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Abstract: The use of distributed precipitation data in hydrological models is critically important
to simulate processes at a micro-basin scale. However, aerial precipitation at a high resolution is
required to run these models. This study aimed to set up the HydroBID tool in the Guadalquivir
River basin using satellite-based precipitation products. The employed products included GSMaP
gauge version 6, interpolated rain gauges using Kriging, the combined GS product for Bolivia, and
the proposed combined product for the Guadalquivir basin. The GS Guadalquivir was generated by
combining the satellite-based product GSMaP gauge version 6 with the local rain gauge network. The
main difference with GS Bolivia is the improvement of the resolution from 5 km to 250 m. An iteration
scheme using 230 micro-basins was employed, reaching a correlation of 0.98 compared to the control
dataset. By using the hydrological model with the precipitation products, the daily river discharge
was obtained, showing a high correlation of 0.99 and efficiency of 0.96 in relation to observed data
between 2000 and 2016 at Obrajes station. Simulated flows with Kriging and GS Guadalquivir
products presented similarly high correlations compared to the observed flows. In the case of GSMaP
and GS Bolivia, these products showed general underestimations of the simulated flows, reaching
correlations between 0.28 and 0.91, respectively. Moreover, annual volumes were analyzed, where the
overestimation of GSMaP, Kriging, and GS Guadalquivir showed similar characteristics concerning
the distribution of specific river discharges and volumes. Therefore, HydroBID appeared to be a
feasible tool with enough adaptability to use distributed precipitation and simulate flows at a micro-
basin scale. Therefore, we recommend applying this scheme to other basins to carry out analysis of
events, water balance, and floods and similar studies.

Keywords: Guadalquivir basin; HydroBID; rain gauge; distributed precipitation; Bolivia

1. Introduction

Hydrological modeling analyzes the water sources contributing to a hydrological unit
within a specified period while simplifying the physical characteristics of the hydrological
unit. Depending on how the data are input and the spatial characteristics being considered,
models can be categorized as lumped, semi-distributed, and distributed [1].

Lumped models offer advantages in studies with limited information. The mathe-
matical equations governing these scenarios are not linked to the physical characteristics
of the catchment watershed; rather, they are solely functions of time. Lumped models
exhibit higher performance efficiency based on the available data. Some lumped mod-
els include the Sacramento Soil Moisture Accounting (SAC-SMA) model, the McMaster
University-Hydrologiska Byrans Vattenbalansavdelning (MAC-HBV) model, SMARG, the
modele du Génie Rural a 4 paramétres Journalier (GR4]), and the Hydrologic Engineering
Center Hydrologic Modeling System (HEC-HMS) [2].

Distributed models consider the spatial heterogeneity of precipitation data. Semi-
distributed models view hydrological units as arrangements of discretized sub-units that
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are internally homogeneous within a given hydrological unit [3]. These models find
application in various studies, including climate change analysis with an improved three-
parameter hydrological model in Zhejiang Province, China [1], the implementation of the
Xinanjiang model to analyze flood frequency [4], and analysis of hydrological forecasting
to predict climate change effects in the Naryn River basin [5].

Several studies have reported on hydrological model applications in Bolivia. the two
significant works are the editions of Balance Hidrico Superfical de Bolivia (BHSB) published in
2016 and 2018. The BHSB 2016 looked at the period from 1998 to 2011, using precipitation
data from the National Meteorological and Hydrological Service (SENAMHI) and the
Tropical Rainfall Measuring Mission (TRMM) and employing the Témez hydrological
model [6]. The BHSB 2018 considered a longer and updated period, 1980-2016. It also
included the Climate Hazards Group InfraRed Precipitation with Station (CHIRPS) data and
used the Water Evaluation and Planning System (WEAP) tool developed by the Stockholm
Environment Institute (SEI) [7]. The use of numerical hydrological models has become
increasingly popular in Bolivia.

