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Abstract: The Pacific region of Colombia is known to be one of the most vulnerable to changes in
precipitation patterns. A study was conducted using standardized precipitation index (SPI) analyses
to understand the potential changes in precipitation in this region during the 21st century. The analy-
ses were conducted using historical precipitation data from 1950 to 2005 and projected precipitation
data from 2022 to 2100 under the Coordinated Regional Climate Downscaling Experiment (CORDEX)
climate scenarios (RCP 4.5 and RCP 8.5). The results of the study showed that compared to historical
data, SPI3 precipitation in this region is predicted to increase by 2040 under both climatic scenarios.
However, in the 2041-2070 period, the region is expected to be wetter under RCP 8.5, although the
difference between the two scenarios was not statistically significant. Similarly, SPI 6 precipitation is
predicted to increase in the 2022-2040 and 2071-2100 periods under both scenarios. SPI 12 precipita-
tion is also predicted to increase in the 2022-2040 period under RCP 4.5. In the 2041-2070 period,
dryness is predicted to be more frequent under RCP 4.5, and wetness is predicted under RCP 8.5. The
findings of this study can help in determining the most pertinent reference periods and computation
time increments for evaluating the effects of future climate change on agricultural production and
food security in the Pacific region of Colombia. It suggests that changes in precipitation patterns are
likely to occur in the coming decades, which may significantly impact crop growth, water availability,
and other aspects of agricultural production.

Keywords: drought; extreme events; precipitation; CORDEX; climate change; representative
concentration pathways

1. Introduction

The effects of climate change have grown in various ways worldwide, including floods
and drought, which have become more frequent and severe. The rising precipitation in
wet areas and simultaneous drying in drier areas have complicated city planning and
threatened livelihoods. The rate at which extreme occurrences become more frequent and
severe varies substantially depending on location [1]. Both observations and estimates
of regional climates show substantial variation [2,3]. According to instrumental datasets,
the global average surface temperature has continued to rise, despite substantial regional
heterogeneity [4]. As the temperature rises, there is an urgent need to anticipate increases
in the frequency, severity, and intensity of extreme weather events and their corollaries,
such as heat waves, drought, floods, and wildfires, and a decrease in cold spells and
snowfall [5,6].
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In the 20th century, the global average temperature increased in two distinct stages:
first, 0.35 °C from the 1910s to the 1940s, then 0.55 °C from the 1970s to 2020. Similarly, the
rate of global warming has increased further in the past 25 years prior to 2020, with the last
12 years including 11 of the 12 hottest years [5].

Local climatic conditions, such as drought, low precipitation, and dry winds, are
region-specific [4,7]. Furthermore, droughts are one of the most serious natural hazards,
particularly in terms of agriculture, with potentially catastrophic socioeconomic effects [8,9].
Droughts diminish surface and groundwater resources, resulting in lower water availabil-
ity and quality, crop failure, lower agricultural output, decreased power generation, and
various other socioeconomic effects [10,11]. To gain a clear understanding of the potential
impacts of drought on society and the economy, important parameters must be studied,
including frequency, length, intensity, and spatial extent of drought occurrences [11]. How-
ever, the detection of specific drought events and the precise and rigorous measurement of
their attributes are challenging, as each drought event is distinct. Determining whether or
not there is a drought is subjective and is strongly dependent on the overarching goals and
objectives of the climate analyst [12].

The standardized precipitation index (SPI) is recommended by the World Meteoro-
logical Organization (WMO) as a global drought indicator because it accounts for varying
reaction times of typical hydrological indicators to precipitation. It can also be examined
over a range of reference periods [13]. Harishnaika et al. [14] used the SPI in the south-
eastern region of Karnataka in India for precipitation analysis. It was shown that drought
was frequent in particular years and seasons with negative values of the SPI along with
dry, wet, and normal events. Similarly, it was shown in the study conducted in [15] on the
spatial characteristics of the SPI in Syria for the period of 1961-2012 that severe drought in
the 1990s had never been seen before in the country. Hansel et al. [16] used the modified
rainfall anomaly index (MRALI) as an alternative to the SPI to assess future precipitation in
central Europe, and it was discovered that there is a high correlation between the MRAI
and SPI. The links between the SPI and the standardized precipitation evapotranspiration
index (SPEI) were explored by different researchers to observe drought impacts on different
categories [17,18]. These researchers showed considerable variability in the time scales
with the best correlation to drought impacts in dependence on the climate zone, and the
correlations between the SPEI and drought impacts were slightly higher than those for
the SPI. It was mentioned in the study [19] that the limitations of the SPI were the high
sensitivity of the index to the length of different statistical periods and the choice of a
suitable probability distribution function to calculate it.

