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Abstract: Drought is an extreme phenomenon that will likely increase in frequency and severity in the
current context of climate change. As such, it must be studied to improve the decision-making process
in affected areas. As a semi-arid zone, the Guadalquivir River basin, located in the southern Iberian
Peninsula, is an interesting area to perform this study. The relationship between meteorological
and hydrological droughts is studied using drought indices with data from 1980 to 2012. The
chosen indices are the Standardized Streamflow Index (SSI) and the Standardized Precipitation
Evapotranspiration Index (SPEI). Their correlations are calculated, based on SPEI accumulation
periods, and these values are analyzed with a principal component analysis to find spatial patterns
in drought behavior inside the basin. This analysis was performed for the continuous series and
also for monthly series, to account for seasonal changes. It has been found that the relationship of
drought types occurs at different time scales depending mainly on orography and catchment area.
Two main patterns were found. Generally, for low altitudes and small catchment areas, accumulation
periods are shorter indicating that hydrological system in this area respond rapidly to meteorological
conditions. In mountainous parts of the basin, longer accumulation periods have a stronger influence
due to effects such as snowmelt.

Keywords: meteorological drought; hydrological drought; drought propagation; SPEI; SSI; Guadalquivir
River basin

1. Introduction

Several regions around the world, their populations, and their economies, are currently
affected by the extreme phenomenon of drought [1]. Climate change projections using
regional models show that some arid and semiarid areas, such as the Iberian Peninsula,
will likely suffer an increase in the number and severity of droughts [2,3]. Therefore, such
extreme events must be studied in order to understand their mechanisms and how different
parameters affect their development.

One of the mechanisms that can be studied is the relationship between different
drought types. The definition of drought type depends on the variable that determines the
occurrence of drought. For example, meteorological drought happens when rainfall is lower
than a certain threshold; in contrast, hydrological drought appears when streamflow and
runoff are lower than normal. Depending on the purpose of the definition, the timeframe
may span from weeks or months used in policies to years used in megadrought studies.
The relationship between hydrological and meteorological droughts has been studied in
different areas of the world [4–8], and it depends on factors such as climate characteristics
and orography [9,10]. Therefore, it is not an immediate conclusion that hydrological
drought will happen shortly after meteorological drought. On the contrary, it requires a
detailed quantitative analysis on each basin.

Drought indices are one of the tools that can be used to perform the aforementioned
quantitative analyses. There are a plethora of indices, and each of them has a different
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application. To define meteorological droughts, the classic Standardized Precipitation
Index, SPI [11], considers only precipitation in order to assess the occurrence of droughts
or wet periods in an area, but several other indices have been developed after SPI. Each of
those indices takes into account the different climate parameters. In this study, two indices
are used: the Standardized Precipitation Evapotranspiration Index, SPEI [12], and the
Standardized Streamflow Index, SSI [13]. SPEI describes meteorological drought through
the use of precipitation and potential evapotranspiration data. By choosing SPEI over SPI,
the role of temperature increase is better accounted for when evaluating drought conditions,
particularly during periods of precipitation deficits over water-limited regions [14], which
is important in the current context of climate change [15,16]. Meanwhile, SSI describes
hydrological drought through the use of streamflow data. One of the advantages of SSI
over other hydrological indices is that it chooses between six probability distributions
to adjust streamflow data. Since hydrological processes are highly dependent on the
orography, not having a fixed probability distribution allows for a better, more flexible
characterization of the spatial particularities of the basin. At the same time, it has the benefit
of all standardized indices in that they allow for robust drought comparisons between
different spatial points [13]. Other hydrological drought indices, such as the Regional
Deficiency Index, only describe duration and severity of droughts, not magnitude [17].
Additionally, spatial comparisons are not as reliable as with standardized indices such as
SSI [17].

