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Abstract. Small communities in semi-arid regions usually suffer from a lack of data to enable effective water
management. This is the case for many rural communities in Brazil that rely on small reservoirs. The aim of
this study is to extract information on water storage and water flows of Lagoa Cercada, a small reservoir in the
Brazilian semi-arid region. Monthly data series of water levels and water quality were combined with remote
sensing information to evaluate water storage in the reservoir. Inflow, withdrawal, and infiltration were calcu-
lated using water and salinity balance in the reservoir. The calculated capacity of Lagoa Cercada reservoir was
1.14 million cubic meters. However, using satellite imagery instead of drone imagery resulted in a 51 % differ-
ence in the estimation of storage capacity. Additionally, Lagoa Cercada’s water withdrawal has not returned to
the same amount as before the drought.
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UPH 18

1 Introduction

Small communities in semi-arid regions often face not only
unreliable water availability but also a lack of sufficient and
accurate hydrological data for water management (Jackson et
al., 2019; Serrao et al., 2020). The absence of such data (e.g.,
stored water available, water volume consumption) can have
a negative impact on water security and undermine the ability
of communities to effectively manage their water resources
(Paul et al., 2021; Alazard et al., 2015). This is the situation
for many small reservoirs in the Brazilian semi-arid region
(BSAR), which, despite being an important source of water
for rural communities, are largely unmanaged.

Remote sensing has been a powerful tool to provide
or complement information for water management (Wang
and Xie, 2018; Garrido-Rubio et al., 2020). In the BSAR,
it has been used for mapping weirs and water surfaces
(FUNCEME, 2021). Remote sensing can be particularly use-
ful for regions where on-site monitoring is not possible.

However, the accuracy of different remote sensing tech-
niques typically requires on-site data to be validated.

Only strategic reservoirs in BSAR have been consistently
monitored. For instance, in the state of Ceará (in BSAR)
155 strategic reservoirs are monitored daily out of a total of
100 000 reservoirs. Then, most small reservoirs suffer from
data scarcity.

Water balance is a powerful tool for obtaining relevant data
for reservoir management (e.g. Arsiso et al., 2017).

Even when limited data is available, the use of appropriate
techniques can provide useful estimates of water availability.

In this study, we evaluate the uncertainty of the storage
curve, estimate the stored volumes, and water flows, includ-
ing inflow, withdrawal, and infiltration, using a water balance
combined with remote sensing techniques.

2 Study area

Lagoa Cercada is a reservoir located in a rural community
in the municipality of Quixeramobim, in the state of Ceará,
Brazil (see Fig. 1) That region is characterized by a semi-
arid climate, with average annual rainfall of around 810 mm,
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Figure 1. Study area. (a) Location of the study area. (b) Lagoa Cercada Community and reservoir. © Google Satellite Image.

dropping to less than 600 mm in the inland areas (Werner
and Gerstengarbe, 2003). Actual evapotranspiration is about
78 % of annual precipitation (SUDENE, 1980). The rainy
season occurs mainly between February and May, account-
ing for routhly 70 % of the total annual rainfall.

Lagoa Cercada is one of the 100 000 weirs mapped in
Ceará, where only 155 strategic reservoirs are monitored
daily. Although Lagoa Cercada is not considered a strate-
gic reservoir, the 100-family community located near it uses
its water for agriculture and household activities. Fundação
Cearense de Meteorologia e Recursos Hídricos (FUNCEME)
has been monitoring the water level and quality of Lagoa
Cercada on a monthly basis since 2010.

3 Methods

In this study, remoting sensing is used to estimate the stor-
age curve of Lagoa Cercada. This information was combined
with monthly data of water level and water quality to perform
the water and salinity balances and estimate inflow, with-
drawal and infiltration.

The methodology was divided into four steps related to the
estimation of (i) storage curve, (ii) stored volumes, (iii) reser-
voir inflow, and (iv) reservoir withdrawal and infiltration. The
steps are described as follows.

3.1 Estimation of the storage curve

Two remote sensing techniques, drone imagery and a satel-
lite product, were used to estimate the storage curve for the
reservoir.

Drone images of the reservoir bottom were obtained from
an aerial survey carried out in January 2022, when the reser-
voir was dry. Contour lines (0.2 m) were calculated from the
drone images.

Additionally, we used the Digital Elevation Model (DEM)
Alos Palsar 12.5 m, which is a satellite product, to directly
calculate contour lines (1.0 m).

