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Abstract: This study investigates the effects of Lake Sobradinho, a large reservoir in
Northeastern Brazil, on the local near-surface atmospheric and boundary layer conditions.
For this purpose, simulations with the regional climate model COSMO-CLM are compared for
two different scenarios: (1) with the lake being replaced by the average normal native vegetation
cover and (2) with the lake as it exists today, for two different two-month periods reflecting average
and very dry conditions, respectively. The performance of the simulation is evaluated against data
from surface meteorological stations as well as satellite data in order to ensure the model’s ability to
capture atmospheric conditions in the vicinity of Lake Sobradinho. The obtained results demonstrate
that the lake affects the near-surface air temperature of the surrounding area as well as its humidity
and wind patterns. Specifically, Lake Sobradinho cools down the air during the day and warms it
up during the night by up to several ◦C depending on the large-scale meteorological conditions.
Moreover, the humidity is significantly increased as a result of the lake’s presence and causes
a lake breeze. The observed effects on humidity and air temperature also extend over areas relatively
far away from the lake.

Keywords: regional climate modeling; COSMO-CLM; artificial reservoirs; near-surface air
temperature; humidity; wind; lake breeze

1. Introduction

Human induced land use and land cover changes (like deforestation, water reservoirs,
urbanization) modify important land surface properties such as albedo, roughness length, emissivity
and vegetation cover. These characteristics are important determinants for the partitioning of surface
energy fluxes [1,2]. Depending on the type and scale of these modifications, local weather and climate
can be affected to different degrees due to the resulting changes in surface fluxes.

Lakes are characterized by an elevated heat capacity and thermal inertia, small roughness length
and albedo [3]. Several studies have demonstrated that the presence of lakes can affect near-surface
meteorological conditions as well as meso or synoptic scale processes [4–6]. Typically, in the vicinity
of lakes, surface moisture is increased and the daily and annual range of near-surface air temperature
is reduced. In fall and winter of temperate climates, cold dry air moves over warmer lake surfaces
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causing high evaporation rates and subsequently cloudiness and precipitation. This situation is
reversed in summer, when the cooler lake surface stabilizes the overlying atmosphere leading to
a reduction in clouds and precipitation. Local high pressure centers over lakes in the summer can
influence atmospheric circulation and cause lake breezes [4]. Previous studies on the effects of tropical
lakes on the regional climate, such as the Elqui Valley reservoir in an arid region of Chile [7] and the
great African lakes [8] confirm the aforementioned findings for lakes in temperate climates regarding
their effects on near-surface air temperature and its diurnal cycle as well as increased precipitation.

With respect to the region of interest in this work (Northeastern Brazil), Melo et al. [9] used
the numerical model RAMS (Regional Atmospheric Modeling System, version 8) to assess the
environmental impact of agricultural expansion on the natural Caatinga dominated landscape in
the basin of the São Francisco River. They found that the spatial variability of turbulent flows
is highly influenced by the surface characteristics, topography, soil moisture and vegetation type.
In periods of intense convective activity and precipitation, the influence of irrigation is not evident
in turbulent flows. In contrast, the simulated flows on dry days (without precipitation) are strongly
affected by the availability of water in the soil and irrigated perimeters, highlighting the importance of
distinguishing between different climatological situations when studying regional climate dynamics
of Northeastern Brazil.

In a previous case study on Lake Sobradinho [10,11], the RAMS model was applied (at 2 km and
6 km resolution, respectively) for one-day simulations with and without the lake and irrigated crops.
These simulations indicated that the lake causes thermally induced circulation patterns and a lake
breeze that is influenced by crop irrigation. The area affected by the lake breeze is characterized by
a drop in air temperature and an increase in precipitation. However, these results have been restricted
to a single regional climate model (RCM) and a very short integration time, raising concerns regarding
the general validity of the obtained results. To further address this problem, this work systematically
expands the original case study by Correia et al. [10,11] by conducting additional high-resolution
(∼2 km) simulations with a different RCM, COSMO-CLM (COSMO (COnsortium for Small-scale
MOdeling) in CLimate Mode), or short CCLM [12,13], for the entire months of April and May of the
two years of 1998 and 2002. The year 1998 has been characterized by very high air temperatures and
low amounts of rainfall. Therefore, the lake effects are expected to be particularly strong in this arid
region. On the other hand, during the year 2002, the observed air temperatures and rainfall represent
the long-term average climatic conditions of the lake basin.

The CCLM model has already been successfully applied to the specific climate conditions of
South America by Lange et al. [14]. The latter study revealed that the model captures common tropical
features such as the high vertical extent of the planetary boundary layer (i.e., the lowest part of
the atmosphere the behavior of which is directly influenced by its contact with the Earth surface)
and deep convection rather well. For the understanding of lake–atmosphere interactions, a good
representation of the lake temperatures is required. This can be challenging, especially for large and
deep lakes with three-dimensional circulations. Here, we apply the one-dimensional lake model FLake
(Freshwater Lake model) [15,16] (see Section 2.1) together with CCLM. In order to provide highly
resolved climate simulations, we first conduct long-term simulations (1979–2004) of the area with
and without the lake at a spatial resolution of 11 km. The highly resolved 2 km runs are then simply
nested for the two selected periods of interest, implying that these short-term fine-grid simulations
are initialized and driven by long-term coarser-grid simulations with the same RCM. This strategy
ensures that the model is in long-term equilibrium for our two study periods. Therefore, we capture
possible long-term effects, even though we analyze only shorter episodes. In turn, we emphasize that
analyzing climatological effects instead of effects at the weather scale would require simulations over
20–30 years on the finer grid, which would increase the numerical effort tremendously. However,
a corresponding investigation is beyond the scope of the present study.

