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ABSTRACT

Precipitation is one of the crucial climatic variables that has significant impact on the natural and human sys-
tems, with several important sectors of the Earth’s system responding to its spatiotemporal variability. Conse-
quently, various studies are conducted on global and regional scales to evaluate changes and trends in
precipitation, with more emphasis on extremes. This review assesses existing studies on precipitation trends
conducted using in situ data or gauge-based datasets, examining their comparability and consistency to identify
regional trends. It also seeks to demonstrate the pressing challenges related to the availability and accessibility of
precipitation data, with a particular focus on Africa. The existing gauge-based global and regional studies are
limited and generally diverse, making it difficult to infer robust regional trends from their findings. Complex
differences are observed in data periods, analysis region, methods, precipitation metrics, and the type of datasets
used. This review notes that there is uneven station distribution in each continent, and that this is also mirrored
in the existing global datasets, while Africa constitutes one of the least covered global regions. Yet, a few studies
agree that long-term precipitation totals exhibit non-significant decreasing trends over northern Africa and
significantly decreasing trends in parts of western Africa. Conversely, long-term annual precipitation totals have
increased significantly over Asia, northern and central Europe, southern Canada and the eastern United States.
Generally, despite accounting for different analysis periods, total and extreme trends match up for most global
regions. Areas with significant increasing extreme trends, such as RX1day, RX5day and R95pTOT indices, include
South Africa, eastern Asia, Canada, northern and central Europe, northeastern United States, and western
Australia. Overall, more efforts are needed to significantly expand station coverage across Africa and ease re-
strictions to allow greater access to data. Initiatives to establish and monitor climate stations across Africa need
to be supported. Regional studies that use in situ or gauge-based datasets need to increase and employ compa-
rable analysis regions and data periods, as well as assess and adjust for systematic biases in precipitation data at
urban stations.

1. Introduction

2021; Lieber et al., 2022; IPCC, 2022; Coly et al., 2023; Palmer et al.,
2023; Adeel et al., 2023). As a result, various studies have been con-

Precipitation is a fundamental component of the hydrological cycle,
governing water resources availability for life on Earth and ecosystems,
and maintaining global water balance by redistributing water across the
planet (Zhan et al., 2018; Carvalho, 2020). Several sectors including
water, agriculture, energy, industry, and infrastructure are impacted by
precipitation, particularly the extremes (Zhan et al., 2018; Contractor
et al., 2021; IPCC, 2022; Palmer et al., 2023). Droughts and floods, in
particular, have caused significant damage to social, economic, and
environmental systems (Haile et al., 2019; Sugg et al., 2020; Merz et al.,

ducted on global and regional scales to evaluate precipitation changes,
with more focus being placed on trends in precipitation extremes.
While the observed global and regional warming trend is well-
established, changes in precipitation exhibit complex spatiotemporal
heterogeneity across various regions (e.g. Choi et al., 2009; O’gorman,
2015; Easterling et al., 2017; Giorgi et al., 2019; Carvalho, 2020;
Contractor et al., 2021; Mcbride et al., 2022; Ren et al., 2023; Mckay
et al., 2023). Changes in the total and extreme precipitation, along with
variations in their frequency and intensity, have become more evident in
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a few large regions of the northern hemisphere, with the warming
climate assumed to have played a role (Alexander et al., 2007; O’gor-
man, 2015; Ren et al., 2017; Easterling et al., 2017; Feng et al., 2019;
Myhre et al., 2019; Papalexiou and Montanari, 2019; Ren et al., 2021;
IPCC, 2021; Kuttippurath et al., 2021; Wang et al., 2023). Moreover,
changes in the overall precipitation distribution and the ratio of snowfall
to precipitation have been observed (Zhang et al., 2000; Vincent et al.,
2018; Feng et al., 2019; Contractor et al., 2021; Harp and Horton, 2022;
Tolhurst et al., 2023; Wang et al., 2023; Suriano et al., 2023).

Theoretical analysis and climate model simulations suggest that an
anthropogenic increase in global surface temperature leads to a rise in
global average precipitation (Feng et al., 2019; Myhre et al., 2019; Liu
et al., 2022). Increasing surface temperature can change atmospheric
moisture content as per the Clausius—Clapeyron relation, which in-
dicates an around 7 % increase in atmospheric water holding capacity
for each degree of warming (Giorgi et al., 2019; Mcbride et al., 2022).
However, the magnitude of this increase varies among different gauge-
based global datasets and across spatial scales (Nguyen et al., 2018; Feng
et al., 2019; Harp and Horton, 2022).