The Guadalquivir basin, located in the southern part of Bolivia, has been prioritized
by the Environment and Water Ministry (MMAyA, Ministerio de Medio Ambiente y Agua
in Spanish) as a key basin within its master plan for hydrological analysis and water
balance. Consequently, the Guadalquivir basin was analyzed with studies that employ
different hydrological models. In 2016, a water balance was developed that considers a
climate change analysis with the WEAP model [8]. In 2018, the Swiss Cooperation Office in
Bolivia, in collaboration with the departmental government of Tarija, developed a study to
design water maps indicating water use and availability and employing a multiple linear
regression model [9]. These maps form part of the master plan of the Guadalquivir basin of
2022 where the WEAP tool was updated [10].

So far in Bolivia, WEAP and HEC-HMS are the most popular software packages for
hydrological modeling. WEAP is a modeling and planning tool for water distribution
whose parameters include the types of land use, soil types, climate data (precipitation and
temperature), wind, and demands on water supply [11]. Other parameters are appropriate
for other study themes, such as water supply and demand, rules of operation, usage
rights, and water quality in terms of organic contamination [12]. Particularly in Bolivia,
WEAP has been used for analysis of hydroelectric sources, national hydro-ecological
monitoring [13], analysis of climate change in the Katari basin [14], policy development for
water-resource management in the Rocha River basin [12], and socioeconomic analysis for
crop optimization in the Bolivian Andes [15].

The Hydrologic Engineering Center (HEC) developed different simulation models.
The HEC-HMS mentioned earlier and the River Analysis System (RAS) are analysis-
oriented models for continuous precipitation and storm scenarios, respectively. Like
other hydrological models, the HEC-HMS requires data, such as information about climate,
land use, soil type, and so on, and utilizes different methodologies to process them. For
example, in the case of land use, the Soil Conservation Service Curve Number (SCS-CN),
Soil Moisture Accounting (SMA), Green and Ampt (GA), and Deficit and Constant (D.C.)
are alternatives [16]. These applications include the analysis of digital elevation models
based on the management of the Colorado River [17], flood and landslide analysis in
Cochabamba, [18] and the employment of HEC-RAS and the analysis of satellite precipita-
tion products and combined products [19] and hourly continuous modeling analysis [20]
using HEC-HMS in the Rocha River basin.

The Banco Interamericano de Desarrollo (BID), within its Latin America and Caribbean
water resources and climate change program, sponsored the development of the Hydro-
BID tool [21]. This tool allows hydrological and climate change analysis to estimate the
availability of fresh water. This modeling system is based on runoff by the Generalized
Watershed Loading Functions (GWLFs). In contrast to the WEAP and HEC hydrological
models, HydroBID integrates a database of land use and soil type, hydrological units,
and river courses at the Latin America and Caribbean level. Moreover, HydroBID uses
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an analysis of the sources of precipitation and temperature, allowing, through an inverse
distance weighted (IDW) interpolation, the assignment of a unique value to each of the
hydrological units that make up the study basin.

The applications of the HydroBID tool have led to a limited number of studies in
Latin America. These showed how HydroBID was applied at different sizes of basins,
including climate change scenarios, in order to assess potential changes in precipitation
and temperature. First, the management of water resources in the Rio Grande basin,
Argentina, was carried out. The overestimation of flow peaks was noticed, but there was
an underestimation of baseflow [22,23]. Second, in the Peru Piura River basin advantage
was taken of a historical dataset to calibrate the model [24]. Third, also in Peru, at the
Chancay-Lambayeque basin, potential impacts of El Nifio events on sediment loading were
assessed [25]. Fourth, in northern Argentina, the Bermejo River basin was modeled [26].
Fifth, in Ecuador, at the Chalpi basin, water investments considering climate change were
performed with the aid of HydroBID [27]. Another case study is the Guali River basin
in Colombia. In this one, HydroBID was employed as a tool that enabled fundamental
hydrological modeling, which was subsequently used in other models such as WEAP. For
this purpose, rainfall stations around the study basin were utilized [28]. Most of them
focused on climate change scenarios analysis, but none of them explored the merit of
the precipitation pattern utilizing satellite-based products. Additionally, the simulation
periods in this study, 2000-2016, were more updated than previous reported applications of
HydroBID, and, particularly, an application of HydroBID in Bolivia was not reported yet.

