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Abstract. In this paper, the Global Surface Water Explorer (GSWE) was combined with bathymetric and his-
torical meteorological data to quantify water balance during the period 1984–2020 in the Primera de Palos
freshwater lagoon (Southwest Spain). This allowed us, through a water balance approach, to estimate all water
inputs and outputs to analyse the hydrological changes in the lagoon. The results showed high fluctuations with
seasonal changes marked by the climatic regime during the first two decades of the study period. After this initial
period, water extension remained stable above 70 % of the maximum lagoon extent. Thus, the natural hydrolog-
ical regime of the lagoon was modified by water inputs from irrigation return, which are difficult to quantify.
Thanks to a water balance approach, these irrigation returns were quantified as the closure term of the water
balance. Three scenarios of irrigation return inputs can be defined, 4500, 1700, and 500 m3 d−1, depending on
the cropping season. The use of remote sensing combined with bathymetric and meteorological data can pro-
vide the knowledge to support better informed water-management decision-making, although it may have some
limitations in dry periods related to image processing in border data.
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1 Introduction

Wetlands are essential for ecology and environmental regu-
lation (Westerberg et al., 2010; Newton et al., 2018). They
also have a key role for the economy and social service func-
tions (Ye and Sun, 2021; Ghanian et al., 2022). However,
the natural hydrology of this kind of system is often modi-
fied by anthropogenic activities, such as drainage (Sica et al.,
2016), mining and drastic modifications of the land uses in
the upstream areas (Jia et al., 2013; Li et al., 2021). These
changes in hydrological dynamics of these systems, for in-
stance modifications of water fluxes partitioning, are espe-
cially relevant in wetlands where their upstream watersheds
have a significant proportion of surface altered by these hu-

man activities (Merchán et al., 2015). In arid and semi-arid
climates, wetlands often rely on inputs from irrigation re-
turn flows, which play an important role in water balances
of hydrological watersheds (Scott et al., 2011; Merchán et
al., 2013). To understand the changes over wetlands ecosys-
tems and their spatiotemporal distribution is critical for the
management, restoration, and conservation of these systems.

The development of remote sensing and GIS techniques
have emerged as an alternative to traditional methods like
field survey (usually laborious, time consuming and ex-
pensive) to account for changes. Open-source multispectral
satellite remote sensing missions provide worldwide long-
term time-series coverage of wetland evolution. There are an
increasing number of studies providing evidence about the
success of this kind of methods for spatiotemporal monitor-
ing of changes in these habitats (Bortels et al., 2011; Blount
et al., 2022; Chen et al., 2022). These techniques can be also
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used to analyse the effects of anthropogenic activities in the
water bodies.

An example of a human-modified freshwater lagoon due to
agricultural pressure is the Primera de Palos lagoon, which is
located in a highly modified marshy environment in south-
western Spain. In this study we aim to analyse the changes in
the lagoon hydrological dynamics during the last thirty years
narrowing down the ranges of the different water fluxes in-
volved in the water balance and accounting specifically from
irrigation returns. For that, remote sensing information in
combination to meteorological data and the bathymetry of
the lagoon were used. This work examines research question
No 16 of the twenty-three unsolved problems in hydrology
(UPH; Blöschl et al., 2019): “How can we use innovative
technologies to measure surface and subsurface properties,
states, and fluxes, at a range of spatial and temporal scales?”

2 Study site and available data

2.1 Primera de Palos freshwater lagoon

In this work we analysed the evolution of the Primera de Pa-
los freshwater lagoon (Southwest Spain) (Fig. 1), a Ramsar
site whose surrounding lands have been intensively modified
by petrochemical industry and greenhouse strawberry crops.
This water body is part of a complex wetland that has its
origin in the closure of old valleys or riverbeds due to the ad-
vance of a coastal dune front that acts as a barrier for both,
the inland water flowing to the sea and the sea water flowing
into the lagoon avoiding saline intrusion (Mantecon et al.,
1988). The contributing watershed, which is entirely dedi-
cated to strawberry cultivation from 1995, is made up of a
sandy substrate that allows irrigation water to drain into the
wetland.