We considered the relative highs for both storage curves,
and the lower high of each storage curve was referred to as
high zero.

The differences between both estimations of storage curve
were used to quantify the uncertainty of the volume estima-
tions.

3.2 Stored volumes estimation

The stored volumes were calculated from water level mea-
surements taken at the end of each month between Septem-
ber 2010 and December 2019. The storage curves, which
were estimated in the previous step, was used to convert wa-
ter level measurements into stored volume estimates. If the
measured water level fell between two discrete levels of the
storage curve (0.2 or 1.0 m), linear interpolation was used to
estimate the volume. The use of different storage curves es-
timated from drone imagery or satellite products resulted in
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Figure 2. Contour lines from (a) drone imagery, and (b) DEM Alos Palsar satellite product.

different estimations of stored volumes. The difference be-
tween the stored volume estimations were assessed.

3.3 Water balance and inflow estimation

Monthly inflow volume in the reservoir was calculated using
the water balance equation. The water balance between the
end of month (i) and the end of the previous month (i− 1)
was represented by Eq. (1):

1Vi = Ii −Ei −Wi (1)

where 1Vi is the variation of stored volume during the pe-
riod, Ii is the inflow volume, Ei is the volume of water evap-
orated, and Wi is the volume of water withdrawn or lost
through lateral infiltration.

The terms Ii , Ei and Wi are incoming or outgoing volumes
during the month and correspond numerically to the average
flows at the monthly scale (i.e. in units of volume per month).

Water inflow is calculated from Eq. (1) only in the first
semester of the hydrological year (December to May), when
inflow is expected to occur due to direct precipitation over
the reservoir, streamflow, and lateral inflow (superficial and

underground). For the rest of the year, inflow is considered
null since it is the dry season.

In addition, Wi can be ignored in the first semester. Dur-
ing this period, withdrawal is negligible because rain usually
supplies the local demand for water. Rainfed agriculture is
the dominant activity in the wet semester, while cisterns fed
by rooftop runoff supply household consumption. Therefore,
the community conserve Lagoa Cercada’s reserve in the wet
semester. Furthermore, lateral infiltration losses (i.e., ground-
water leaving the reservoir) are also negligible in this period.
In the wet period the lateral fluxes in the hydraulic basin tend
to be towards the reservoir, i.e., in the opposite direction of
infiltration losses. That incoming volume of groudwater is
computed together with Ii . This direction of the underground
fluxes is due to the shallow soils of the region. Because of
that, groundwater levels surrounding the reservoir tend to be
higher than the water level in the reservoir during the wet
season.

Ignoring Wi in Eq. (1), monthly estimations of Ii were
computed for the months of December to May, from Decem-
ber 2010 to December 2019, using stored volumes estima-
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Figure 3. Storage curves estimated from remote sensing.

tions calculated in the previous step to calculate 1Vi , and
using an estimation of Ei .

Ei was estimated from the average monthly evaporation,
calculated from the direct measures of an evaporimeter tar in
the municipality of Quixeramobim.

Because of the different estimations of stored volumes (i.e.
derived from the drone and the satellite storage curves), two
estimations of inflow were obtained. We compared both.

3.4 Withdrawal and infiltration

Withdrawal and infiltration are both estimated in an aggre-
gated way within Wi , using Eq. (1).

Wi is only calculated in the second semester of the hydro-
logical year (June to November), when infiltration and with-
drawal might be relevant, whereas Ii can be ignored during
this period.

Then, to calculate Wi in the second semester, the estima-
tions of 1Vi , and Ei are sufficient, just as in the calculation
of Ii in the first semester.

Nevertheless, we were able to calculate Wi independently
of an external estimation of Ei , thanks to different effects of
Ei and Wi on the reservoir salinity.

Ei is an outflow that preserve the salt mass in the reservoir,
while Wi decrease the salt mass. Then, the salinity balance
can be used to differentiate Ei and Wi .

In fact, Wi can be calculated by dividing the outgoing salt
mass during the month by the average salinity of Wi in the
period. Spatial variations of salinity across were not consid-
ered. Therefore, salinity of Wi for a specific month is con-
sidered equal to the salinity in the reservoir. Additionally,
we considered that salinity is proportional to the electrical
conductivity, which is also measured during with water level
campaigns. Then, Wi was computed for the months June
to November, from October 2010 to November 2019 using

Figure 4. Time series of the stored volume in Lagoa Cercada reser-
voir.