HydroBID can be categorized as a semi-distributed model, with precipitation being
considered the most important hydrological variable. In the case of Bolivia, the presence of
the rain gauge is found closer to capital cities. Moreover, the database provided by these
stations may be affected by periods without records or equipment malfunctions that impact
their functioning [29]. However, satellite-based precipitation (SBP) measurement products
are an alternative for developing studies of ungauged areas. However, despite presenting
comprehensive databases, they only allow for an estimation of the actual precipitation
value. For example, GSMaP in Bolivia exhibits a daily precipitation correlation of 0.59
and an efficiency of 0.8 with the local rain gauge network. Then, another alternative was
considered, the usage of a combination of the rain gauge database with an SBP product.
The results present a considerable improvement compared to initial SBP products with
further potential in the development of hydrological studies [30]. However, the spatial
resolution of this study can be a constraint for micro-basin analysis. Normally, micro-basins
are considered with watershed areas of less than 100 km? where most of the decision
making is required.

The objective of this study is to explore the capabilities of the HydroBID model
when combined with satellite-based precipitation products at a micro-basin scale to better
understand hydrological processes and support decision making.

2. Materials and Method
2.1. Study Area

The Guadalquivir River basin is located in the department of Tarija, in southern Bolivia.
The basin has an area of 3342 km?, equivalent to 9% of the area of the whole department.
The basin has a population of 294,000, encompassing the 51% departmental population. The
Guadalquivir basin has elevations between 1600 and 4600 m above sea level [10], presenting
two of the national ecological steps, highlands and valleys, with the latter predominating,
as can be seen in Figure 1. The basin was divided into 230 micro-basins obtained from the
HydroBID database.

In terms of climatic conditions, the basin shows precipitation between 580 and
840 mm/year, with the highest values occurring at the south of the basin. The aver-
age temperatures are between 9 °C and 19 °C, with the highest values in the central part of
the basin. These data came from the BHSB database [7]. In Figure 2, the precipitation and
temperature distribution maps for the study area can be seen.
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Figure 1. Location map of Tarija city within Guadalquivir River basin, in southern Bolivia.
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Figure 2. Average annual meteorological maps for the period 2001-2016 in Guadalquivir basin for
(a) precipitation and (b) temperature, with rain gauge data interpolation.

Challenges to the basin include water supply, climate change, and pollution. Tarija
city, the capital of the department, is located within the basin. Twenty-five percent of the
population within the basin experience water-shortage problems. Shortages can equate to
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70% of water need. Pollution is the result of the urban and industrial activities of different
communities and the city located in the watershed [10]. Finally, heavy metal has been
found to be present in a few streams. Lead, iron, and manganese are consequences of
mineralogical activity, which has also led to desertification in some zones of the basin [31].
However, studies have been conducted to evaluate treatment methods for the heavy metals,
for example, the implementation of reverse osmosis [32].

2.2. Methodology
2.2.1. HydroBID Model

HydroBID model employs the GWLF runoff model. This model uses a micro-basin
system and considers land use and soil type for an individual unit analysis. With the
HydroBID model, the flow is generated for each micro-basin in the analysis.

This model already has a database prepared for different hydrological variables such
as land use, soil types and curve number. Another database included in HydroBID is the
Analytical Hydrological Database (AHD), which includes delineated micro-basins and a
hydrological network for Latin America and the Caribbean.

Because of this, the model mainly requires the introduction of climatological variables
and observed flow data to perform the calibration and validation of the parameters [21].
Figure 3 shows the methodology used by HydroBID in order to generate flows using the
precipitation products.

Imput Data
e  Precipitation
Rain Gauge (HydroBID Tool)
Kriging
GSMaP
GS Bolivia
GS Guadalquivir
e Temperature

0O 0 O0O0Oo

Simulated Flows
Generated streamflow
with different
precipitation products

GWFL Model
Runoff Model
“Precipitation-Runoff”

\ 4

Figure 3. HydroBID flowchart for hydrological modelling using different precipitation inputs.