Despite reports of a global scale increase in maximum one-day pre-
cipitation that is consistent with the Clausius—Clapeyron relation (IPCC,
2021), the effect of surface warming on the spatiotemporal patterns of
regional precipitation is influenced by other factors and multi-decadal
natural variability (Moustakis et al., 2020; Contractor et al., 2021; Ren
et al., 2021; Harp and Horton, 2022). Long-term precipitation change in
a region can be driven by dynamical mechanisms and local forcing
(Carvalho, 2020; IPCC, 2021; Madakumbura et al., 2021; Harp and
Horton, 2022; Palmer et al., 2023; Mckay et al., 2023), in addition to the
thermodynamic forcing due to the Clausius-Clapeyron relation
(Alizadeh and Babaei, 2022). Moreover, changes in station coverage
over time can influence the consistency of regional long-term trends, as
shown by Ren et al. (2017), and require consideration.

Regional studies are capable of detailing the spatiotemporal changes
in precipitation with greater precision, effectively highlighting local
patterns. It is important to note that global scale generalization of
changes in precipitation may be deceptive, as different regions can
exhibit diverse trends and inconsistent spatial patterns. This underlines
the importance of examining regional studies and assessing their
comparability to understand local trends accurately. However, as this
review intends to illustrate, comparing regional studies to evaluate
regional trends in precipitation is often difficult. Therefore, it is neces-
sary to show the existing differentiation and the depth of the challenge it
has posed.

Lack of long-term in situ data is the major factor significantly
hampering comprehensive analyses of precipitation trends (Sun et al.,
2017; Zhan et al., 2018; Dey et al., 2019; Contractor et al., 2021; Ren
et al., 2023). According to IPCC, only a few regions of the earth have in
situ records that extend prior to 1950, and this has led to discrepancies in
the findings of studies analyzing long-term global trends of precipitation
anomalies (IPCC, 2021). Besides the challenge of data longevity, many
meteorological stations face significant issues such as missing records,
poor data quality, and inhomogeneity, with these problems being
particularly severe in developing nations (Omondi et al., 2014; Dezfuli
et al., 2017; Muthoni et al., 2019; Carvalho, 2020; Contractor et al.,
2021; Ren et al., 2023; Wang et al., 2023). Although the number of
stations available to precipitation datasets has shown an overall increase
over time, there has been a recent decline. This decline has been related,
among other factors, to the change in data policy from the suppliers
(Funk et al., 2015a; Sun et al., 2017; Dinku, 2019; Contractor et al.,
2020; Carvalho, 2020; Bliefernicht et al., 2021; IPCC, 2022).

In this review, studies conducted based on in situ data or gauge-based
gridded datasets are reviewed to comprehend trends in precipitation
totals (beginning in 1901 or before) and extremes (beginning in 1981 or
before) over various regions, with a particular emphasis on Africa. It
seeks to assess the breadth of availability of such studies, their compa-
rability, the challenges they face and the progress made. The in-depth
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data issues pertaining to the African continent are illustrated to
emphasize the pressing need for improved coverage and accessibility.
Due to the limitations and uncertainties associated with reanalysis data
and climate models (Choi et al., 2009; Zhang et al., 2011; Zhan et al.,
2018; Le Coz and Van De Giesen, 2020; Contractor et al., 2020; Dosio
et al., 2021), and also word limit of the paper, studies that rely partly or
entirely on reanalysis and simulations are excluded, or only findings
based on observational data are included.

Satellite precipitation data, while extensive and valuable for global
coverage, often exhibit considerable disparities when compared to in situ
measurements (Sun et al., 2017; Alexander et al., 2019; Harrison et al.,
2019; Le Coz and Van De Giesen, 2020; Alexander et al., 2020; Kagone
et al., 2023). In regions where station networks are sparse, such as Af-
rica, satellite data can be helpful in providing precipitation estimates.
However, they are still far from matching the precision of in situ mea-
surements of precipitation, particularly on a daily scale. The accuracy of
satellite-based precipitation estimates considerably varies depending on
precipitation type, intensity, season, and topography (Stampoulis et al.,
2013; Maggioni et al., 2016; Chen et al., 2021; Afzali Gorooh et al.,
2023). The use of different measurement techniques and algorithms lead
to heterogeneous precipitation estimates among satellites across
different regions and time periods (Sun et al., 2017; Le Coz and Van De
Giesen, 2020). Furthermore, the short temporal span of satellite records
further limits their use for long-term assessments, such as centennial
trends (Sun et al., 2017; Contractor et al., 2021). For this reason, studies
that have used satellite products are also excluded from this review.

