours of land breeze occurrences, Figure S1: Daily cycle of the wind velocity in Alqueva in August
2018, Figure S2: Daily cycle of the wind velocity in Alqueva in January 2019.
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