The flow simulation can be slightly adjusted by the management of four parameters.
The Curve Number (CN) allows characterizing the type of land use and representing
the hydrology in the soil. A CN value is assigned at each micro-basin. This parameter
within the HydroBID can be changed by including a multiplier. The default multiplier
value of this parameter is 0.8. The Available Water Content (AWC) indicates the beginning
of the percolation process and estimates the amount of water that can be stored in the
soil to be used by plants, affecting the infiltration directed to groundwater. Like the
previous parameter, the modification of this parameter can be performed using a multiplier.
The default value is 1. The Recession Coefficient “r” characterizes the contribution of
groundwater near the surface to river flows after a flood event and controls the rate of
groundwater flow in the saturated zone. This parameter needs to be entered numerically.
The default value is 0.008. Finally, the Percolation Coefficient “s” controls the rate of
percolation into the deep groundwater aquifer. The default value is 0.005.

The generated streamflow was evaluated at Obrajes station located at the outlet of the
Alta del Guadalquivir basin, see red spot in Figure 4a. Then, the adjusted parameters were
used as representative for the whole basin.
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Figure 4. (a) Alto Guadalquivir basin, Obrajes station and Tarija city; (b) Micro-basins with average
of 15 km? in Guadalquivir River basin.

In this study, the calibration period was set as between 1/1/1980 and 12/31/1999 and
a validation period was set as between 1/1/2000 and 12/31/2014. Figure 4 shows the area
of contribution to the Alto Guadalquivir basin with reference to the whole basin, and in
Figure 4b the micro-basins are depicted.

The calibration process was carried out with trial and error. Actually, the sensitivity of
parameters was analyzed. In this sense, the maximum and minimum values of the different
parameters were used (see the left columns in Table 1). Initially, only one parameter
was changed at a time, while keeping the default value for the rest. Moreover, statistical
indicators, such as Nash and Sutcliffe efficiency and variance in relation to observed data,
were included to analyze the simulated streamflow. Then, another parameter’s value was
tried. The parameter that displays the greatest sensitivity in efficiency is the curve number,
affecting the peak flows, which define infiltration rates. The parameter that generates the
highest statistical variability compared to the observed data is the Available Water Content,
impacting the base flow and exhibiting errors ranging from —55.9% to 43.3%.

Table 1. HydroBID’s parameter ranges for the contributing area down to Obrajes station.
Values Nash a1.1d. Sutcliffe Variance (%)
Parameter Efficiency

Min Max Min Max Min Max
Curve Number (CN) 0.1 1 0.1 —-35 —23.8 12.6
Available Water Content (AWC) 0.1 2 —0.5 —0.8 43.3 —55.9
Recession Coefficient 0.0001 0.01 -1.3 —0.5 —13.3 —14.9
Percolation Coefficient 0.0001 0.01 -0.7 -0.5 221 —40.7




Water 2023, 15, 3250 7 of 18

Within the sensitivity analysis, various combinations were tested to obtain simu-
lated flows against the observed ones. As a result of the calibration process, the selected
parameter values are compared to the default values (see Table 2).

Table 2. Default and calibrated parameters for Obrajes basin.

Parameters Default Calibrated
Curve Number (CN) 0.8 0.46
Available Water Content (AWC) 1 0.1
Recession Coefficient 0.008 0.006
Percolation Coefficient 0.005 0.008

Based on these parameters, the hydrological modeling of the basin was carried out,
obtaining the following hydrographs for calibration (Figure 5a) and validation (Figure 5b)
for the periods 1980-1999 and 20002014, respectively.
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Figure 5. Hydrographs for (a) calibration and (b) validation in the Obrajes station.

With these simulation values, we proceeded to obtain statistical indicators to determine
the proximity between the simulated and observed values. These values are presented in
Table 3. Correlation coefficients of 0.709 and 0.744 were obtained for the calibration and
validation stages, respectively. The efficiency values were found to be between 0.474 and
0.481, indicating an acceptable approximation in relation to individual observed flows in
the station.

Table 3. Statistic indicators for calibration and validation process in Alto Guadalquivir basin.