The Guadalquivir River basin is a semi-arid area located in the South of the Iberian
Peninsula. Its main river, the Guadalquivir, is the fifth longest river in the Iberian Peninsula
with 657 km. Yearly water demands in this area are around 3568 hm3, while yearly avail-
ability ranges from 372 hm3 to 21,530 hm3 [18]. As water deficits are likely to increase due
to climate change, it is of upmost importance to understand how hydrological and meteoro-
logical droughts influence each other in the basin. Understanding the relationship between
both drought types, also called drought propagation [19], will be beneficial to manage
water resources in the area [20], which is likely to become a critical task in the near future.
This topic is currently being studied in different areas using other indices [21–23], and it is
also interesting for evaluating changes in groundwater resources [24]. Additionally, the po-
tential impact of reservoirs in the relationship of both drought types has been explored [25],
and will be discussed later in this paper since several regulation infrastructures have been
built in the studied basin in the past. While there are methodologies that focus on the dry
periods of the drought indices, studying duration, severity, and magnitude of drought
events, such methodologies are not adequate to consider the evolution of human-induced
hydrological changes [26]. Therefore, they are not used in this analysis.

The main objective of this work is to study the hydrological response to meteoro-
logical droughts in the Guadalquivir basin, taking into account the existing regulation
infrastructures. This aim is completed by classifying the basin into different sub-areas
which show similar correlation patterns between SPEI and SSI, i.e., between meteorological
and hydrological droughts.

Section 2 explains the data used, including a description of the study area, and the
methodological approach. Section 3 explains the main findings of the study. Lastly, the
conclusions in Section 4 sum up the results and explain how they can be further used in
future studies.

2. Data and Methodology

The study area is located in the south of the Iberian Peninsula. Figure 1 depicts the
main features of its orography. Guadalquivir River has several tributaries, which can at first
glance be divided into two groups: the ones to the south of Guadalquivir, which are longer,
and the ones to the north, which are shorter. The presence of small rivers in this dry area,
together with the necessity to avoid water deficit, has historically led to the construction
of several dams and reservoirs to supply for agricultural and human water needs in the
area. Therefore, there is a high regulation in streamflow, which makes it an interesting



Water 2022, 14, 2849 3 of 19

area to study. For example, precipitation in the summer months (particularly in July and
August) is almost zero in several parts of the basin, but reservoirs must supply a minimum
ecological streamflow. Therefore, the correlation between precipitation and streamflow
is cancelled because of human activities. During higher-precipitation months, normally
from November to February, with December reaching more than 3000 mm in extreme cases,
or when extreme flood events occur, the streamflow released from dams is higher, so the
correlation should increase.
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reservoir stations and their spatial distribution in the Guadalquivir River basin. Altitude in meters
is represented with a color scale, and longest tributaries and main mountain ranges are located in
the map.

Regarding the orography, the Guadalquivir basin consists of mountainous areas
to the north and southeast, with a high presence of limestone and conglomerate. The
northern mountain range, Sierra Morena, is composed of low permeability soils, while
soils in the southeastern mountains of Sierra Nevada and Sierra de Segura show moderate
permeability [18]. A long valley is located in the center of the basin, crossing from east
to west, where the Guadalquivir flows. The river ends in a marsh area in the southwest
of the basin. As can be inferred from this description, the area cannot be defined as
homogeneous, increasing its interest as the place to study the relationship between drought
types. Concerning the relationship between precipitation and streamflow, during spring



Water 2022, 14, 2849 4 of 19

months (from March to May), streamflow will increase due to snowmelt, that is, due to
precipitation from past months. Therefore, different precipitation regimes can be found in
this basin: rainfall regime, snowmelt and rainfall regime, and human-induced regime due
to regulation [27].