The remainder of this paper is organized as follows: Section 2 describes CCLM and its setup
together with the observational data used for model validation. Our results are presented and further
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discussed in Section 3, including an evaluation of CCLM’s performance by inter-comparison with
observations and a study on the effects of Lake Sobradinho on surface meteorology and circulation.
The paper concludes with a summary of our main findings in Section 4.

2. Materials and Methods

2.1. CCLM Model Description and Setup

The non-hydrostatic RCM CCLM has been developed based on the “Local Model” of the German
Weather Service (DWD). CCLM’s numerical routines solve the hydro-thermodynamical equations
for three-dimensional wind components, pressure, air temperature, specific humidity and cloud
water content. Physical parameterizations consider sub-grid scale turbulence [17], grid-scale clouds
and precipitation [12], delta-two stream radiation transfer [18] and shallow and moist convection
(IFS scheme, [19]). Lower boundary conditions over land (i.e., land surface and soil processes) are
simulated by means of the multi-layer soil model TERRA-ML [20]. The soil-vegetation water balance
is modeled according to the biosphere-atmosphere transfer scheme (BATS) [21]. The Richards and
heat conduction equations are solved in order to simulate the vertical soil moisture transport and
heat flow. Note that only vertical fluxes are represented in TERRA-ML, as the horizontal displacement
can be neglected at the presently used grid sizes. This also holds for the runoff which is formed
within a grid cell and not transported to any of the adjacent cells. TERRA-ML provides a stability and
roughness length dependent formulation of the surface turbulent fluxes which constitute the lower
boundary conditions for the atmosphere. Surface runoff is formed by summarizing contributions from
the interception store, the surface snow store, and water due to a limited infiltration rate into the soil.
Furthermore, contributions from the hydrologically active soil layers in case of over-saturation are
added to form the subsurface runoff. Soil types are based on the UNESCO/FAO (Food and Agriculture
Organization of the United Nations) soil map of the world [22]. Here, the number of soil levels is set to
10, with the layer thickness increasing with soil depth from 0.005 m to 11.5 m, following an exponential
law, and representation of the hydrology stops at 8 m depth.

The one-dimensional FLake model is applied for the computation of the lake’s vertical temperature
profile and the energy stored [15]. In FLake, a top mixed layer with a uniform water temperature
profile as well as a thermocline layer at the bottom of the lake are assumed. The temperature of the
thermocline layer is parameterized according to the concept of self-similarity [23]. FLake provides
simulations of the mean temperature of the water column, the mixed-layer temperature and depth
and the thermocline layer temperature profile. The default downward light attenuation coefficient
for incoming solar radiation is 3 m−1. The global bathymetry data set [24] is used to determine Lake
Sobradinho’s depth for each modeling grid cell (maximum 50 m).

Here, we use CCLM version 4.25.3 with domains of 0.1◦ (about 11 km) and 0.02◦ (about 2 km)
spatial grid spacing (enclosed areas in Figure 1). In a rotated longitude/latitude geographical
coordinate system (rotated North Pole at φ = 80◦ N, λ = 41.8◦ W), the higher resolution modeling
domain extends from 2.26◦ S to 2.25◦ N and 2.26◦ W to 2.24◦ E and is covered by 226 × 226 grid cells.
50 vertical levels and internal time steps of 25 s are used. The initial six-hourly boundary conditions
are provided by the ERA-Interim reanalysis [25]. In order to exclude lateral boundary effects from
the analysis, we discard the sponge zone which has a width of 10 grid points. This zone doesn’t really
represent model dynamics; it is unphysical as it tries to smooth out any pathological effects due to
discontinuities at the boundary between two completely different grids.

In this work, we carry out simulation studies without and with the lake. When the lake is excluded
from the simulations, it is replaced by solid ground with the characteristics of representative grid cells
from the surrounding land surface.
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Figure 1. Schematic view of our nesting steps. The larger enclosed area corresponds to a 0.1◦ resolution
and the smaller one to a 0.02◦ resolution of CCLM in the respective regions (in rotated coordinates as
described in the text).

2.2. Climatological Setting

The Northeast of Brazil (Nordeste do Brasil), comprising the federative states of Alagoas, Bahia,
Ceará, Maranhão, Paraiba, Pernambuco, Piaui, Rio Grande do Norte and Sergipe, represents 18% of
the national territory of Brazil. With a total area of almost 1.6 million km2, it is among the regions
most vulnerable to impacts of climate change. This is due to its semiarid climate in combination
with a high population density [26]. The region Semiárido brasileiro represents approximately 58%
of the surface of of Nordeste do Brasil [27] (excluding the State of Maranhão) plus the northernmost
part of the State of Minas Gerais, extending from about 3◦ S to 17◦ S. Principal characteristics of
this region are an annual precipitation fluctuating between 400 and 800 mm, mean air temperatures
above 23 ◦C, and evapotranspiration above 2000 mm/year. The living conditions of the population and
the region’s potential for agricultural production are directly connected to the availabilty of water [28].
Specifically, the São Francisco river basin is of key importance in this context.