Furthermore, the limitations and benefits of the SPI in characterizing wet and dry
events were also discussed in the study [13,20,21]. According to these studies, the SPI needs
only precipitation, which is more available with finer spatial and temporal coverage across
the land areas of the world, while discounting many important meteorological factors,
such as soil moisture, which are considered when drought assessment indices are built.
However, the length, intensity, severity, size, and frequency of droughts are predicted by
the SPI, which is simple to use. Rainfall data across various periods may be analyzed by it
(from 1 to 24 months). Additionally, the comparison of drought across different regions.
These factors make the SPI a frequently used tool in climate research [22-25].

Owing to its location, diverse topography, and social and environmental conditions,
Colombia’s Pacific region is one of the most drought-vulnerable in the country [22]. Previ-
ous studies have reported the effects of drought on the social economics, agriculture, and
energy transition of Colombia. The high child mortality rate in La Guajira Colombia be-
tween 2012-2016 was primarily due to water inaccessibility because of a drought caused by
El Nifio and inadequate adaptation strategies [25]. Similarly, the mega drought in Colombia
in 2015-2016 generated an energy transition whose changing aspects were affected by the
organization of niches and the capability to forecast succeeding drought [26]. Drought
is a major abiotic factor that frequently impacts bean crops in the Andean region, where
long-term water scarcity is expected [27]. In this study, we estimated future changes in
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the precipitation regime and, therefore, the rates of drought and humidity, in six strategic
locations within Colombia’s Pacific region between 2022 and 2100 which has not been
studied in previous studies in such regions. This can be performed by calculating SPIs at
different timescales (3, 6, and 12 months) from historical precipitation data (1951-2005) and
the representative concentration pathway (RCP) 4.5 and RCP 8.5 future climate scenarios.
This work provides public entities with the information required to make decisions and
implement solutions to mitigate the impacts of climate change in the region.

2. Materials and Methods
2.1. Study Area

The Pacific region of western Colombia (0.4° N-8° N, 75.9° W=78.9° W: Figure 1),
encompasses a total area of 130,000 km? and has a population of eight million. The region
is subdivided into the departments of Choco (5° 42’ N and 76° 40’ W), Valle del Cauca
(3°25' N and 76°31’ W), Cauca (2°27' N and 76°37’ W), and Narifio (1°10’ N and 77°16’ W).
The Colombian massif rises from sea level to 4748 m in the Central Cordillera; this and the
Western Cordillera form the two mountain ranges that make up the region. The Colombian
massif stores 70% of Colombia’s water supply [27].

Study area in Colombia Study area N

-
K
"\ Chocs
)

ML L Ikikmeters L | S| Kilometers
0 130260 520 780 1,040 0 130260 520 780 1040

Figure 1. The study area: Colombia’s Pacific region (0.4° N-8° N, 75.9° W-78.9° W).

The local climate ranges from extremely humid (an annual rainfall of 3000-7000 mm)
in the lowlands to pluvial (an annual rainfall of more than 7000 mm) in the heart of the
region. The region around the Atrato River (Choco) has one of the highest rainfall values
in the world, reaching 10,000 mm/yr. This contrasts with the south of the Pacific region
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(the departments of Cauca and Narifio) where the Andes Cordillera determines different
climatic conditions. Humid plains with rainfall of 2001-3000 mm/yr occur on the slopes of
the Western Cordillera. Where the landscape is more mountainous and Andean in character,
rainfall is up to 2000 mm/yr and the climate is drier [27]. In summary, the overall climate
of the country is dominated by summer and winter. December, January, and February can
experience intense drought, while May, June, and July are more humid [10]; these time
intervals are important for SPI calculations.

2.2. Data and Methods
2.2.1. Acquisition of Precipitation Data

The ICHEC-EC-EARTH driving model and the the regional climate model (RCM)
RCA4 were applied to acquire total daily precipitation data with a gridded resolution
of 0.44° (50 km) from the CORDEX domain CAM-44 (Central America). CORDEX is an
internationally coordinated framework developed by the World Climate Research Program
(WRCP), producing better, higher-resolution regional climate change estimates for all world
regions. It provides access to various historical data and potential future greenhouse gas
emission-depended scenarios of radiative forcing [28-30]. These scenarios are referred to as
RCPs. The RCP names are determined by the year 2100 radiative forcing goal to which each
RCP corresponds [31]. The precipitation data in this study area were extracted from the
above-mentioned model in netCDF form, and ArcGIS was used to obtain the exact location
data. The extracted data were further preprocessed using power transformation of the
precipitation method of climate model data for the hydrological modeling (CMhyd) tool for
bias correction. For this process, data observed at the nearest meteorological station of the
study area were taken from the department of hydrology and meteorology of Colombia.