Studies employ diverse gauge-based datasets, in addition to various
methods, to address data limitations, which can occasionally affect the
analysis results. In view of this, Table 1 provides an overview of gauge-
based global datasets that are used in the studies reviewed in this article,
including those referenced in IPCC (2021). Table 1 includes only the
most recent versions of the datasets, which typically provide details or
references to older versions, if available. Since this review concentrates
on Africa, various regions of the continent are referenced, and a map of
the continent is provided in Fig. 1 to help identify the locations of each
country. For consistency, the term ‘precipitation’ is used throughout this
review, although ‘rainfall’ may be more suitable for precipitation re-
gimes in low-latitude regions, such as tropical zones of Africa and South
America.

2. Long-term trends in precipitation total

Summarized based on the results of the gauge-based global and
regional studies assessed in this section, which employ a data period of
nearly a century (>70 years), Fig. 2 highlights areas with significant
long-term annual precipitation trends. Most of these studies have a data
period that starts around 1901, and therefore capture trends throughout
the last century. Nonetheless, there are differences in the end dates of
the data periods, with some extending to recent years, such as 2019 and
2020. The summary of the regional studies is presented in Table 2 and
Appendix A. In the Northern Hemisphere, mid- to high-latitude regions
see an increase in annual total precipitation, while tropical and sub-
tropical areas undergo a decrease. It should be noted that the gauge-
based global studies—which are also well used in this review—are not
shown in Table 2 and Appendix A.

2.1. Africa

The long-term precipitation trend over Africa is among the least
understood and poorly described due in large part to the limited station
coverage across the continent. Existing gauge-based studies have
focused on analyzing recent changes in precipitation total, spanning
short periods of time, and on assessing the factors driving precipitation
variability (e.g. Omondi et al., 2012; Omondi et al., 2013; Liebmann
et al., 2014; Maidment et al., 2015; Muthoni et al., 2019; Liidecke et al.,
2021; Hoell et al., 2021; Palmer et al., 2023). Precipitation changes over
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Table 1
Details of the global datasets used in the studies that are assessed in this review.
Dataset Developed and/or hosted by Frequency  Period Coverage Grid size Reference
CGP1.0 China Meteorological Administration (CMA) Monthly 1901-2013  Global 5° x 5° Yang et al. (2016)
land
GHCN-D National Oceanic and Atmospheric Administration/National Daily 1951-2023  Global - Menne et al. (2012)
Centers for Environmental Information (NOAA/NCEI) land
CPC-Global National Oceanic and Atmospheric Administration/Climate Daily 1979-2023 Global 0.5° x 0.5° Chen et al. (2008); Xie et al.
Prediction Center (NOAA/CPC) land (2010)
CRUTS  The Climate Research Unit (CRU), University of East Anglia Monthly 1901-2019  Global 0.5° x 0.5° Harris et al. (2020)
version 4.04 land
version 4.0 1901-2015 Harris et al. (2020)
earlier version 1901-2014 Harris et al. (2014)
lobal
GPCC-FDD Daily 1982-2020 gr(:da 1° x 1° Ziese et al. (2022)
v2022 Global Precipitation Climatology Centre at Deutscher
i DWD.
GPCC-FDM Wetterdienst (DWD) Monthl 18912020 0.25°,0.5°,  Schneider et al. (2022a);
v2022 y B 1°, 2.5° Schneider et al. (2022b)
U]?]ELO_ITS Center for Climatic Research, University of Delaware Monthly 1900-2017 lilr(:;al 0.5° x 0.5° Matsuura and Willmott (2018)
REGEN_ALL ARC Centre of Excellence for Climate System Science (ARCCSS), . Global
N Dail; 1950-2016 1° x 1° Contract t al. (2020
_2019 University of New South Wales ay land x ontractor et al. ( )
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Fig. 1. Map of Africa highlighting the locations of each country.

northern Africa have relatively more references because studies across
the Mediterranean and Arab regions have included this region
(Philandras et al., 2011; Donat et al., 2014; Caloiero et al., 2018; Zittis,
2018). Liebmann et al. (2014) and Muthoni et al. (2019) analyze pre-
cipitation trends in the eastern Africa region, but their studies are
limited to relatively short data periods: 1979-2012 and 1981-2017,
respectively.