In this study, we investigate the effects of the Lake Sobradinho reservoir on the regional
meteorological conditions. Lake Sobradinho is located in the semi-arid sub-middle São Francisco river
basin (near Petrolina, State of Pernambuco). The reservoir was installed in 1982 and replaced the
natural Caatinga vegetation cover, a mix of shrubs, low trees and cactuses. Precipitation mainly occurs
from November to April. With a length of 280 km and a varying width of 5 km to 50 km, Sobradinho’s
water storage capacity is 34 billion m3. Its surface area is large enough to potentially influence regional
weather and climate, particularly in combination with large areas of irrigated agricultural land to
which the natural Caatinga was converted as a result of a governmental irrigation program.

For choosing an extremely dry year and an “average” (non-extreme) year, we analyzed 2 m
air temperature data from the meteorological station at Petrolina (9◦22′ S, 40◦28′ W, see below for
details) for the years 1981 to 2004. Observational data for precipitation for the years 1998 to 2004 were
obtained from the Tropical Rainfall Measuring Mission (TRMM) data set [29]. We calculated the mean
air temperature and precipitation values for April and May for each of these years. From that, we
determined the median and maximum values of the April/May air temperatures and precipitation
taken over all these years. The median values coincide very well with the values obtained for the year
2002, 25.06 ◦C and 0.024 mm/day, respectively, which is therefore considered as a prototypical normal
year. In turn, extremely warm and dry conditions have been observed in 1998 for which average
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air temperature and rainfall amount to 27.07 ◦C and 0.006 mm/day, respectively. As mentioned in
a previous study on Lake Sobradinho [30], the long-term mean of the surface lake temperature is 26 ◦C.
It is noteworthy that 1998 was rated an extremely dry year in Submédio San Francisco by the rainfall
anomaly index (IAC), very likely affected by the strong El Niño event during that year, which caused
a decrease in rainfall and rising air temperatures in the Northeast of Brazil [31].

2.3. Observational Data for Model Evaluation

For the evaluation of modeled air temperature and wind speed, we use observational data from
surface weather stations. The data were collected at a total of seven meteorological stations located
in the surroundings of the lake (Figure 2), covering the westernmost part of the State of Pernambuco
(PE) northeast of the lake as well as the northern part of the State of Bahia (BA): Petrolina-PCD/PE
(9◦9′ S, 40◦22′ W; here, PCD stands for Plataforma de Coleta de Dados) and Araripina-PCD/PE
(7◦27′ S, 40◦24′ W) belong to INPE (Instituto Nacional de Pesquisas Espaciais) [32], the National
Institute for Space Research, which is a unit of the Brazilian Ministry of Science and Technology.
Bebedouro–Petrolina/PE (9◦9′ S, 40◦22′ W) and Madacarú-Juazeiro/BA (9◦24′ S, 40◦26′ W) are
operated by EMBRAPA/CPATSA [33], the Tropical Semi-Arid Research Center of the Brazilian
Agricultural Research Corporation. Finally, we use data from three stations operated by INMET
(Instituto Nacional de Meteorologia) [34], the National Institute of Meteorology: Petrolina/PE (9◦22′ S,
40◦28′ W), Barra/BA (11◦05′ S, 43◦10′ W) and Remanso/BA (9◦38′ S, 42◦1′ W). The data include daily
values of maximum and minimum air temperature, humidity and wind velocity. For 1998, we used
data from all stations except Petrolina-PCD/PE, while for 2002, data from the Araripina-PCD/PE
station were not available.
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Petrolina-PCD/PE

Petrolina/PE

Araripina-PCD/PE
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Figure 2. Geographical setting and meteorological stations used for model evaluation. The gray area
represents the geographical extent of Lake Sobradinho.
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3. Results

3.1. Model Evaluation

We applied CCLM to simulate the evolution of various meteorological variables during the two
periods of interest. At the coarser spatial scale, we utilized a long simulation starting back in 1979 and
covering the whole period of interest of this work. In turn, the two nested simulations at the finer grid
started at 1 January 1998 and 1 January 2002, respectively, resulting in a sufficiently long spin-up time
of the model (i.e., the simulation period after which transient effects due to imperfect initial conditions
can be neglected) of four months each prior to our analysis periods.