This study used high quality observational data for the variables required in the
calculation of drought indices: precipitation, potential evapotranspiration, and stream-
flow. Precipitation was obtained from the Spanish Precipitation at Daily Scale (SPREAD)
dataset [28]. This dataset comprises gridded data based on previous observations. One
of the reasons to choose this dataset is that the dimension of grid squares is 5 km, which
is enough to describe precipitation in the entirety of the Guadalquivir basin at a fine
and appropriate resolution. Potential evapotranspiration was extracted from the Span-
ish Reference Evapotranspiration (SPETo) gridded database [29]. This dataset contains
weekly data at a resolution of 1.1 km, and it has been calculated using temperature, wind
speed, dewpoint temperature, and sunshine duration data by using the Penman-Monteith
formulation [30]. Regarding streamflow data, the main source of observational data is
the Guadalquivir hydrographic authority (Confederación Hidrográfica del Guadalquivir)
website [31], where data are freely available. Particularly, monthly reservoir data have a
high quality with respect to series duration and low presence of gaps and inconsistencies.
Nevertheless, some stations still showed gaps or had a short data timespan. These stations
were not included in the analysis. Furthermore, time series had to be trimmed so that
their data were simultaneous. SPREAD and SPETo end in December 2012, while most
streamflow data begin or improve their quality in January 1980. Therefore, the shared dates
of the three databases range from January 1980 to December 2012, and this is the period
of study.

When managing streamflow data from reservoirs, there are two main values to con-
sider: inflow and outflow. Inflow depends on the physical characteristics of the catchment
basin, while outflow is totally dependent on dam operation. Certainly, the outflow is higher
when extreme precipitation events occur, since dam sluices are opened to avoid floods. It
is, however, more interesting for this study to consider only inflow data. The reason is
the important human interaction component present in outflow data, which distorts the
correlation between precipitation and streamflow. Therefore, for the purpose of this work,
only inflow has been used to calculate the aforementioned relationships. Note, however,
that inflow data are also affected by regulation from upstream reservoirs. Nevertheless, the
impact of such reservoirs is lowered the further they are from the data source. Considering
this explanation, the reservoirs that provided no useful information because of this effect,
i.e., reservoirs that had another reservoir few kilometers upstream, were excluded from
the analysis.

After discarding 19 stations with insufficient data quality or quantity, data from
43 reservoir stations for the period 1980–2012 were used to perform this study. The desig-
nation of these stations, as shown in Figure 1 and Table 1, is taken from the aforementioned
database of observational reservoir data. For these stations, drought indices were calculated.
Geographically, the most restrictive variable was the streamflow, since it stands as a series
of non-grid points. Consequently, the 43 closest grid points from SPREAD and SPETo
datasets were chosen for the calculation of SPEI.

The drought indices calculation is slightly different for SPEI and SSI. When computing
SPEI, the hydrological balance (i.e., the difference between precipitation and evapotranspi-
ration) is calculated as a monthly series, adding values from previous months depending
on the accumulation period, which in this study ranges from 1 to 24. These data are then
adjusted to a log-logistic distribution [12] in order to compute the probability series. These
values must then be normalized [32], giving as a result the values of the drought index.
Regarding SSI, streamflow data cannot be accumulated when calculating index values [13],
so the accumulation period concept is not relevant for SSI. Additionally, the distribution
to which the data must be adjusted has to be chosen between the following six [13]: Gen-
eralized Extreme Values, Pearson type III, Log-logistic, Log-normal, Pareto, and Weibull.
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The best-fitting distribution needs to be chosen for each station, and after obtaining its
probability values, the final index values are calculated following the same methodology
of SPEI.

Table 1. Characteristics of reservoir stations used in this study.