2.2.2. SPI Analysis

The SPI analysis was conducted based on historical precipitation data for the 1951-2006 pe-
riod, and on two RCPs for the 2022-2100 period: (i) RCP 4.5, a medium stabilization scenario
that postulates stabilization to 4.5 W/m? (650 ppm CO, eq) without overrunning by 2100, and
stability thereafter [32], and (ii) RCP 8.5, a very high-baseline emission scenario that postulates a
growing radiative forcing leading to 8.5 W/m? (1370 ppm CO, eq) by the year 2100 [32,33].

The SPI was calculated using the ClimPACT2 program. This program is based on the
RClimDEX program, which was created by the WMO'’s Expert Team on Climate Change
Detection and Indices (ETCCDI) [34,35].

The SPI is a probability index derived solely from the precipitation statistics for a
certain location and time (months or years). This index converts cumulative probability
to the standard normal random variable [10,31]. The median precipitation value and the
SPI quantify the likelihood of observing a given amount of precipitation within a certain
timeframe [36-38]. Negative and positive SPI values indicate drought and wet conditions,
respectively; these values become more negative or positive, respectively, as dryness or
humidity increases [39]. In this study, three-month (SPI 3) (January—March), six-month (SPI
6) (January-June), and twelve-month (SPI 12) (January-December) SPIs were used to depict,
respectively, seasonal precipitation changes, changes corresponding to agricultural drought,
yearly changes, and longer-term trends corresponding to hydrological drought [6,40,41].

The dataset evolved, and a new SPI value is added each month, derived from the val-
ues calculated of the preceding months. The probability of any observed precipitation data
point was calculated from the historical records. This probability was used in conjunction
with an estimate of the inverse normal to calculate the deviation of precipitation from a
normally distributed probability density with zero mean and a standard deviation of unity.
This number was the SPI for the precipitation data point [34,42].

Given a normal distribution function with zero mean and one variance, the SPI was
calculated as follows [10]:
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where ¢y = 2.515517,¢; = 0.802853, ¢, = 0.010328,d; = 1.432788,d, = 0.189269, and d3 =
0.001308 [41-43].

The SPI results were categorized as Extremely Dry to Extremely Wet, as proposed by
McKee et al. [35], developed by Edwards [44], and used by Zhina et al. [45] in the Andean
High Mountain Basin, Ecuador, as shown in Table 1.

Table 1. Standardized precipitation index levels.

SPI Value Interpretation
>2.00 Extremely Wet
1.50 Very Wet
1.00 Moderately Wet
0.50 Normal
0.00 Normal
—0.50 Normal
—1.00 Moderately Dry
—1.50 Severely Dry
<—2.00 Extremely Dry

3. Results
3.1. SPI Historical Evaluation

Using the historical dataset, we calculated SPI 3 values in Colombia’s Pacific region
for 658 consecutive months from 1951 to 2005 (Figure 2). The probability of an extreme
event ranged from 1.5 to 3.2%, depending on whether the event was Extremely Dry or
Extremely Wet. During 1951-2005, the occurrence of Extremely Dry events was reduced by
3.2% in Tumaco, with the highest ratio among the six study areas, followed by Extremely
Wet events in Buenaventura and Valle. Near-normal precipitation had the highest incidence
(around 70%) across the Pacific Region. Moderate Dryness had an incidence of 10 and
11% in Cauca and Valle, respectively, while Severe and Extreme Dryness accounted for
an average of 9% each. Choco and Buenaventura had the highest and lowest incidence of
Wetness (9.9%) and (7.3%).

It was found that 14 years were Extremely Dry years, and the longest continuous
Extremely Dry intervals were from 1961 to 1962, 1967 to 1968, and 1977 to 1978. Similarly,
15 years were Extremely Wet; the longest interval was from 1970 to 1971. In summary, the
incidence of Severely Dry events ranged between 3 and 3.9%, while that of Very Wet events
ranged between 3.3 and 5.6%.

We calculated SPI 6 values for a total of 655 months from 1951 to 2005 (Figure 3).
The incidence of Extremely Dry events ranged from 0.6% in Buenaventura to 3.2% in
Tumaco. Extremely Wet events had a regional average incidence of 2.3%. Near-normal
precipitation consistently had an average incidence of 69% across SPI 6 in the Pacific Region.
Severe Dryness had an incidence of 3.7%, whereas Very Wet events occurred 4.3% of the
time. There was no statistically significant difference in the occurrence of Moderately
Dry and Wet events across the Pacific region, indicating that, from 1951 to 2005, dry and
wet conditions were balanced in the range of 7 to 11.8%. Extremely Dry events lasted for
15 years, and Extremely Wet years lasted for 13 years; 1961-1962, 1967-1968, and 1977 were
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the longest Extremely Dry years, and 1970-1971 and 2001-2002 were the regular Extremely
Wet intervals in the study area.