We first evaluate our simulation results by comparing the simulated average bi-monthly diurnal
cycles of 2 m air temperature (T2m) and 3 m wind speed (V3m) with the corresponding three-hourly
observations for each of the two two-month study periods. For this purpose, the model results at the
grid points closest to the respective reference station are averaged for each hour of the day for the
months of April and May. For the years 1998 and 2002, data from the Araripina/PE and Petrolina/PE
stations were used, respectively, which have a temporal resolution of 3 hours (as opposed to the
other stations where only daily data have been available). The results are shown in Figure 3. For the
year 2002, CCLM approximately reproduces the diurnal cycles of T2m and V3m in the station data.
In turn, for 1998, the shapes of the cycles are reproduced well, but the magnitudes are overestimated
by CCLM. For air temperature, we have around 4 ◦C overestimation and for wind speed, the results
are about 1.5 times larger than the observation data.
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Figure 3. Average diurnal cycles of observed and simulated (A,B) 2 m air temperatures (T2m) and
(C,D) 3 m wind speeds (V3m) for (A,C) 1 April–31 May 1998 (Araripina/PE station) and (B,D)
1 April–31 May 2002 (Petrolina/PE station).
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In order to handle this overestimation, one should note that in climate modeling, one generally
assumes that model errors are approximately constant across simulations. Therefore, it is customary
to regard anomalies from simulations as valid output, even though the simulated baselines might be
somewhat off. Considering only variations around the baseline and ignoring the systematic offset can
be considered as the simplest possible strategy of bias correction, which is often referred to as the delta
change method [35–37].

Another relevant factor is that we have only point observations and only simulated regional
atmospheric conditions for a period of a few months. We tried to exclude influences of initial
conditions as much as possible by using a long spin-up (see above), but some uncertainties remain.
These facts already imply a possible mismatch between the observations and simulation results.
Furthermore, we have chosen an extreme period, which is typically harder to be reproduced by
an RCM than an average period. The missing shading effect could also be a reason for the discrepancy.
TERRA-ML does not account for the shading effect of the vegetation. This can easily produce biases
of the observed order, depending on the specific station’s setup. In summary, we emphasize that the
study region is known to be challenging for climate modeling in general [30]. In this regard, our results
can be considered as in line with the state of the art.

Table 1 lists the root mean square error (RMSE) and bias (i.e., the root mean squared and
mean differences, respectively, between all daily values in the model and observations for the respective
periods of time) of the simulated daily mean, maximum and minimum values of 2 m air temperature
as well as the 3 m wind speeds in comparison with observed data for the period of 1 April–31 May of
the years 1998 and 2002.

Table 1. Root mean squared error (RMSE) and bias of simulated daily mean, minimum and maximum
2 m air temperatures and 3 m wind speeds in comparison with observed data for the period of
1 April–31 May of the years 1998 and 2002.

Year 1998
Station Petrolina/PE Mandacarú/BA Bebedouro/PE Barra/BA Remanso/BA
Month April May April May April May April May April May

T2m,mean [◦C] RMSE 1.61 0.92 1.53 1.06 2.29 1.52 – – – –
Bias −1.22 −0.52 −1.16 −0.77 −2.04 −1.28 – – – –

T2m,min [◦C] RMSE 1.59 1.0 2.36 3.32 1.82 1.40 4.7 4.33 3.67 2.67
Bias −1.13 0.01 −1.99 −2.77 −1.2 −0.45 −4.5 −4.13 −3.21 −2.01

T2m,max [◦C] RMSE 2.58 2.03 1.87 3.2 2.48 2.15 2.32 1.28 2.02 3.02
Bias −1.98 −1.42 −1.18 −2.3 −1.82 −1.3 −1.84 0.01 −1.88 −2.7

V3m [ms−1]
RMSE – – 2.56 2.7 2.02 1.75 0.96 0.87 3.47 3.38
Bias – – 2.37 2.5 −1.91 −1.62 −0.5 −0.22 −2.97 −2.82

Year 2002
Station Petrolina/PE Mandacarú/BA Bebedouro/PE Barra/BA Remanso/BA
Month April May April May April May April May April May

T2m,mean [◦C] RMSE 1.56 1.58 1.65 1.57 2.81 3.09 – – – –
Bias −0.27 −1.15 −0.54 1.3 −2.27 2.08 – – – –

T2m,min [◦C] RMSE 1.05 1.45 2.73 2.8 4.29 4.41 4.7 5.17 1.28 1.49
Bias −0.5 −0.56 −2.42 −2.41 −4.03 −4.05 −4.19 −5.01 −0.93 −1.12

T2m,max [◦C] RMSE 2.66 1.89 2.79 1.65 3.08 2.08 2.09 1.73 4.8 3.61
Bias −0.02 −1.3 0.36 −0.97 −0.51 −1.56 −0.57 −1.29 −4.4 −1.17

V3m [ms−1]
RMSE – – 1.98 1.44 2.11 2.36 0.81 0.77 2.67 3.05
Bias – – 1.57 1.11 −1.72 −2.25 0.08 0.02 −2.27 −2.81

3.2. Lake Effects on Near-Surface Meteorological Conditions

In the following, we present the results of our CCLM-based study regarding the effects of
Lake Sobradinho on the near-surface meteorological conditions and surface energy fluxes. For all
considered variables, mean values over the two entire simulation periods (1 April–31 May 1988 and
1 April–31 May 2002) are presented.
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3.2.1. Warm and Dry Conditions: April/May 1998