Reference Longitude [o] Latitude [o] Mean Monthly
Streamflow (m3/s) Altitude [m] Area [km2] Permeability [%]

5001 −2.795 38.175 13.08 550 550 78.13
5004 −3.476 38.164 11.07 296 1330 1.07
5005 −3.804 38.161 7.18 276 550 0
5006 −4.099 38.526 5.65 511 557.48 10.01
5007 −3.973 38.227 16.35 276 2300 2.31
5011 −5.952 37.985 13.57 256 1100 32.26
5012 −5.209 37.903 22.43 86.2 1078.5 23.87
5014 −6.087 37.72 10.48 228.92 525 0
5016 −6.45 37.909 7.71 286 408 4.02
5017 −5.348 37.843 6.13 136 311 85.11
5018 −2.913 38.365 11.31 506 1323 5.38
5019 −4.676 37.301 28.84 214 5219 16.73
5020 −3.681 37.277 3.39 605.4 626 55.49
5021 −3.892 36.997 3.85 769 307 24.61
5022 −5.757 37.043 6.45 13 460 18.10
5025 −4.72 37.351 31.87 173 5830 29.49
5026 −4.386 37.278 31.59 304 5000 20.13
5032 −4.185 38.06 73.65 174 20,137 36.18
5035 −5.975 37.52 186.46 8 46,860 91.94
5036 −4.924 38.088 12.60 391.5 980 0
5037 −5.222 38.26 4.34 470 439 5.24
5039 −3.727 37.635 1.17 705 99 63.44
5042 −6.049 37.569 18.67 6.5 1755 1.42
5044 −3.038 38.409 0.63 681.3 62.59 9.91
5045 −2.951 38.047 1.03 960.3 18 77.30
5046 −4.798 38.022 0.58 487.5 28 0
5047 −4.339 38.094 1.22 231 48.26 0
5048 −3.475 37.161 5.35 808 176 76.51
5049 −4.249 38.069 14.61 167.75 790 0
5050 −3.72 37.402 2.06 755 245 32.16
5051 −4.624 37.961 17.51 105 1287 1.05
5052 −3.569 38.181 9.94 356 663 0
5054 −6.279 37.798 15.76 190 850 4.49
5055 −5.484 37.749 6.01 73.65 243 28.35
5056 −5.684 37.772 11.18 207 459 9.96
5058 −6.283 37.534 6.70 63.8 228 3.82
5059 −3.68 38.618 2.27 681 135.12 0
5060 −2.647 37.859 2.09 972.5 152 38.04
5061 −5.242 37.131 3.77 207 297.6 1.72
5062 −4.673 38.043 17.47 151.5 1209 0
5066 −4.225 37.64 10.23 294 1185 3.44
5068 −3.254 37.314 1.40 870 184.4 47.24
5071 −2.786 37.807 5.70 837.5 110 51.29
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By correlating the 1–24 months accumulated SPEI indices with SSI, which accounts
only for the current month, the propagation from meteorological to hydrological drought
can be analyzed for different areas of the river basin [5,33]. This response has been analyzed
in two separate ways: on the one hand, the continuous SSI and SPEI series from 1980 to 2012
have been compared; on the other hand, both series were divided into months, showing
how the relationship varies in different moments of the hydrological year. Additionally, the
second monthly analysis could be helpful to identify the moment when the hydrological
year starts in the Guadalquivir basin, since its definition is related to the correlation between
precipitation and streamflow [34].

The proposed methodology, that correlates monthly SSI with multi-scale SPEI, intends
to easily evaluate the response time of hydrological drought [35] and has been successfully
applied in other basins in the Iberian Peninsula [5].

After computing correlations, a principal component analysis (PCA) was performed
in order to analyze the different spatial patterns of correlation between the SSI and the SPEI
at different time scales. PCA is widely used in climate research to find patterns in the data
from a complex dataset [36,37]. The purpose of this PCA was to check if the basin could be
divided in sub-basins with similar hydrological responses. It was performed using both
the continuous series and the monthly series, and the divisions were made using the PCA
scores and loadings.