1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
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Figure 2. Three—month standardized precipitation index in Colombia’s Pacific region, 1951-2005.
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Figure 3. Six—month standardized precipitation index in Colombia’s Pacific region, 1951-2005.

A 12-month SPI (SPI 12) compares the precipitation that fell over a period of 12 months
to the precipitation that fell over the same length of time in the preceding years (for which
data are available). Unless there is a strong wet or dry trend, SPI 12 tends to lean toward
zero because intervals with above- and below-normal precipitation tend to be balanced
over a 12-month period.
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We calculated SPI 12 values for a total of 649 months in the 1951-2005 period (Figure 4).
Extreme Dryness had the highest incidence of 3.7% in Cauca and the lowest incidence
of 1.2% in Buenaventura. However, extreme wetness had a higher incidence of 5.4% in
Buenaventura and the lowest incidence in Tumaco (0.5%). The incidence of Severe Dry
events was 5.6% and 1.7% in Tumaco and Quibdo, respectively. The incidence of Very
Wet conditions was 7.2% in Quibdo and 2.3% in Buenaventura. Moderate Dryness and
Wetness were observed in Tumaco (10.8% and 13.3%, respectively). SP1 12 revealed Extreme
Dry events for eight years and Extreme Wet events for nine years. The longest regular
Extremely Dry years were 1962, 1968-1969, and 1977, whereas the longest Wet years were
1951, 1957-1958, 1971, and 1982.
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Figure 4. Twelve—month standardized precipitation index in Colombia’s Pacific region, 1951-2005.
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3.2. Future Projections

To predict the precipitation in Colombia’s Pacific region for the rest of the 215 century,
we calculated SPI 3, SPI 6, and SPI 12 values for 1138 months, from 2006 to 2100, under
two radiative forcing scenarios: RCP 4.5 and RCP 8.5. Here, we present the projections
from 2022 onwards. To better resolve changes in precipitation, we divided that period into
three subperiods, namely 2022-2040 (228 months), 2041-2070, and 2071-2100 (360 months
each). Figures 5 and 6 show the projected incidence of Extremely and Severely Dry, and
Extremely and Very Wet events, respectively, at the six evaluated locations under the RCP
4.5 and RCP 8.5 forcing scenarios at different timescales.

RCP4.5
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VALLE

T
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Figure 5. Projected dryness in Colombia’s Pacific region (six locations), 2022-2100. SPIs at

different timescales.
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Figure 6. Projected wetness in Colombia’s Pacific region (six locations), 2022-2100. SPIs at
different timescales.

3.2.1. Evaluation of Dryness

At the SPI 3 scale, under RCP 4.5, the incidence of Extreme Dryness in the 20222040 period
ranged from 0.5 to 4.4%, with Cauca and Valle having the lowest SPI 3 values and Tumaco
having the highest ones (a recurring occurrence). Under RCP 4.5, Severely Dry events had a
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regional average incidence of 2.8%. In Buenaventura, the incidence of such events increased
by 4% to 4.4 under RCP 8.5. Under RCP 4.5, Buenaventura also had the highest incidence of
Extremely Dry events in the 2041-2070 period (38%). Under RCP 8.5, Extreme Dryness had a
regional average incidence of 3%; in Buenaventura, the incidence of such events decreased by
2%. Across the Pacific region, the average incidence of Severe Dryness in the 2041-2070 period
was 5% under RCP 4.5 and 4.3% under RCP 8.5. In Cauca, under RCP 8.5, the occurrence of
Severe Dryness in the 2041-2070 period decreased from 5.8 to 3%. In the 2071-2100 period,
under RCP 4.5, Extremely Dry events had a regional average incidence of 3.2% (from 6% in
Cauca to 1.7% in Choco). Under RCP 8.5, the regional average incidence of Extreme Dryness
was 3.9%; in Cauca, this condition was 1% more frequent than under RCP 4.5 forcing. The
average incidence of Severe Dryness under RCP 4.5 was 4% consistently across the region.
Under RCP 8.5, the incidence of Severe Dryness remained unchanged, except for Cauca, where
it increased to 6%.