We start with considering the more extreme conditions of the year 1998. Figure 4 shows the
spatial patterns of the simulated daily minimum, maximum and mean 2 m air temperatures (T2m,min,
T2m,max, T2m,mean) for the simulations without the lake (Figure 4A,E,I) and the difference plots for the
simulations with lake minus without lake (Figure 4B,F,J). The presence of Lake Sobradinho with its
large heat capacity causes T2m,min to increase by up to 2 ◦C during night. As will be shown later, this is
accompanied by an increase in the nighttime sensible heat fluxes. Additionally, we find that the values
of T2m,min over the lake are higher than those in the surrounding natural area by about 1.5 ◦C. This can
be understood by the fact that the study area is an arid region with dry soils that are characterized
by small heat storage capacity and the resulting differential cooling at nighttime. Lake Sobradinho
also affects T2m,max in the simulations (Figure 4E,F) by reducing the corresponding values by up
to 7 ◦C. Cooler air is advected towards the region northwest of the lake, cooling this area by up to 3 ◦C.
Taken together, the presence of the lake leads to a reduction in daily mean air temperatures, T2m,mean
(Figure 4I,J) by up to 2 ◦C and also to lower T2m,mean values in its surrounding.

Analogously to Figure 4, Figure 5 shows the results for the daily minimum, maximum and mean
specific humidity at 2 m above the ground (qv2m,min, qv2m,max, qv2m,mean). As expected, the specific
humidity over the lake is increased in comparison with the surrounding arid area during the whole day.
This is especially pronounced during nighttime. With cooler air over the lake surface, humidity is
advected in northeastern direction during daytime (Figure 5A,B), while the moister air is more confined
to the lake area during nighttime (Figure 5E,F). The reasons for this are lower wind speeds and less
mixing during nighttime, when the planetary boundary layer reaches its minimum height.

Figures 6 and 7 show the simulation results for the latent and sensible heat fluxes
(lE and H), respectively. Here, the fluxes are positive when directed away from the lake and land
surface and negative when directed towards the surface. During the day (Figure 6E,F) and nighttime
(Figure 6A,B), Lake Sobradinho’s simulated lE are about 250 W·m−2 and 200 W·m−2, respectively,
and larger than the lE of the arid surrounding. Since the lake has a large heat capacity and natural
moisture availability, most of the absorbed solar radiation is released as latent heat flux during the day.
On the other hand, the surrounding natural land surface heats up more quickly and subsequently
sensible heat flux leads to higher air temperature over the arid area than over the lake. In Figure 6I,J,
it can be seen that the average amount of latent heat flux for the whole period of simulation is
250 W·m−2 over the lake, which is much larger than over the surrounding area (50 W·m−2).

Regarding the simulated sensible heat fluxes (Figure 7), we recall that during the day the lake
produces mostly latent heat flux, whereas the arid area without a lake would produce mostly sensible
flux (Figure 7E,F). As a result, if there were no lake, the amount of sensible heat flux would increase
in comparison with the case of the lake being present. It is noteworthy that, in the latter case, the
arid area around the lake still produces more sensible heat flux than the lake area. In turn, during the
night (Figure 7A,B), the lake produces a stronger sensible heat flux than the arid area without the lake.
The arid land surface cools down more rapidly than the lake and, hence, the sensible heat flux above
the lake increases. In Figure 7I,J, the average sensible heat flux for the whole period of simulation is
50 W·m−2 over the lake, which is smaller than in the surrounding area (100 W·m−2).
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Figure 4. Simulated air temperatures at 2 m above ground: (A,B,C,D) daily minimum, (E,F,G,H) daily maximum and (I, J,K,L) daily mean values for the periods
(A,B,E,F,I,J) 1 April–31 May 1998 and (C,D,G,H,K,L) 1 April–31 May 2002, respectively. (A,C,E,G,I,K) Results for simulations without the lake; (B,D,F,H,J,L)
differences between the results including the lake with respect to the control runs without the lake. The lake’s position is indicated by gray lines.
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Figure 5. Same as in Figure 4 for specific humidity.
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Figure 6. Same as in Figure 4 for the latent heat flux.
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Figure 7. Same as in Figure 4 for the sensible heat flux.
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3.2.2. Average Conditions: April/May 2002

We now turn to the case of average conditions as exemplified by our simulations for the year 2002.
Regarding the daily minimum, maximum and mean air temperature, the spatial patterns displayed in
Figure 4 are qualitatively similar to those in 1998. Especially during daytime (Figure 4C,D), the situation
closely resembles that observed for the year 1998, whereas during the night (Figure 4G,H), the general
impact of the lake (expressed in the differences between both simulations with and without the
reservoir) are smaller than in 1998. Under the average conditions present in 2002, during the night
the areas near the lake also release more latent heat than during the more extreme conditions of 1998.
As a result, the differences between the lake and its surrounding area are less obvious than during 1998.
Because of the generally milder climate in 2002, the average effect of the lake on the air temperatures
taken over the whole simulation period is not as pronounced as in the year 1998. The lake cools the air
by just about 1 ◦C in comparison to the case without the lake.