PCA was performed in S-mode, so that the PCA explores relationships between the
time series of the grid points, as opposed to T-mode, which explores relationships for a
given event. Since the aim is to study spatial patterns of stations with a similar behavior
of correlations between SPEI and SSI, S-mode is used [38]. PCA is able to reduce a large
number of interrelated variables to a few independent principal components (PCs) that
capture much of the variance of the original dataset. Moreover, it produces a few major
spatial variability patterns (or empirical orthogonal functions, EOFs). Additionally, a
varimax rotation was applied to the components, thus maximizing the variance of the
squared correlation coefficients, and therefore better capturing the physically meaningful
and simplified spatial patterns. This procedure allows the extraction of representative
stations for each of the areas obtained in the regionalization process. Consequently, by
performing this transformation, the found patterns were physically more stable [39], and
it was easier to understand the information given by loadings [40]. Thus, scores of a
given principal component show what accumulation periods dominate the correlation of
stations with high loadings for the same principal component. By describing the basin with
more than one principal component, different accumulation periods can be considered in
the analysis.

Finally, the last part of the analysis includes a multilinear regression that tries to find if
the patterns found during the PCA can be explained by the geographical characteristics of
the basin. To this end, the loading obtained for each PC and for each station is introduced
together with its values for the geographical variables in a linear regression model. Then,
p-values of each variable are compared to find which ones are more relevant for each PC.
The geographical variables were station altitude (Figure 1), catchment area (Figure 2a), and
percentage of permeable soil in that catchment area (Figure 2b). This way, it is possible to
elucidate if the similarities in drought behavior (obtained by means of the PCA) can be
explained by the physical characteristics of the stations. The variables corresponding to
each station are detailed in Table 1.
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3. Results and Discussion
3.1. Correlations between SSI and SPEI

When correlating the indices, it was considered that soil memory could introduce
a delay in the correlation values between SPEI and SSI [41]. This situation would be
particularly interesting for short accumulation periods. Figure 4 shows the correlation
between SPEI and SSI for station 5018 (located to the northeastern area) accounting with
different SPEI delays and accumulation periods. As can be seen, correlation decreases as
the delay increases in this station for all accumulation periods. The same effect appeared in
all stations of the basin. This is in accordance with the results of Koster and Suarez [10],
where it is shown that the value of this lag is between 1 and 2 months in arid and semi-arid
regions. The fact that the data used in this study are monthly accumulated instead of daily
explains that correlations are higher for simultaneous SPEI and SSI series.
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Once the effect of soil memory was checked, propagation from meteorological to
hydrological drought was analyzed. It was discovered that the studied stations have
different behaviors in their correlations. Figure 5 shows the SPEI accumulation period
for which correlations between SSI and SPEI reach the maximum value. As can be seen,
maximum correlations occur at short accumulation periods (around 2 or 3 months) for
most stations. There are, however, several exceptions. Most notably, stations 5019 and 5025,
located in the south, and 5032, in the center, show that maximum correlations appear with
large accumulation periods of 24 months. This is the first sign of the special treatment that
these three stations require, which will be discussed later in this study. This differentiation
is required because of their distinct physical characteristics, mainly their catchment area,
larger than 4000 km2, as shown in

An interesting part of the basin appears in Sierra Nevada, to the southeast. There are
two stations with maximum correlations at 21 and 24 months of accumulation, while the
surrounding stations are between 10 and 13 months. Note that the highest altitudes of the
whole basin are reached in this area, so water received in these stations comes mainly from
meltdown. Thus, in this area, streamflows are not created rapidly after precipitation, they
are formed several months thereafter. Figure 2a.

Three detailed examples of the evolution of correlation with the accumulation period
are shown in Figure 6. Station 5016 is the westernmost station in the study area (Figure 1),
and it is located in the header of its sub-basin, so it has no upstream regulation. Its
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correlation peak appears in the 2-month accumulation period, and it decreases thereafter.
The explanation for this behavior is that the catchment area is small and relatively irregular,
causing water from precipitation events to rapidly find the stream. Station 5026 is located
in the center and southern part of the Guadalquivir basin, and it has one of the largest
catchment areas (Figures 1 and 2a). It shows a peak for the 13-month accumulation period.
Note that, for this station, a significant part of its inflow comes from Sierra Nevada, which
means that its streamflow is delayed and influenced by precipitations-snow-of several
previous months. Lastly, station 5035, located in the northwestern part of the basin, is
shown here since it presents a particular feature, with a local maximum in the 2-month
accumulation period. However, its correlation later grows between the 3 and the 12-month
accumulation periods.
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value. Additionally, six stations marked in blue show their reference code because they are analyzed
in detail in this section.