In SPI 6 projections for 2022-2040, under RCP 4.5, Extremely Dry events had an
average regional incidence of 1.7%, with no occurrence in Cauca and just one month
(0.4%) of such events in Buenaventura. Under RCP 8.5, however, Extremely Dry events
occurred in both Cauca and Buenaventura, with an incidence of 2.2 and 5%, respectively.
In contrast, in Tumaco and Quibdo, the incidence of such events declined from 4 and 2.6%
under RCP 4.5 to 0.9 and 0% under RCP 8.5, respectively. In the 2041-2070 period, under
RCP 4.5, Extreme Dryness had a maximum incidence of 6.1% in Buenaventura. Under
RCP 8.5, Extreme Dryness had a regional average incidence of 2.3% and its occurrence
in Buenaventura was reduced by half. Under RCP 4.5, Severe Dryness had a regional
average incidence of 5.2%, with the most frequent occurrence in Buenaventura (6%). Under
RCP 8.5, the regional average incidence of severe dry events was 4.6%, while at Quibdo,
the incidence of such events was 2%, 4% lower than that under RCP 4.5. In 2071-2100,
under RCP 4.5, the incidence of Extremely Dry events was 5.6% in Cauca and Quibdo
(0.6%). Under RCP 8.5, the incidence of such events increased by 4% in Buenaventura,
3% in Quibdo, and 2% in Cauca compared with RCP 4.5. Under RCP 4.5, Severely Dry
events occurred at a regional average incidence of 4.9% (with a maximum of 6.7% in Cauca).
Under RCP 8.5, the regional average incidence of such events was 5.5%.

According to SPI 12 projections for 2022-2040, under RCP 4.5, the incidence of Extreme
Dryness ranges from zero in Cauca to 5.3% in Tumaco. Under RCP 8.5, the incidence
of such events presumably increased to 5% in Buenaventura, Cauca, and Valle, whereas
it decreased to zero in Tumaco. Under RCP 4.5, Severely Dry events had a higher inci-
dence of 7.9% in Choco and no occurrence in Cauca. Under RCP 8.5, the incidence of
such events increased by 50% in Quibdo and decreased by approximately 4% in Valle.
In the 2041-2070 period, under RCP 4.5, Severe Dryness had a higher incidence (7%) in
Buenaventura and no occurrence in Choco. Under RCP 8.5, the incidence of Severe Dryness
decreased by 5% to 3% in Valle, Cauca, and Quibdo. Under RCP 4.5, Severe Dryness had a
regional average incidence of 5.6%. Under RCP 8.5, the incidence of Severely Dry events
decreased by 5% in Buenaventura, increased by 3% in Quibdo, and increased by 2% in
Cauca. In 2071-2100, under RCP 4.5, Extremely Dry events had a high incidence of 4.7%
in Cauca and no occurrence in Quibdo. Under RCP 8.5, the occurrence of such events
increased by 6% in Buenaventura, 4% in Cauca, and 3% in Tumaco and Quibdo. Severe
Dryness had a regional average incidence of 4% under RCP 4.5 and 4.5% under RCP 8.5.

3.2.2. Evaluation of Wetness

In SPI 3 projections for 2022-2040, under RCP 4.5 forcing, the incidence of Extreme
Wetness was 2% in Cauca, Choco, and Tumaco, 1.3% in Buenaventura and Quibdo, and 2.6%
in Valle. Under RCP 8.5 forcing, the incidence of Extreme Wetness doubled in Valle, while it
remained the same in the other locations. Under RCP 4.5, the incidence of Very Wet events
was 6.5% in Tumaco and Quibdo, and 2% in Valle and Cauca; under RCP 8.5, the incidence
of such episodes fell by 2% in Tumaco and Quibdo and increased by 4% in Valle and Cauca.
From 2041 to 2070, Extremely Wet events showed a regional average incidence of 2% under
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RCP 4.5 and 1.3% under RCP 8.5, indicating a regional decline in extreme wetness during
this period. Very Wet events had a regional average incidence of 4% under RCP 4.5 and 3.8%
under RCP 8.5. In the latter scenario, the incidence of such events in Valle decreased by 3%
(from 5.6% under RCP 4.5). From 2071 to 2100, under RCP 4.5, Extreme Wetness demonstrated
a regional average incidence of 2% (from 5.3% in Choco to 0.8% in Cauca). Under RCP
8.5 Extreme Wetness had a regional average incidence of 3.3%. Under RCP 4.5, Very Wet
events occurred at an average incidence of 4.7% consistently across the region. Under RCP 8.5,
the incidence of Very Wet events in Buenaventura declined by half to 3%.