Comparing the daily minimum, maximum and mean values of the specific humidity at 2 m above
the land surface with the results for 1998 (Figure 5), we observe little differences between both years.
Note again that the area around the lake is semi-arid, so that the amount of humidity in this region
is small. The only significant difference between both years can be seen in Figure 5I–L. In 1998, we had
an extremely hot season. Hence, the average difference in humidity between the two cases with and
without lake was much larger than in the year 2002. In the latter, the surrounding areas were not as
arid as in 1998.

Regarding the latent heat and sensible heat fluxes, respectively (Figures 6 and 7), we identify
strong differences between the situations in 1998 and 2002. As mentioned above, during 2002, there
was more humidity in the surroundings of the lake, which could elevate the soil moisture level near
the lake in comparison with the values in 1998. Because of the same characteristic behavior of lake
and soil water, during the day, we also observe latent heat fluxes over the lake’s surroundings, so that
the overall amount of latent heat flux in the year 2002 was larger than in 1998. On the other hand,
the sensible heat flux also increased for the same reason as for the latent heat flux. Consequently, in the
bottom panels of Figures 6 and 7, the lake’s effect on the average amount of latent and sensible heat
fluxes is less obvious than during 1998. As expected, orography is the most crucial factor controlling
the horizontal and vertical distributions of the flows of energy and water, as can be seen from the
predominant SE/NW direction of the flows.

3.3. Lake Effects on Atmospheric Circulation

Figure 8 shows the characteristic wind fields for the simulation without the lake, as well
as the associated differences if the lake is present, at 3:00 a.m. and 3:00 p.m. local time for both
simulation periods.

In 1998, the wind velocities have been mostly unaffected by the presence of Lake Sobradinho.
One key aspect related to this observation is the presence of a significant orographic effect that controls
wind speed and direction in the study area. Specifically, anabatic winds in the region can affect
the local circulation around the lake. There is also a pressure gradient as a result of air temperature
differences between the lake and its surroundings, which causes a local thermal circulation (lake breeze).
The difference plots in Figure 8B,F highlight this effect. In summary, there are a multitude of factors,
including the surface temperature of the lake and its surrounding land surface, vegetation cover
and orography, all of which do potentially affect the magnitude and direction of the lake breeze.

From a process-based perspective, in an area with low humidity, the surface evaporation would
be high initially. Therefore, most of the energy absorbed by the surface would be emitted as latent heat.
However, as the surface becomes progressively dryer during the day, the evaporation rate decreases and
the air temperature increases, so most of the energy will be emitted as sensible heat flux. The intensity of
thermally induced circulation can be affected by the amount and intensity of surface energy fluxes [38].
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During daytime, the lake produces large amounts of latent heat flux. Therefore, the air temperature
above the lake is lower than in its surrounding areas. As a consequence, the air pressure above the
lake is higher than above the nearby land surface, which causes a pressure gradient and creates a lake
breeze towards the area close to the lake.

The situation is vice versa during the night. Here, the air temperature over the lake is higher than
in the area surrounding the lake, and most of the available energy is redistributed by sensible heat flux.
The pressure above the lake is reduced, which causes again a pressure gradient and a resulting breeze,
but this time towards the lake.

As could be expected, the situation for the year 2002 is qualitatively similar. However, as one
can see in Figure 8C,D,G,H, the lake breeze during the day is weaker than for 1998. To understand
this difference, recall that in 1998, the air temperature has been higher than in 2002, associated with the
much drier conditions. In such an extreme situation, the presence of the lake has stronger effects than
in years with average meteorological conditions.

4. Conclusions

In this study, we have investigated the effects of the artificial freshwater reservoir Lake Sobradinho
on the regional climate of its surrounding areas. For this purpose, we have used the regional climate
model COSMO-CLM (CCLM). Our analyses have focused on air temperature, humidity, energy fluxes
and wind. We have studied two representative periods in different years, one (1998) representing
an extreme situation while the other one (2002) corresponds to the average climatic conditions of
the region. By comparing the model simulations with station data, we have demonstrated that CCLM
is able to reproduce the overall situation qualitatively, but exhibits substantial biases in air temperature
and wind velocity.

Based on the simulations for the two considered years, we have demonstrated the emergence
of a lake breeze during daytime. As a consequence, the air temperature in the lake’s surrounding
decreases whereas humidity increases. The latent heat flux increases as well, while the sensible heat
flux decreases. The situation is reversed during the night. Here, the presence of the lake decreases the
latent heat flux and increases the sensible heat flux, so the humidity over the lake increases. Because of
lower wind speeds, reduced mixing and the lower planetary boundary layer height during nighttime,
the humidity remains confined near the lake and advection to the surrounding area is reduced in
comparison to daytime. The land areas near the lake cool faster than the lake itself, so during the
night cooler winds blow towards the lake. The comparison between the more extreme year and the
average climate demonstrates that the regional climatic effect of Lake Sobradinho is more pronounced
during extreme years. More specifically, the presence of the lake has stronger effects on near-surface
meteorological variables in a drier situation rather than under the normal mean climatology.

The present study underlines the existence of non-negligible effects of artificial reservoirs on
local climate. Future studies should address in more detail the longer-term climate situations with
and without the lake and additionally investigate the effect of land use change and greenhouse gas
emissions on the regional climate of Northeastern Brazil.