Figure 5. Estimated monthly inflow to Lagoa Cercada reservoir.

Eq. (2):

Wi =
−Vi × ci + Vi−1× ci−1

(ci + ci−1)/2
(2)

where Vi and Vi−1 are the storage volumes at the end of the
month i and (i− 1), respectively; and ci and ci−1 are the
electrical conductivity at the same dates.

Two different results were obtained for Wi , which are re-
lated to the volumes estimated from drone and satellite stor-
age curves.

4 Results and discussion

4.1 Storage curves

The contour lines obtained from drone imagery and satellite
product (see Fig. 2) differ in precision, with the former being
more precise at 0.2 m and the latter at 1.0 m. As a result, the
storage curves shown in Fig. 3 also differ.

Since the storage curve derived from the drone imagery is
considered more reliable due to the precision of its contour
lines, the uncertainty associated with the use of the storage
curve derived from the satellite DEM can be estimated by
comparison.
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Figure 6. Estimated monthly W (withdrawal and infiltration) during the second semester of the hydrological year (June–November) for
Lagoa Cercada reservoir.

The storage curve from satellite product underestimates
lower volumes (i.e. volumes under 385 000 m3) and overesti-
mates higher one. The difference is smaller for low volumes.

The total capacity of Lagoa Cercada is estimated to be
1 140 000 m3, according to the drone imagery.

However, the storage curve derived from the satellite DEM
indicates a 51 % larger maximum volume (i.e. 1 720 000 m3).

4.2 Stored volumes

The time series for the stored volume according to both stor-
age curves is depicted in Fig. 4, with the discontinuity of the
lines due to missing monitored data.

Both time series shows the rapid drying up of the reservoir
in 2012 and the continuity of null volumes until 2018, corre-
sponding to the recent drought in the state of Ceará (Pontes
Filho et al., 2020).

The volumes derived from satellite storage curve are lower
than those estimated from drone storage curve, which is used
as reference due to its higher precision.

This result is due to the underestimation of volumes under
385 000 m3 presented in the previous section. Throughout the
analysis period, the volumes never exceeded that threshold.

Excluding the completed dry period 2014–2017, the mean
absolute difference between drone- and satellite-derived vol-
umes is 32 000 m3. This represents only about 10 % of the
higher volume in the assessed period.

4.3 Inflow

Figure 5 shows the estimated inflow series based on the two
different storage curves. The difference between the estima-

tions is related to the precision of the storage curves used to
calculate the stored volumes for the water balance.

Since the storage curve derived from drone images is more
precise, the inflows derived from it are considered as a ref-
erence in this analysis, as no inflow measurements are avail-
able.

The inflow calculated using the satellite storage curve
underestimates the reference inflow until 2012 and over-
estimates it since 2013. The mean absolute difference be-
tween the two estimations was 3600 m3 per month (i.e.
120 m3 d−1), excluding the period 2012–2017, when there
was no inflow.

4.4 Withdrawal and infiltration

In Fig. 6, the evolution of the withdrawal and infiltration (i.e.
Wi) during the second semester is presented.

Wi was lower in the period 2018–2019 than in the period
2012–2013. Nevertheless, the stored volumes were similar
in both periods (i.e. in the beginning the drought and after
it). Using the hypothesis that infiltration losses are strongly
related to the water level in the reservoir, one could state that
the reduction of Wi is due to a reduction in withdrawal.

This result indicates that even if the reservoir volume has
recovered to a level like the one observed in 2012–2013, the
water consumption has not returned to the same amount. That
means that water consumption may have been affected by the
recent history of the local water system, which is an effect
called hysteresis (Souza Filho et al., 2018).
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5 Conclusions

Remote sensing and water balance techniques, combined
with on-site data, were used to obtain information on the ca-
pacity of Lagoa Cercada reservoir and its water fluxes.

The main findings were:

– The capacity of Lagoa Cercada reservoir is 1.14 mil-
lion m3

– DEM Alos resulted in a 51 % difference in the estima-
tion of storage capacity of Lagoa Cercada reservoir.

– Lagoa Cercada’s water withdrawal has not returned to
the same amount as before the drought.

– Drone imaging and water balance techniques can enable
monthly reservoir monitoring to provide information on
stored volume, inflow, withdrawal, and infiltration.

The framework proposed in this paper can be replicated in
other reservoirs of similar size in the Brazilian semiarid re-
gion, which might be the main source of water for a local
rural community, such as Lagoa Cercada reservoir.
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