Water 2022, 14, x FOR PEER REVIEW 10 of 20 
 

 

 
Figure 6. SPEI-SSI correlation for different SPEI accumulation periods in stations 5016, 5026, and 
5035. 

3.2. PCA Analysis 
When performing the PCA, the first step is to determine the number of principal 

components retained. In the case of continuous series, two components explain 96% of the 
total variance. After applying the varimax rotation, the first principal component explains 
67.5% of the total variance, while the second component explains an additional 28.5%. 

As shown in Figure 7, PC1 mainly represents stations where short-time responses are 
the most important, while stations where PC2 has the highest loadings are more affected 
by accumulation periods longer than 9 months. The loadings of every station are shown 
in Figure 8 for each PC. As only positive score values corresponding to positive loading 
values have a physical meaning, negative scores and loadings have not been represented 
in their corresponding Figure to avoid unnecessary confusion. 

 
Figure 7. Principal component scores (varimax rotated) for the complete correlation series between 
SPEI and SSI for different SPEI accumulation periods. 

Figure 6. SPEI-SSI correlation for different SPEI accumulation periods in stations 5016, 5026, and 5035.



Water 2022, 14, 2849 10 of 19

3.2. PCA Analysis

When performing the PCA, the first step is to determine the number of principal
components retained. In the case of continuous series, two components explain 96% of the
total variance. After applying the varimax rotation, the first principal component explains
67.5% of the total variance, while the second component explains an additional 28.5%.

As shown in Figure 7, PC1 mainly represents stations where short-time responses are
the most important, while stations where PC2 has the highest loadings are more affected
by accumulation periods longer than 9 months. The loadings of every station are shown
in Figure 8 for each PC. As only positive score values corresponding to positive loading
values have a physical meaning, negative scores and loadings have not been represented in
their corresponding Figure to avoid unnecessary confusion.
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Principal component loadings show that there is a clear distinction between north and
south in the Basin, with Guadalquivir River as the dividing line. Northern stations are
generally represented by PC1 (Figure 8a), while southern stations, with some exceptions,
present higher PC2 loadings (Figure 8b).

A possible explanation is that tributaries on the northern bank of the Guadalquivir
are generally shorter than those on the southern bank. Therefore, shorter accumulation
periods dominate in the northern area. On the contrary, the course of rivers in the southern
part such as Guadiana Menor, Guadajoz, or Genil is longer, and large accumulation periods
gain influence in this area.

The area belonging to Sierra Nevada, south of the basin, is also interesting. Even
though there are no reservoirs directly on the mountains, the stations in this area are
located at high altitudes, in a mountainous region which includes the highest peaks in the
Iberian Peninsula. For Sierra Nevada and Sierra de Segura stations, high PC2 loadings
are related to longer accumulation periods. This result is reasonable, since streamflow
happens here mostly when snow melts. It is, therefore, realistic to assume that it is highly
correlated to precipitation (or snow) from previous months. This result is confirmed with
those presented in [42], even though accumulation periods in the latter are larger than in
the Guadalquivir basin. However, it is explainable because of the higher altitudes of the
studied basin in [42].
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In addition to Sierra Nevada, there are other interesting results in the basin. Stations
5035 and 5042, both located close to each other and to the river estuary (Figure 1), do not
follow the same trend as other stations in their vicinity. Station 5042 shows medium to
high loadings for both principal components since maximum correlations occur here at
11 months (Figure 5), with similar although lower correlation values for 9 and 10 months.
Following Figure 7, this is the accumulation period range in which PC1 score is surpassed
by PC2 score, so it is logical that this station is represented by both components. However,
station 5035 is exclusively represented by PC2, which implies longer accumulation periods
despite the fact that the maximum correlation value in this station is reached for an accumu-
lation period of 2 months (Figure 5). This seems to contradict the score results, but it can be
explained by looking at the correlation values of each accumulation period for this station
in Figure 6. While 2 months is the maximum and the following short accumulation periods
present lower correlation values, they rise again between 9 and 12 months, which are the
accumulation periods for which PC2 has the maximum scores. Therefore, correlation values
of station 5035 are better represented by PC2.