In SPI 6 projection for 2022-2040, the regional average incidence of Extremely Wet
events Under RCP 4.5 was 1.6% (from 0.4% in Cauca to 1.7% in Quibdo and Valle). Under
RCP 4.5, Very Wet events had a regional average incidence of 6.3% (Tumaco: 7%; Choco,
Buenaventura, and Valle: 6.6%). Under RCP 8.5, such events had a regional average
incidence of 5.6%. Under the latter scenario, the incidence of such events in Tumaco and
Valle was 3% lower than that under the RCP 4.5 scenario. In the other four locations,
however, the incidence of Very Wet events followed the same trend as that under RCP 4.5.
In 2041-2070, Extreme Wetness registered a regional average incidence of 2% under RCP
4.5 and 1.3% under RCP 8.5. In Buenaventura, the incidence of such events decreased from
3.6% under RCP 4.5 to 0.3% under RCP 8.5. Very Wet events showed a regional average
incidence of 3.3% under RCP 4.5 and 3.5% under RCP 8.5. Under the latter scenario, the
occurrence of such events in Quibdo increased to 4.1% (from 1.9% under RCP 4.5). In the
2071-2100 period, under RCP 4.5, Extremely Wet events had an incidence of 6.1% in Choco,
3.3% in Quibdo, 1.4% in Valle, 0.8% in Buenaventura, and 0.6% in Cauca and Tumaco. In
comparison with RCP 4.5, under RCP 8.5, these values increased by 3% in Valle and 2%
in Buenaventura and decreased by 2% in Choco. Very Wet events had a regional average
incidence of 4% under RCP 4.5 and 4.6% under RCP 8.5.

According to SPI 12 projections for 2022-2040, under RCP 4.5, Extremely Wet events
had an incidence of 5.7% in Quibdo, 3, 2, and 1.3% in Tumaco, Choco, and Valle, respectively,
0.9% in Buenaventura, and no occurrence in Cauca. Under RCP 8.5, however, the incidence
of such events fell to 6% in Valle and zero at Quibdo but rose to 4.4% in Cauca (Figure 6).
Under RCP 4.5, Very Wet events registered a regional average incidence of 5.8% (from
9.6% in Buenaventura to 1.7% in Cauca). Under RCP 8.5, the incidence of such events
decreased by 4.4% in Buenaventura. In 2041-2070, under RCP 4.5, Extremely Wet events
were recorded at an incidence of 6% in Buenaventura, 2.2% in Tumaco, 1.4% in Cauca, 0.6%
in Choco and Quibdo, and 0.3% in Valle. Under RCP 8.5, the incidence of such events
decreased by 5% in Buenaventura and remained unchanged at all the other sites. The
regional average incidence of Very Wet events was 3.5% under RCP 4.5 and 2% under
RCP 8.5. At Choco, the incidence of such events decreased from 4.7% under RCP 4.5 to
0.6% under RCP 8.5. In 2071-2100, under RCP 4.5, Extremely Wet events registered an
incidence of 5% in Choco, 3.3% in Quibdo, 1.9 and 1.4% in Valle and Tumaco, respectively,
and there was no occurrence in Cauca and Buenaventura. Under RCP 8.5, the incidence
of such events increased by 5% and 4% in Quibdo and Valle, respectively, and remained
unchanged in all the other areas. Under RCP 4.5, Very Wet events had an incidence of 8.9%
in Choco, 6.7% in Tumaco, 6.1% in Quibdo, 2.7 and 2.5% in Valle and Cauca, respectively,
and 0.3% in Buenaventura. Under RCP 8.5 forcing, the incidence of such events increased
by 7 and 5% in Buenaventura and Valle, respectively, and decreased by 3% in Quibdo.

3.3. Occurrence of Extreme Events
3.3.1. Extreme Dryness

Figure 7 depicts the number of Extremely Dry events in Colombia’s Pacific region from
2022 to 2100 under RCP 4.5 forcing. According to all SPI assessments, Buenaventura registered
the longest stretch of dry conditions between the years 2041 and 2070, while Cauca had
the longest stretch of dry conditions between 2071 and 2100. However, Choco registered a
noticeable reduction in the number of Extremely Dry events in SPI 12 assessments (Figure 7C),
whereas Quibdo showed a reduction in such events in the 2071-2100 period in all SPIs. In
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Valle, all SPIs registered a progressive increase in dryness. This increase was more pronounced
in the 20412070 period. In contrast to other localities, where Extremely Dry events were
concentrated in a single timeframe. In Tumaco, such events were distributed throughout
the course of the study period. Extremely Dry events were markedly concentrated in the
2041-2070 period, with 81, 92, and 44 Extremely Dry months according to SPI 3, SPI 6, and SPI
12 assessments, respectively. The period of the second strongest effect of Extreme Dryness was
2071-2100, with 157 Extremely Dry months across all SPIs. The 2022-2040 period included
67 Extremely Dry months across all SPIs.