Statistic Indicators Calibration Validation
Determination Coefficient (R2) 0.503 0.554
Correlation Coefficient (R) 0.709 0.744
Mean Absolute Error (MAE) 1.846 1.447
Root Mean Square Error (RMSE) 3.230 2.428
Nash and Sutcliffe Efficiency (NSE) 0.474 0.481
Variation (%) —14.21 13.5

2.2.2. Precipitation Data

In the Guadalquivir basin, there are a total of 77 rain gauges. However, the database
of these rain gauges presents discontinuous records for 55 stations, meaning that only
22 stations showed complete records. Due to this limitation, the satellite-based precipitation
products were used as an alternative in this study.

The management of climatological data is one of the most important aspects of Hy-
droBID. The model allows for the introduction of climatological data in a timely manner
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through an interpolation method. Specifically, the IDW method is used to obtain a repre-
sentative value for each sub-basin of the database. To achieve this, a variable allows for the
consideration of the number of stations to carry out the IDW interpolation. In the case of
the Guadalquivir basin, three stations were used for each micro-basin. The precipitation
and temperature values employed in this interpolation process correspond to the values
used in the available rain gauge network from BSHB 2018 [7].

However, in the event of a lack of rain gauges, satellite-based products can be used to
keep the precipitation pattern. Since these products have different spatial resolutions, a
treatment prior to its inclusion in the HydroBID model is needed.

First, the IDW interpolation method, used by HydroBID as the default approach for
generating climatological data for micro-basins, was compared with the Kriging method,
which was employed in other studies for precipitation data analysis [33]. This product has
a daily temporal resolution and a spatial resolution of 0.0025° (approx. 250 m).

The satellite product GSMaP.v6_Gauge was selected as the distributed precipitation
product to be used. This product was developed by the Japan Aerospace Exploration
Agency (JAXA). The product employs micro-wave and infrared sensors to capture infor-
mation. This product presents a database from March of 2000 to the current date. GSMaP
presents different temporal resolutions: hourly, daily, and monthly. In the case of spatial
resolution, the product presents a grid of 0.1° (approx. 10 km). For the case of this study,
the product with an hourly temporal resolution was selected, and then it was aggregated
daily based on the time difference between Bolivia and the initial data capture zone.

Additionally, the combined precipitation product GS Bolivia was selected to be in-
cluded in the study. According to Saavedra and Urefia (2022), GS was generated using an
iterative methodology that applied the relative error to combined rain gauge and GSMaP
data. The product has a daily temporal resolution and spatial temporal resolution of 0.05°
(approx. 5 km).

When comparing the GSMaP and GS Bolivia products in the La Plata basin, correla-
tions of 0.33 and 0.98 were observed, respectively. This indicates a significant improvement
compared to the original satellite product [30].

However, the spatial resolution of GS Bolivia is 5 km, causing a loss of precision based
on the information at the Guadalquivir basin. To improve this limitation, a new version
of the GS product was created, adjusting to the defined 230 micro-basins and a spatial
resolution of 250 m. The combination methodology proposed by Saavedra and Urefia
(2022) was used, consisting of a combination of daily rain gauge data and a satellite-based
precipitation measurement product through an iterative generation methodology. This
method uses a correction coefficient based on the relative error at each micro-basin. In the
case of the Guadalquivir basin, five iterations were needed to reach convergence. Figure 6
shows the average daily precipitation of the four mentioned products.

The default rain gauge precipitation data generated by HydroBID presents a great
resemblance to the precipitation data generated with Kriging interpolation. In Figure 7,
the precipitation data obtained using Kriging shows a slight difference at the high values
compared to the precipitation data interpolated by IDW from HydroBID.

In the case of satellite-based precipitation products, GSMaP presents a general un-
derestimation in the period 2000-2014. However, during the periods from 09/2002 to
12/2003 and from 03/2015 to 06/2016, it shows several overestimations. In contrast, the
GS Bolivia data displays a general underestimation throughout the study period. As for
GS Guadalquivir, the precipitation closely resembles the IDW interpolation by HydroBID.
These patterns can be seen in Figure 8.
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Figure 6. Guadalquivir precipitation daily map for the period 2001-2015: (a) Kriging interpolation,
(b) GSMaP.v6_Gauge, (c) GS Bolivia, and (d) GS Guadalquivir.
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Figure 8. Time series of monthly precipitation for rain satellite-based products for the period
2000-2016.