2.2 Data

We have used different sources of data in this study. On the
one hand, since there are no historical series of flow mea-
surements in the lagoon or in its contributing watershed, the
Global Surface Water Explorer (GSWE), a remote sensing
based virtual online machine was used to spatially quantify
water surface during the historical period 1984–2020 (Pekel
et al., 2016). The explorer provides extent and changes over
time of the world’s water extensions at 30 m spatial resolu-
tion. Since our study goes until 2022, Landsat information
from the period 2020–2022 was used for deriving the la-
goon extension using the Normalized Water Difference Index
(NWDI, Gao, 1996). This information was combined with
bathymetric data (provided by TYPMA S.L, a consultancy
firm which participates in some management tasks in the
wetland) and historical meteorological data from the weather
station close to the lagoon with the longest dataserie – Palos
de la Frontera (provided by the Spanish State Meteorological
Agency).

Table 1. In situ measurements (outflow and water level) at the la-
goon’ outlet.

Date Outflow (L s−1) Water level (cm)

12/05/2021 44.74 –
10/06/2021 28.58 –
21/06/2021 7.60 –
01/07/2021 1.36 –
08/07/2021 0.00 –
02/08/2021 0.00 −5
24/09/2021 – –11
14/10/2021 – –5
19/10/2021 – 0
26/10/2021 – +9
02/11/2021 – +25
22/11/2021 – +33
18/01/2022 – +23
14/02/2022 – +26
17/02/2022 8.70 –
25/03/2022 222.00 +44
28/04/2022 37.38 +27
06/05/2022 45.89 +25
10/05/2022 – +23
24/05/2022 22.46 +20
31/05/2022 24.67 +20
07/06/2022 16.83 +20

In addition, from May 2021 to March 2022, periodic mea-
surements of streamflow and water level in the lagoon outlet
(Fig. 1) were carried out with a weekly/biweekly frequency
(Table 1). These observations will also allow us to establish
a limit value of the water surface from which there is no out-
flow in the lagoon.

3 Methodology

A water balance approach was carried out to estimate the
lagoon dynamics:

1V

1t
= inflows−outflows= (P +Qr+Id+R)− (E+Qout)

where, 1t is the variation of time between consecutives dates
with available satellite information, 1V/1t is the variation
of volume in the lagoon in each time interval, P accounts
for precipitation in the lagoon, Qr is the direct runoff into
the lagoon, E is the evapotranspiration from the lagoon, Id

represents the subsurface flow, R accounts for the irrigation
returns and Qout accounts for water outflow. Each term of the
balance equation was computed as followed:

– 1V/1t is calculated as the difference between the wa-
ter volumes between two consecutive images. For each
date, the volume of the lagoon was derived using the
water surface from the remote sensing information and
the relationship between water surface – water volume –
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Figure 1. (a) Geographic location of the Primera de Palos lagoon in the Southwestern Spain. (b) Zoom to the Primera de Palos lagoon.
© Google 2023 Primera de Palos freshwater lagoon. Available at: https://www.google.com/ (last access: 30 March 2023).

lagoon wet area – elevation, established using the bathy-
metric information.

– P was estimated as the product of the accumulated pre-
cipitation in each interval and the average area of the
water surface of the lagoon between images.

– Qr, was estimated as the product of the accumu-
lated precipitation, which is assumed constant over the
drainage area into the lagoon, this contributing area
(3.73 km2) and a variable runoff coefficient (c) over
time based on the main land use on this area. We as-
sumed a c = 0.31 for no crops under plastic and c =

0.50 for crops under plastic.

– E, was estimated as the product of the potential evap-
oration accumulated between images and the average
area of the water surface of the lagoon between these
days. The potential evaporation on a daily scale was
calculated from minimum, mean and maximum temper-
ature data using the Hargreaves equation (Hargreaves
and Samani, 1985). IdR and Qout cannot be directly es-
timated. Therefore, they are grouped in one term and
considered the closure term of the water balance.