25
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BUENAVENTURA CAUCA CHOCO Quiebo TUMACO VALLE

W2022-2040 ®2041-2070 = 2071-2100

Figure 7. Number of Extremely Dry events in Colombia’s Pacific region under the RCP 4.5 scenario
(2022-2100). (A) SPI 3; (B) SPI 6; and (C) SPI 12.

Figure 8 shows the number of Extremely Dry events predicted under the RCP 8.5 scenario.
It is noteworthy that dryness increased in Cauca between 2071 and 2100. SPI 12 registered
30 months of Extreme Dryness. Similarly, an increase in the number of Extremely Dry events
was predicted in Buenaventura throughout the study period (unlike the concentration of
Extreme Dryness in only one subperiod predicted under RCP 4.5). On the other hand, in
Valle, the predicted occurrence of Extremely Dry events decreased in the 2041-2070 period.
The incidence of these events was similar to that predicted under RCP 4.5. As under RCP
4.5, the 2041-2070 period was also the one most affected by dryness under RCP 8.5 forcing
(Figure 8). Specifically, SPI 3, SPI 6, and SPI 12 registered 84, 92, and 90 affected months,
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respectively. When all SPIs were combined, the 20412070 period included 156 affected
months, as compared with 97 affected months in the 20222041 period.
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Figure 8. Number of Extremely Dry events in Colombia’s Pacific region under the RCP 8.5 scenario
(2022-2100). (A) SPI 3; (B) SPI 6; and (C) SPI 12.

3.3.2. Extreme Wetness

Figure 9 shows the number of Extremely Wet Events from 2022 to 2100 predicted
under the RCP 4.5 scenario. In the 2071-2100 period, Choco had the highest incidence of
such events among all the sites. In SPI 12, the number of months affected by Extremely
Wetness increased in Buenaventura between 2041 and 2070, and in Choco during the first
18 and last 29 years of the century. SPI 3 registered 118 months affected by Extreme Wetness
(21 of them in 2022-2040), SPI 6 recorded 44 affected months in the 2041-2070 period, and
SPI 12 registered 112 affected months in the 2071-2100 period.
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Figure 9. Number of Extremely Wet events in Colombia’s Pacific region under RCP 4.5 (2022-2200).
(A) SPI 3; (B) SPI 6; and (C) SPI 12.

Under RCP 8.5 forcing, there was a significant increase in the projected incidence of
Extremely Wet events in Quibdo and Valle from 2071 to 2100 (Figure 10). Compared to the
projections under RCP 4.5, Buenaventura showed a significant decrease in the incidence
of Extremely Wet events. In the 2070-2100 period, SPI 3, SPI 6, and SPI 12 assessments
recorded, respectively, 57, 123, and 157 months affected by Extreme Wetness. Our analysis
thus demonstrated that, under the RCP 8.5 scenario, 2071-2100 is projected to be the period
most severely impacted by extreme weather in the 21st century.
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Figure 10. Number of Extremely Wet events in Colombia’s Pacific region under RCP 4.5 (2022-2100).
(A) SPI 3; (B) SPI 6; and (C) SPI 12.

4. Discussion

The SPI is a suitable indicator of meteorological drought for different periods, such
as quarterly (SPI 3), biannually (SPI 6), and annually (SPI 12), where SPI 3 provides a
seasonal estimation of precipitation and SPI 6 and SPI 12 provide medium- and long-term
precipitation trends, respectively. The results obtained in this study are presented in three
parts: historical SPI, future SPI, and extreme event occurrence. The results of the SPI
history show that Extremely Wet events ranged between 0.5-5.4%, Very Wet events ranged
between 2.3-7.2%, and Moderate Wet events ranged from 2-13.3% in all three indexes.
Similarly, Extremely Dry was 0.6-3.7%, Severely Dry was 1.7-5.6%, and Moderately Dry
ranged between 7.2-11% for all three indices. Normal precipitation accounted for more
than two-thirds of all three indices in the study area. The Extremely Dry events for SPI 3,
SPI 6, and SPI 12 were 14, 15, and 8 years, respectively. In addition, Tirivarombo et al. [46]
showed that the most common hydrological drought experienced in the Kafue Basin in
Zambia was in 12 years from 1960 to 2015, while the highest number of droughts were
under SPI 6 and SPI 12 in the Nanzhila sub-basin. Hoyos et al. [47] observed that the
most extreme events were in some municipalities of the Pacific and Caribbean states in
Colombia, where 37 municipalities had anomalous normalized values of > 1.0. Analysis
of meteorological drought episodes in Paraguay shows that the 1960s and 1970s were
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particularly dry, and 1967-1971 were the driest years, accounting for SPI 12 observed in
1961, and 1980 was the driest year [48]. In contrast, precipitation assessment of the Weihe
River basin in China indicates that 1960-2970 and 1980-1990 were two wet decades, where
precipitation was 5.51% higher than the long-term average precipitation [49]. Similarly, a
study from 1967-2019 in Iran explained that the SPI for the observed stations decreased [50].