Moreover, a statistical analysis was carried out for the study area. It was observed that
GS Bolivia correlations of 0.54 and 0.78 were obtained in Guadalquivir basin. However,
using the GS Guadalquivir product found a correlation of 0.98. The efficiency of the Nash
and Sutcliffe product increases slightly depending on the size of the study area. The
comparative indicators are summarized in Table 4.

Table 4. Statistic indicators for satellite and combined precipitation.

Statistic Indicators GSMaP GS Bolivia GS Guadalquivir
Determination Coefficient (R2) 0.30 0.62 0.95
Correlation Coefficient (R) 0.54 0.78 0.98
Mean Absolute Error (MAE) 1.82 0.74 0.17
Root Mean Square Error (RMSE) 3.34 1.63 0.70

Nash and Sutcliffe Efficiency (NSE) 0.25 0.82 0.97
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3. Results
3.1. Flow Analysis

For the generation of flows through the HydroBID tool, the distributed precipitation
data were used. The method of introducing these was adjusted from distributed maps to
representative values per hydrological unit of the model.

As a result, in Figure 9, the data iterated through the Kriging method show simulated
flows very similar to those observed through the IDW method. The Kriging flows present
a drastic reduction in the maximum values registered in January 2004 and 2014 within
the study period. This is due to the way the Kriging method generates the data, where
the maximum and minimum values of the input data are reduced by the logic of the
interpolation model.
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Figure 9. Simulated and observed hydrographs using interpolated rain gauge with Kriging method.

Figure 10 shows a comparison of the simulated flows using the products derived
from satellites: GSMaP, GS Bolivia, and GS Guadalquivir. In the case of GSMaP precipi-
tation, the simulated flows presented a general underestimation throughout the assessed
period. However, during the periods 2003-2004 and 2015-2016, there are cases of persis-
tent overestimations.
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Figure 10. Simulated and observed hydrographs using satellite and combined precipitation.
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However, the simulated flows using GS products show closer agreement to the over-
served flow. Actually, the GS Guadalquivir product exhibits the highest similarity to the
observed values, even simulating the peak flows recorded in 2004 and 2014.

Statistically analyzing the flows, the GSMaP product presents the lowest indicators in
relation to the other products, as seen in Table 5. With a correlation of 0.28 and a negative
efficiency, the flows generated by this satellite product present an overestimation flow.
However, the other products present correlations greater than 0.9 and present a positive
efficiency, with the Kriging and GS version for Guadalquivir products being the ones with
the best indicators.

Table 5. Statistic indicators of simulated streamflow using satellite and combined products.

Statistic Indicators Kriging GSMaP GS Bolivia  GS Guadalquivir
Determination Coefficient (R2) 0.98 0.08 0.83 0.99
Correlation Coefficient (R) 0.99 0.28 091 0.99
Mean Absolute Error (MAE) 1.64 13.58 5.47 2.02
Root Mean Square Error (RMSE) 2.64 25.82 8.21 2.82
Nash and Sutcliffe Efficiency (NSE) 0.96 —247 0.65 0.96

Moreover, the specific river discharge at each micro-basin was estimated in the
Guadalquivir basin. This variable makes possible the comparison of the amount of stream-
flow that can be generated per unit of area. Three main regions within the basin were
classified based on elevation: highlands, valleys, and lowlands, as seen in Figure 11.
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Figure 11. Three main regions within Guadalquivir basin.

As expected, the specific river discharge at lowlands showed higher values due to the
flow accumulation downstream. Using the GS Guadalquivir product, values of 0.039, 0.095,
and 4.892 m?/s/km? were obtained in the highlands, valleys, and lowlands, respectively.
The complete values for four products can be seen in Table 6.



Water 2023, 15, 3250

13 0f 18

Table 6. Specific river discharge in Guadalquivir basin.