To account for each of these individual terms we analysed
specific situations in which some of the terms can be consid-
ered null.

– Situation A – Natural conditions: It assumes that there
was no relevant irrigation contribution to the lagoon
(R = 0) and a negligible value of the outflow (Qout =

0), since the water levels in the lagoon were lower than
the height of the outlet. The closure term becomes Id in
this case.

– Situation B – Modified conditions: Under this situation
the closure term will be the sum of R, Qout and Id .
However, analysing each of the water fluxes dynamics
we can understand seasonal dynamics of this term. We
assume that this period is representative of the current
lagoon state in terms of water balance.

– Situation C – Year 2021–2022: We have measurements
of Qout during the last year. Then the closure term can
be reduced to R+ Id . If we have obtained the Id esti-
mates for the situation A and that estimates are kept in
time. We can provide a value for the irrigation returns
into the lagoon.

4 Results

The analysis of the GSWE’ water extension during the anal-
ysed period 1984–2020 (Fig. 2), showed high fluctuations
during the first two decades of the study period. These fluc-
tuations are clearly linked to the climatic regime, that is, the
lagoon was emptier in dry years than in wet years. However,
from 1995 linked to a boom in the use of the greenhouse for
strawberry crops, the water extension in the lagoon did not
show these high fluctuations. Since then, the water extension
of the lagoon has always been above 70 % of the maximum
lagoon extent (121 149 km2). These results allowed us to ver-
ify the hypothesis of a modification in the lagoon dynamics
due to the strawberry crop irrigation. Therefore, the period
that represents Situation A – natural conditions goes from
1984 until 1995 and the period representing Situation B –
modified conditions goes from 1996 until 2022.
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Figure 2. Evolution of the percentage of relative lagoon water surface with respect to the maximum extension value for the period 1984–
2020.

4.1 Situation A – Natural conditions

For this first period 1984–1995, the number of satellite im-
ages was low, just 20 dates with available information (Ta-
ble 2). This fact makes the 1t use in the balance too long,
diluting the outcomes of the analysis. In addition, the images
also coincide with very dry months, usually in summer, dur-
ing the analysed period. Consequently, the water extensions
in the lagoon were very reduced. This makes errors in the re-
trieving process to become higher. That is, most of the pixels
identified as water were susceptible to be erroneous due to
border effect. Previous studies (Blount et al., 2022) already
pointed out that the main source of error in the satellite re-
sults is the dataset spatial resolution limits, thus, in this case,
the error associated with the volume calculation could be rel-
evant. For this reason, we decided to rule out the water bal-
ance estimates for this period. However, the images analysed
showed that the water levels in the lagoon decrease during
all year except for winter months (Table 2). Therefore, we
can assume that there was no inflow into the lagoon and thus
under natural conditions we can assume that Id = 0 for this
period. In addition, for these months, the water extent in the
lagoon was always below 70 % of its maximum lagoon extent
(Fig. 2).

4.2 Situation B – Modified conditions

Figure 3 shows the monthly evolution of the different terms
of the water balance in the lagoon for the period 1996–2020.
In this case the closure term refers to the sum of subsurface
flow, irrigation return and outflow (Id +R−Qout). A nega-
tive value of this term indicates that outflows from the lagoon
(Qout) are greater than inflows (due to Id and R) into the la-
goon. These conditions were found from November to May
(Fig. 4). Usually in this period, water extension in the la-
goon presents higher values, always above 70 % of the max-
imum lagoon extent (Fig. 2). In addition, these months also
coincide with the strawberry crops’ irrigation period. On the
other hand, results showed positive values of the closure term

Table 2. Dates with available Global Water Surface Explorer
(GSWE) information and percentage over the maximum lagoon wa-
ter extension for the period 1984–1995. Bold cells indicate a de-
creasing change in water extension in the lagoon.