SPI 3 projections in the Pacific region of Colombia between 2022 and 2040 reported
increased wetness under both RCP 4.5 and RCP 8.5. While the 2041-2070 period was dry
under RCP 4.5, RCP 8.5 registered more wetness. SPI 6 projections registered wetness in
2022-2040 and 2071-2100 but dryness in 2041-2070 under both RCP scenarios. However, in
the 2022-2040 period, SPI 12 projected wetness under RCP 4.5 but dryness under RCP 8.5.
From 2041-2070, SPI 12 predicted more pronounced dryness under RCP 4.5 but wetness
under RCP 8.5. These results are comparable to a previously published article from a
neighboring country, Ecuador. It showed a decrease in severe and moderate drought for
RCP 4.5 and RCP 8.5, as well as a small, statistically non-significant decrease in extreme
drought in the coast and highland regions from 2042-2070 [51]. Similarly, a study of me-
teorological, hydrological, and agricultural drought in Lake Titicaca, the Desaguadero
River, and the Lake Poopo basin within the Altiplano region from 2034 to 2064 under
RCP 8.5 predicted that mean temperature would increase by up to 3 °C and meteorolog-
ical, hydrological, and agricultural droughts would become more intense, frequent, and
prolonged. Furthermore, there would be a considerable rise in the occurrence of short-term
agricultural and hydrological droughts, as well as a decline in annual rainfall and evapo-
transpiration in the region [40]. The projected future climate (2020-2099) of Silva et al. [11]
in Brazil using the HadGEM2-ES, MIROCS5, BESM, and CanESM2 models, indicates that
extreme droughts will continue for several consecutive dry years, which might collapse
the local hydrology. The Extremely Dry and Wet months were calculated in the study
area under RCP 4.5 and RCP 8.5, which showed that Extremely Dry and Wet months were
higher under RCP 8.5 when combining all SPI scenarios.

5. Conclusions

The potential effects of severe climate change in Colombia’s Pacific region will probably
range from dryness to wetness of different intensities, depending on location. Our SPI-based
analysis of projected precipitation in Colombia’s Pacific region from 2022 to 2100 predicted that
the highest number of months affected by Extreme Dryness was in the 2041-2070 period
under the RCP 4.5 scenario, and in the 2071-2100 period under the RCP 8.5 scenario. Under
the RCP 4.5 scenario, there was no discernible change in the frequency of Extremely Wet
events between the 2041-2070 and 2071-2100 periods, with the average number of affected
months being 44 in both periods. Under RCP 8.5, on the other hand, the number of months
affected by Extremely Wet events increased significantly in the 2071-2100 period. This was
also the period with the highest number of affected months, according to SPI 12 assessments.
These observations notwithstanding, the frequency of dry or wet extremes in the region did
not follow a discernible pattern.

The evaluation of the effects of drought on vegetation is possible through the use of
reference periods that correspond to the period of crop development and are assessed in
annual time increments. For agricultural drought monitoring, the utilization of monthly
time steps, determined by a constant reference period, may be appropriate. This study
contributes to the determination of the reference periods and computation time increments
most pertinent for evaluating the effects of future climate change on Colombia’s agricultural
production and food security.

When studying drought, precipitation measurements and the length of the dataset
play an essential role. The more stations used and the longer the historical dataset, the more
reliable the predictions and the higher the confidence level at which the risk of drought
can be assessed. The risk of drought should be evaluated over various periods to assess
dry spells across different seasons or over an entire year. In these assessments, the SPI
can be utilized as a user-friendly and reliable drought detection tool. To plan the selection
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and production of crops in a region, therefore, it is strongly recommended that the SPI be
applied for the assessment of drought risk.
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Nomenclature

The following nomenclature was used in this manuscript:

CAM Central America

CO, Carbon Dioxide

CORDEX Coordinated Regional Climate Downscaling EXperiment
CMhyd Climate Model Data for Hydrological Modeling (CMhyd)
ETCCDI  Expert Team on Climate Change Detection and Indices
ICHEC Irish Centre for High Grid Computing

MRAI Modified Rainfall Anomaly Index

RCA Rossby Centre regional Atmospheric Climate Model
RCM Regional Climate Model

RCP Representative Concentration Pathway

SPEI Standardized Precipitation Evapotranspiration Index
SPI Standardized Precipitation Index

WCRP World Climate Research Program
WMO World Meteorological Organization
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