Streamflow (m3/s/km?) Highlands Valleys Lowlands
Rain Gauge (HydroBID) 0.044 0.107 5.689
Kriging Interpolation 0.029 0.094 5.176
GSMaP 0.038 0.128 6.962
GS Bolivia 0.023 0.073 3.917
GS Guadalquivir 0.039 0.095 4.892

Then, a specific river discharge using the GS Guadalquivir product was generated
showing the differences among micro-basins, as seen in Figure 12. Four main contributions
to the main river in the direction to the outlet can be seen. Particularly, there were higher
values in the southwestern part where the Sama Biological protected area is located. This
finding is consistent with the higher precipitation pattern in this southwestern zone.
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Figure 12. Distribution of specific river discharge using GS Guadalquivir product.

3.2. Volume Analysis

Further analysis is presented of the annual volumes resulting from the flows gen-
erated. Figure 13 shows the different volumes obtained from the streamflow modeling
of the different products. Using Kriging and GS Guadalquivir, simulated volumes with
HydroBID were plotted against observed volumes. However, during the period 2008-2011,
GS Guadalquivir presents an underestimation that is not appreciated in Kriging. The GS
Bolivia product showed cases of underestimations throughout the modeling period.
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Figure 13. Annual simulated volume using four simulated flows against observed streamflow.

Based on these data, statistical indicators were generated that allowed us to analyze
the behavior of the volumes and corroborate the observations. According to the data in
Table 7, the precipitation generated using Kriging presents a correlation of 0.98, close to the
default values generated by HydroBID, and, thanks to the efficiency of Nash and Sutcliffe,
a minimum variance can be determined. A similar case can be observed with the GS
Guadalquivir product, which presents a correlation of 0.97 and an efficiency of 0.98.

Table 7. Statistic indicators for satellite and combined volume.

Statistic Indicators Kriging GSMaP GS Bolivia  GS Guadalquivir
Determination Coefficient (R2) 0.95 0.00 0.50 0.95
Correlation Coefficient (R) 0.98 0.06 0.70 0.97
Mean Absolute Error (MAE) 50.7 426 174 62.7
Root Mean Square Error (RMSE) 55.0 748 194 67.1
Nash and Sutcliffe Efficiency (NSE) 0.99 —1.00 0.87 0.98

The difference lies in the database, where, through the mean absolute error (MAE) and
the root mean square error (RMSE), a slight difference is observed where Kriging presents
a better tendency in relation to GS Guadalquivir. However, the GSMaP product presents
a correlation of 0.06 and a negative efficiency, indicating its lack of similarity with the
observed volumes.

4. Discussion
4.1. Precipitation Data

The meteorological introduction data tool of HydroBID employs by default the IDW
interpolation to generate the value per hydrological unit. This study analyzed the possibility
of distributed precipitation values. Subsequently, an aerial precipitation was calculated
for each hydrological unit. Kriging interpolation rain gauge data, GSMaP_Gauge.v6, and
GS Bolivia [30] were tested. Only the Kriging data presented a similar correlation to that
generated with the IDW method. The product GS Bolivia showed a correlation in the La
Plata basin of 0.98. In the analysis for the Guadalquivir basin, the correlation was reduced
to 0.8. For this reason, a new version of this product was developed for the basin, increasing
the spatial resolution to 250 m.

The iterative method to generate the combined precipitation product was found very
useful to fulfill the required spatial resolution of 230 micro-basins. Five iterations were
found to be enough to reach convergence.
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4.2. HydroBID as a Hydrological Model

The model employed for the Guadalquivir basin was set up without further inconve-
nience. The inclusion of a soil type database and its assighment to each of the micro-basins
comprising the AHD allows HydroBID users to have support when collecting and format-
ting other required variables (such as precipitation and temperature). Moreover, the soil
type is based on the Global Land Cover Characterization (GLCC) of 1993 [21]. To present
more accurate results, it is possible to develop interpretation and management skills to
update the HydroBID database at a smaller scale. However, addressing this issue is beyond
the scope of their study.

The calibration and validation of the model parameters were carried out smoothly
with trial-and-error analysis checking both visual and statistical indicators. Since there
are only four parameters to calibrate, the job becomes feasible in terms of computation
cost. Actually, CN and AWC use multipliers, which narrows the spectrum of options. The
multipliers are applied at each micro-basin.

The Guadalquivir HydroBID model was run with different precipitation products.
The raw GSMaP product highlighted the need to analyze satellite-based precipitation data
before using it in modeling. Due to the overestimation cases observed, it is plausible that a
similar error may occur when using other satellite products.