Date % Date %

15/05/1984 78.12 15/04/1987 24.48
15/07/1984 62.50 15/05/1987 17.71
15/08/1984 58.85 15/06/1987 6.77
15/09/1984 59.38 15/07/1987 3.65
15/03/1985 43.75 15/08/1987 8.33
15/04/1985 54.17 15/08/1990 45.31
15/08/1985 44.79 15/09/1990 26.69
15/06/1986 2.60 15/05/1995 69.79
15/02/1987 38.54 15/06/1995 68.75
15/03/1987 36.46 15/07/1995 66.15

from June to October (Fig. 4). That implies that during these
months Qout is almost neglectable.

4.3 Situation C – Year 2021–2022

The Qout measured in the outlet of the lagoon (Table 2)
helped us to verify the outcomes obtained about seasonal-
ity in the lagoon. On the one hand, outflow dynamic follow
the pattern previously defined. Qout decreases from May to
June, it is null from June to November and increases from
November on. This last increase of Qout follows two dif-
ferent rates (about 10 m3 s−1 d−1 from November to March
and about 500 m3 s−1 d−1 from March to May). On the other
hand, we have been able to verify the threshold that defines
when the lagoon is draining out (70 % of the maximum la-
goon extent).

Moreover, having Qout values along this period allows us
to reduce the closure term to the sum of Id +R. Figure 4
shows the evolution of this term for the days when satellite
images were available during the period with outflow mea-
surements. According to our hypothesis of Id = 0, except for
winter, the closure term is equivalent to R.
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Figure 3. Monthly evolution of the different terms of the water balance in the Primera de Palos lagoon for the period 1996–2020.

Figure 4. Evolution of the term R for the days in which there are
satellite images during May 2021–March 2022.

Under these conditions, we were able to account for the
irrigation return inputs into the lagoon establishing three
possible scenarios: (i) high irrigation return inflow, about
4500 m3 d−1 (in April); (ii) medium irrigation return inflow,
about 1700 m3 d−1 (July, October, and December); and low
irrigation return inflow, about 500 m3 d−1 (June and Novem-
ber).

For the higher contribution rate, assuming an irrigation
period about 100 d yr−1 and a water volume allocation for
strawberries irrigation of 7000 m3 ha−1, the irrigation vol-
ume allocated for strawberries in the watershed would be
about 700 mm yr−1, which means that a 15 % of the total ir-
rigation volume is reaching the lagoon.

5 Conclusions

This study quantifies the hydrological dynamics of a highly
human managed wetland in southwestern Spain. The case
study of the Primera de Palos freshwater lagoon can be seen
as a pilot area for testing a methodology to account for un-
measurable water fluxes in a lagoon water balance approach.
The main findings of this work can be summarised:

– The remote sensing product used, GWSE, combined
with local information, can be used to successfully eval-

uate hydrological behaviour in water bodies when his-
torical hydrological data series are not available.

– The spatiotemporal resolution of GWSE has proven to
be enough to capture seasonal dynamics of water fluxes
in the analysed lagoon. Only, some limitations have
been highlighted connected to low levels in the lagoon.
This small water extent can be linked to a wrong water
pixel identification. In this situation the use of higher
resolution remote sensing data, as Sentinel-2 will be the
solution.

– The methodology applied, identifying key situations in
which some terms in the water balance equation can be
neglected, allowed us to define the behaviour of the wa-
ter surface for the period 1984–2020.

– Three scenarios of irrigation return were defined ac-
cording to the season. The quantification of the mag-
nitude of all water fluxes helped to not only reduce the
uncertainty regarding the unmeasured water fluxes but
also to establish the basis for a water balance model to
better inform water-management decision-making.

Code availability. The software is available from the correspond-
ing author, Eva Contreras, upon reasonable request.

Data availability. In relation to the data, two different Earth Ob-
servation (EO) products were used for this research: (1) Global
Surface Water Explorer (Pekel et al., 2016) available at https:
//global-surface-water.appspot.com/download (last access: 1 June
2022) and (2) Landsat 8 scenes, available at https://earthexplorer.
usgs.gov/ (USGS, 2022). Meteorological dataset, Palos de la Fron-
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