Stations 5019, 5025 (central-southern part of the basin), and 5032 (north-central part
of the basin) are not represented by either of the two principal components. Moreover,
according to Figure 5, SPEI accumulation periods for maximum correlation are the longest
of the basin on these points. As stated before, these stations are particular because they are
located in the largest catchment areas in the basin (Figure 2a), showing a different behavior
that is not represented by the PC1 or PC2. For this reason, they will be analyzed separately.
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In addition to the analysis of the continuous series, another PCA was performed
on the twelve monthly series. These twelve PCAs were performed with two principal
components each. The percentage of total variance represented by the first two rotated
PCs ranges from 66% (September) to 98% (January). The specific value for each month
appears in Figures 9 and 10 for PC1 and PC2, respectively. There are some stations where
the streamflow dataset had monthly gaps, mostly during the summer months. These gaps
are provoked most probably due to errors in the stream gauging stations, due to the low or
inexistent streamflow during those months. For such stations, the results of the monthly
PCA were not reliable enough, so they were marked with crosses in Figures 9 and 10, and
excluded from this analysis.

Figure 11 shows the scores of both principal components regarding the accumulation
period. At monthly scale, it is clear that, except for May and December, PC1 is representative
of stations with low accumulation periods, while PC2 is related to longer accumulation
periods. This is similar to the result that appeared in the continuous series analysis.
Figures 9 and 10 show the corresponding loadings for every month.

Generally, monthly principal components follow the same general behavior that
appeared in the continuous series analysis. There are, however, two important exceptions:
May and December. In May, PC1 represents longer accumulation periods, and PC2 denotes
shorter accumulation periods. Moreover, spatial loading distribution is not as clear as in
other months. Longer periods appear mostly in Sierra Nevada and the northwestern part of
the basin, with shorter periods gaining importance only in some stations in the northeastern
part of the basin. This result could be explained by considering that longer periods in May
include snowmelt that happened during the spring, together with the normal precipitation
increase that occurs in March and April [43]. For December, PC1 explains the south of
the basin, which means that longer periods are dominant in this part, although with low
scores. Shorter periods, represented by PC2, appear in the northern part of the basin. Since
December is the month with the highest precipitation values [18], this result means that
precipitation is converted into streamflow shortly after it happens, while mountainous
areas accumulate snow that will turn into streamflow in future months. A similar result
is discussed in [44], where nival regimes require longer accumulation periods, driven by
snow-melt processes.

In order to analyze the differentiated behavior found between meteorological and
hydrological droughts in detail, an exhaustive examination of the physical characteristics
of the sub-basin has been carried out. To this end, it was studied how PCA results are
impacted by the physical characteristics of each sub-basin where stations are located. For
PC1 and PC2 separately, all stations with positive loadings are introduced in a multiple
linear regression model together with the values of altitude, percentage of permeable soil,
and catchment area.