Acknowledgments: This work has been performed within the scope of the International Research Training
Group IRTG 1740/TRP 2014/50151-0, jointly funded by the German Research Foundation (DFG, Deutsche
Forschungsgemeinschaft) and the São Paulo Research Foundation (FAPESP, Fundação de Amparo à Pesquisa do
Estado de São Paulo), and the Young Investigators Group CoSy-CC2 funded by the German Federal Ministry
of Education and Research (Grant No. 01LN1306A). The authors gratefully acknowledge the provision of
observational data by EMBRAPA/CPATSA, INMET and INPE/CPTEC, which are freely available via their
respective websites at http://www.cpatsa.embrapa.br:8080/index.php?op=dadosmet, http://sinda.crn2.inpe.br/
PCD/SITE/novo/site/cidades.php?uf=PE and http://www.inmet.gov.br/portal/index.php?r=bdmep/bdmep.
The European Regional Development Fund (ERDF), the German Federal Ministry of Education and Research and
the Land Brandenburg provided financial support for the high performance computer system at the Potsdam
Institute for Climate Impact Research used in this work. We thank Jürgen Kurths for his encouragement to write
this paper.

http://www.cpatsa.embrapa.br:8080/index.php?op=dadosmet
http://sinda.crn2.inpe.br/PCD/SITE/novo/site/cidades.php?uf=PE
http://sinda.crn2.inpe.br/PCD/SITE/novo/site/cidades.php?uf=PE
http://www.inmet.gov.br/portal/index.php?r=bdmep/bdmep


Climate 2017, 5, 50 16 of 17

Author Contributions: Nikoo Ekhtiari and Jan Volkholz conceived, designed and performed the experiments
with the help of Susanne Grossman-Clarke and Hagen Koch. All authors discussed the results and contributed to
the writing of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Munn, R.E. Descriptive Micrometeorology; Academic Press: New York, NY, USA, 1966.
2. Cotton, W.R.; Pielke, R.A., Sr. Human Impacts on Weather and Climate; Cambridge University Press: Cambridge,

UK, 2007.
3. Bonan, G.B. Sensitivity of a GCM Simulation to Inclusion of Inland Water Surfaces. J. Clim. 1995, 8, 2691–2704.
4. Bates, G.; Giorgi, F.; Hostetler, S. Toward the Simulation of the Effects of the Great Lakes on Regional Climate.

Mon. Weather Rev. 1993, 121, 1373–1387.
5. Pielke, R.A. A Three-Dimensional Numerical Model of the Sea Breezes Over South Florida. Mon. Weather Rev.

1974, 102, 115–139.
6. Pielke, R.A. Mesoscale Meteorological Modelling; Academic Press: Orlando, FL, USA, 1984.
7. Bischoff-Gauß, I.; Kalthoff, N.; Fiebig-Wittmaack, M. The influence of a storage lake in the Arid Elqui Valley

in Chile on local climate. Theor. Appl. Climatol. 2006, 85, 227–241.
8. Thiery, W.; Martynov, A.; Darchambeau, F.; Descy, J.P.; Plisnier, P.D.; Sushama, L.; van Lipzig, N.P.M.

Understanding the performance of the FLake model over two African Great Lakes. Geosci. Model Dev.
2014, 7, 317–337.

9. Melo, E.C.; Correia, M.F.; Aragão, M.S. Expansão da Agricultura Irrigada e Mudanças nos Processos
de Interação Superfície-Atmosfera: Um Estudo Numérico de Impacto Ambiental em Áreas de Caatinga.
Revista Brasileira de Geografia Física 2015, 7, 960–968.

10. Correia, M.F.; da Silva Dias, M.A.F.; da Silva Aragão, M.R. Soil occupation and atmospheric variations over
Sobradinho Lake area. Part one: An observational analysis. Meteorol. Atmos. Phys. 2006, 94, 103–113.

11. Correia, M.F.; da Silva Dias, M.A.F.; da Silva Aragão, M.R. Soil occupation and atmospheric variations over
Sobradinho Lake area. Part two: A regional modeling study. Meteorol. Atmos. Phys. 2006, 94, 115–128.

12. Doms, G.; Baldauf, M. A Description of the Nonhydrostatic Regional COSMO-Model. Part I: Dynamics
and Numerics; Consortium for Small-Scale Modelling (COSMO): Offenbach, Germany, 2015.

13. CLM-Community. Available online: http://www.clm-community.eu (accessed on 15 May 2017).
14. Lange, S.; Rockel, B.; Volkholz, J.; Bookhagen, B. Regional climate model sensitivities to parametrizations of

convection and non-precipitating subgrid-scale clouds over South America. Clim. Dyn. 2015, 44, 2839–2857.
15. Mironov, D. Parameterization of Lakes in Numerical Weather Prediction. Part 1: Description of a Lake Model;

Consortium for Small-Scale Modelling (COSMO): Offenbach, Germany, 2008.
16. IGB-BERLIN. Available online: http://www.flake.igb-berlin.de/ (accessed on 15 May 2017).
17. Raschendorfer, M. The new turbulence parameterization of LM. COSMO Newsl. 2001, 1, 90–98.
18. Ritter, B.; Geleyn, J.F. A Comprehensive Radiation Scheme for Numerical Weather Prediction Models with

Potential Applications in Climate Simulations. Mon. Weather Rev. 1992, 120, 303–325.
19. Bechtold, P.; Köhler, M.; Jung, T.; Doblas-Reyes, F.; Leutbecher, M.; Rodwell, M.J.; Vitart, F.; Balsamo, G.