Another significant aspect in handling satellite products is the spatial resolution.
TRMM, with a spatial resolution of 25 km, offers lower precision when using its data. In
the present study of the Guadalquivir basin, products with resolutions of 10, 5, and 0.25 km
were employed, with Kriging interpolation and the GS Guadalquivir product presenting
the smallest resolution and yielding better results.

4.3. Applications of HydroBID Model

Regarding the volume analysis, at recent studies in hydrological models of this basin,
values of 436, 514, and 647 Hm? were reported [8-10]. In the present study, the simulated
average values were 536, 485, 647, 362 and 474 Hm? using rain gauges, Kriging interpolation,
GSMaP, GS Bolivia and GS Guadalquivir, respectively. In the case of Kriging and GS
Guadalquivir precipitations products, the variance in relation to previous reported data is
between 9 and 11%, with a tendency to underestimate values. Then, the estimates using GS
Guadalquivir are recommended to be employed.

These volumes in future studies can be used to encourage sustainable development
considering water consumption per capita, hectares to be irrigated, storage volumes re-
quired for hydroelectric power generation and environmental flow.

Finally, since Guadalquivir basin is located in a semi-arid region, and the specific river
discharge was already estimated, a sediment transport analysis is feasible to be performed
using the module within HydroBID platform.

5. Conclusions

In this study, a hydrological model of the Guadalquivir basin has been set up using
the HydroBID tool and combined precipitation products. The results showed considerable
adaptability when used with these products. During the calibration of the model parame-
ters, the Curve Number (CN) showed control over the simulation of peak flows. However,
the Available Water Content (AWC) generally controls the baseflow. The calibration and
validation of the model depicted correlation coefficients of 0.709 and 0.744, respectively.

After the generation of the GS precipitation product version for Guadalquivir (GS
Guadalquivir), this product obtained a correlation of 0.98 and an efficiency of 0.97. These
results are much better than those obtained with GS Bolivia, which presented a correlation
of 0.78 and an efficiency 0.82. The transition from a spatial resolution of 5 km to 250 m
showed an improvement in the precipitation data.

In the modeling process with the generated precipitation data, it was observed that
the data management with Kriging and the GS Guadalquivir product presented high
correlations in relation to the simulated flows with HydroBID (0.99 for both products).
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However, the GS product presents a better visual approach to the modeled flows, even
simulating extreme flows with slight underestimations. In the case of GSMaP and GS
Bolivia, these products present general underestimations of the flows simulated by the
model, reaching correlations between 0.28 and 0.91, respectively.

In the case of GSMaP, it is possible to observe overestimated flows in the periods
2003-2004 and 2015-2016 that could not be detected with the precipitation analysis. In the
case of GS Bolivia, this product presented an MAE of 5.47 and an RMSE of 8.21, double and
quadruple the values of its exclusive version of the basin.

Analyzing the annual volumes in the basin, we observed firstly the overestimation of
values presented by GSMaP, which reached 4 times the maximum value registered by the
original simulated products. Kriging and GS Guadalquivir presented similar characteristics
with respect to the distribution of volumes, emphasizing a greater number of underestima-
tions by the GS product. This is validated with the MAE and RMSE values presented by
these products (50.7 and 62.7 for MAE and 62.7 and 67.1 in the case of RMSE).

Furthermore, when analyzing the output volumes at the end of the basin, it can be
observed that the products using IDW and Kriging precipitation show a slight difference,
strengthening the usage of interpolated rain gauges with the HydroBID model. In the case
of GS Guadalquivir, the volume presents a similar behavior to Kriging, and this product
presents better values than GSMaP.

In summary, three main achievements are reported in this study: (1) the generation of
a GS Guadalquivir satellite-based precipitation product with 230 micro-basins; (2) the usage
of the HydroBID tool to convert precipitation products into simulated flows, specific river
discharge, and volumes within micro-basins; (3) the ground validation of satellite-based
precipitation products at two stages, against local rain gauges and the observed streamflow.

The use of HydroBID In other basins is therefore recommended as a support tool not
only for flow forecasts but also for water resources management.
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