Figure 12 represents how well the stations represented by each PC are adjusted by
the linear model. The line represents the perfect adjustment, so the horizontal distance
between the line and each point characterizes the residuals. For PC1 (Figure 12a), the
regression has R2 = 0.71, with p-value = 5.05 × 10−9. Based on p-values for each variable,
shown in Table 2, the only variable that seems to impact the loadings is the catchment area,
while permeability and altitude are not statistically significant. This result confirms the
hypothesis that stations 5019, 5025, and 5032, not shown in Figure 12, had to be studied
separately; due to their exceptionally large catchment area, they can be considered as
outliers in the regression analysis. These results are in accordance with the hypotheses
studied by Heudorfer and Stahl [45] and van Langen et al. [46].
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Table 2. p-values of each variable and PC for the multiple linear regression analysis.

Variable PC1 PC2

Altitude 0.38 7.34 × 10−3

Permeability 0.28 0.70
Catchment area 5.05 × 10−9 3.2 × 10−2

Concerning PC2, the regression results show R2 = 0.73 and p-value = 1.9 × 10−2

(Figure 12b). According to the p-values of each variable (Table 2), this regression excludes
permeability, while altitude is the most significant factor, followed by catchment area.”

4. Conclusions

The relationship between hydrological and meteorological droughts in the Guadalquivir
basin has been analyzed using two drought indices, SSI and SPEI, through the correlation
analysis.

Two main correlation types have been found in the basin. These types are short-time
and long-time correlations. Short time scale correlations, with accumulation periods of
maximum correlation ranging generally from 1 to 6 months, appear in the northern part
of the basin, comprised mainly by flat areas, or short tributaries basins. In these areas,
hydrological drought occurs shortly after the appearance of meteorological drought. In
mountain areas, however, longer time scale correlations are present. Here, the snowmelt
has a significant influence on the development of droughts. Accumulation periods above
9 months cause the highest correlations between SSI and SPEI. Additionally, there is a
differenced behavior that happens in stations located downstream of another close reservoir.
For these cases, since their streamflow is regulated, the correlation between streamflow and
precipitation is nullified.

Through a PCA with varimax rotation, the basin has been divided into different areas
with similar correlation patterns between the SSI and the 1–24 months accumulated period
SPEI. The PCA was performed both on the continuous correlation series and separately on
each of the monthly correlation series.

The results from the continuous series analysis showed that a first division can be
made between North and South of the Guadalquivir River, with few stations showing
a differentiating behavior from their neighboring stations. Short accumulation periods
dominate the northern part, where tributaries are shorter and streamflow rates are lower,
while longer accumulation periods have more influence in the south. The orography is also
important in this basin, since accumulation periods presenting maximum correlations in
mountainous areas on the southeastern part of the basin are different from those in flat
areas. Generally, longer accumulation periods show higher correlation in the former, with
the contrary happening in the latter.

The monthly PCA analysis shows that the behavior observed in the continuous series
analysis is maintained during each separate month, except for May and December. In
May, snowmelt and increased precipitations provoke that the spatial distribution that has
been explained is not maintained. Meanwhile, in December, precipitation increases, so
streamflows are formed in the flatter areas of the north with short accumulation periods,
while the mountainous areas are represented by longer accumulation periods since snow
will increase streamflows in later months.

For stations presenting low accumulation periods, catchment area is the most impor-
tant parameter in order to describe the correlations between PCs and the values of altitude,
percentage of permeable soil, and catchment area. Nevertheless, altitude is the variable
with highest influence for long accumulation periods. This is confirmed by the spatial dis-
tribution of stations in the PCA, with PC2 mostly describing points in mountainous areas.

Results from this study can be useful to understand the mechanism behind hydrologi-
cal droughts, and the importance of river regulation in its development. However, in this
study, there are no data available in the area close to the mouth of the Guadalquivir, to the
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southwest. This is a protected area and no reservoirs have been built there, resulting in
the lack of data for the study. As it is an interesting marshland, it could be the subject of
a future study with a different data source, for instance, data from hydrological models.
Additionally, similar studies can be performed using data from future climate simulations.
The comparison of present and future drought behavior can help foresee and mitigate
different impacts of climate change on semi-arid river basins.
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