Advances in simulating atmospheric variability with the ECMWF model: From synoptic to decadal
time-scales. Q. J. R. Meteorol. Soc. 2008, 134, 1337–1351.

20. Schrodin, R.; Heise, E. The Multi-Layer Version of the DWD Soil Model TERRA-LM; Consortium for Small-Scale
Modelling (COSMO): Offenbach, Germany, 2001.

21. Dickinson, E.; Henderson-Sellers, A.; Kennedy, J.; Wilson, F. Biosphere-Atmosphere Transfer Scheme (BATS) for
the NCAR Community Climate Model; National Center for Atmospheric Research: Boulder, CO, USA, 1986.

22. FAO-UNESCO. Soil Map of the World; The United Nations Educational, Scientific and Cultural Organization
(UNESCO): Paris, France, 1974.

23. Kitaigorodsky, S.A.; Miropolsky, Y.Z. On the theory of the open ocean active layer. Izv. Atmos. Ocean. Phys.
1970, 6, 97–102.

24. Kourzeneva, E. External data for lake parameterization in Numerical Weather Prediction and
climate modeling. Boreal Environ. Res. 2010, 15, 165–177.



Climate 2017, 5, 50 17 of 17

25. Dee, D.P.; Uppala, S.M.; Simmons, A.J.; Berrisford, P.; Poli, P.; Kobayashi, S.; Andrae, U.; Balmaseda, M.A.;
Balsamo, G.; Bauer, P.; et al. The ERA-Interim reanalysis: Configuration and performance of the data
assimilation system. Q. J. R. Meteorol. Soc. 2011, 137, 553–597.

26. Marengo, J. Vulnerabilidade, impactos e adaptação à mudança do clima no Semiárido do Brasil.
Parcerias Estratégicas 2008, 27, 149–175.

27. MIN–Ministério da Integração Nacional. Nova Delimitação do Semiárido Brasileiro; MIN/Secretaria de Políticas
de Desenvolvimento Regional: Brasilia, Brazil, 2005.

28. Araújo, S.M.S. A região Semiárida do Nordeste do Brasil: Questões Ambientais e Possibilidades de uso
Sustentável dos Recursos. Rios Eletrôn. Rev. Cient. FASETE 2011, 5, 89–98.

29. Huffman, G.J.; Bolvin, D.T.; Nelkin, E.J.; Wolff, D.B.; Adler, R.F.; Gu, G.; Hong, Y.; Bowman, K.P.; Stocker, E.F.
The TRMM Multisatellite Precipitation Analysis (TMPA): Quasi-Global, Multiyear, Combined-Sensor
Precipitation Estimates at Fine Scales. J. Hydrometeorol. 2007, 8, 38–55.

30. Correia, M.D.F.; da Silva Dias, M.A.F. Variação do Nível do Reservatório de Sobradinho e seu Impacto Sobre
o Clima da Região. Rev. Bras. Recur. Hídr. 2003, 8, 157–168.

31. Oliveira de Assis, J.M.; Meira de Souza, W.; do Carmo Sobral, M. Análise climática da precipitação no
submédio da bacia do Rio São Francisco com base no índice de anomalia de chuva. Rev. Bras. Ciênc. Ambient.
2015, 2, 115–127.

32. INPE. Available online: http://www.inpe.br (accessed on 15 May 2017).
33. CPATSA. Available online: http://www.cpatsa.embrapa.br (accessed on 15 May 2017).
34. INMET. Available online: http://www.inmet.gov.br (accessed on 15 May 2017).
35. Gleick, P.H. Methods for Evaluating the Regional Hydrologic Effects of Global Climate Changes. J. Hydrol.

1986, 88, 97–116.
36. Arnell, N.W. Global Warming, River Flows and Water Resources; Wiley: Chichester, UK, 1996.
37. Hay, L.E.; Wilby, R.L.; Leavesley, G.H. A comparison of delta change and downscaled GCM scenarios for

three mountainous basins in the United States. J. Am. Water Resour. Assoc. 2000, 36, 387–398.
38. Pielke, R.A.; Cotton, W.R.; Walko, R.L.; Tremback, C.J.; Lyons, W.A.; Grasso, L.D.; Nicholls, M.E.;

Moran, M.D.; Wesley, D.A.; Lee, T.J.; et al. A comprehensive meteorological modeling system—RAMS.
Meteorol. Atmos. Phys. 1992, 49, 69–91.

c© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Materials and Methods
	CCLM Model Description and Setup
	Climatological Setting
	Observational Data for Model Evaluation

	Results
	Model Evaluation
	Lake Effects on Near-Surface Meteorological Conditions
	Warm and Dry Conditions: April/May 1998
	Average Conditions: April/May 2002

	Lake Effects on Atmospheric Circulation

	Conclusions