Onyutha (2018) finds a mix of annual precipitation trends across
Africa during the period 1901-2015. Northern Africa primarily exhibits
non-significant trends, while significant trends are evident in scattered
pockets of sub-Saharan Africa (Fig. 3—a) (Onyutha, 2018). Zittis (2018)
also shows overall decreasing precipitation trends over northern Africa
for the period 1901-2014, as do Caloiero et al. (2018) for large parts of
northern Africa, specifically along the coastal regions of Morocco,
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Fig. 2. Approximate areas demonstrating significant annual precipitation total trends (at the 5 %) as evidenced by at least two studies for each region that use nearly
centennial data period. Areas with significant increasing and decreasing trends are shown with blue and yellow shaded polygons, respectively. The size of the
polygons increases with the number of neighboring stations or grids with agreement. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Table 2

Summary of the gauge-based studies on long-term precipitation trends over African regions and key findings.

Study Spatial coverage Dataset Data Precipitation Method Areas showing significant trend (at P < 0.05)
Period tri
ere metrics Trend slope and Significantly increasing Significantly decreasing
significance trend trend
annual Eastern and periphery of Section of western Africa
Onyutha D hod b; h 1.
nyutha Africa CRU v. 4.0 1901-2015  precipitation CSD method by western equatorial Africa; sue . as S.enega-, southern
(2018) Onyutha (2016b) Mali, Guinea, Sierra Leone
(mm/year) northern Madagascar. S
and Liberia.
Eastern Sudan along the
For th Nile Ri theast
Tierney  eastern Africa mean annual Man-Kendal ( S:rte:lber November EtlhfizoRli‘e,frl,)rs;:ies?rf to
etal.  (20°N-5°S & GPCCv.6.0 19012010 precipitation Mann, 1945, Sefson. outhorn Kenya and enco‘gpgss - Sofn lia
2015 °E-55°F, % Kendall, 1962 .
( ) S0°E-55E) (%/year) endath ) Lake Victoria and Kenya for June-August
season
. . CRU v. Northern Africa in GPCC
g;es(tht:;:g::’l_\fl\ﬁi:le 3.24.0; mean annual linear regression and UDEL datasets; Sahel
Zittis (2018) > UDEL 1901-2014 precipitation J . - region in CRU and GPCC
and broad areas of model, F-statistic ..
Ethiopia v.4.01; (mm/decade) datasets; Ethiopian
P GPCC v.6.0 highlands in GPCC dataset.
Theil-Sen
Caloiero Europe and annual estimator (Sen, coastal regions of Morocco
et al. Me diI': erranean GPCC v.6.0 1901-2009  precipitation 1968); Man-Kendal in the vicinity of Tunis Algeria angd Libya ’
(2018) (mm/decade) (Mann, 1945, 8 va.
Kendall, 1962)

Philandras CRU annual total Man-Kendal ( in the vicinity of northern northern parts of Morocco
et al. Mediterranean version TS 1901-2009  precipitation Mann, 1945, Tunisia (nonysi nificant) and central northern coastal
(2011) 3.1 (mm/year) Kendall, 1962) 8 regions of Algeria.

Study Spatial Dataset Data Period Precipitation Method Areas showing significant trend (at P < 0.01)

tri
coverage metries Trend slope and Significantly Significantly decreasing
significance increasing
coastal Algeria and coastal
Nicholson et al. African station ~1850-2014 standardized Man-Kendal (Mann, 1945, Gabon, Congo: Tunisia: 1838-2014;
(2018) regions data = departure Kendall, 1962) 1877-2014; Sahel: 1853-2014;

Cameroon: 1889-2014;

Algeria, and Libya during 1901-2009. Philandras et al. (2011) find a
similar result for northern Africa (above 30° N) over the same period.
Nicholson et al. (2018) find decreasing annual precipitation trends in
the coastal areas of northern African countries, and the Sahel region
from the mid-19th century to 2014, while noting non-significant annual
trends in southern Africa. In western Africa, significant decreasing
trends are seen in areas near Senegal, southern Mali, Guinea, Sierra
Leone and Liberia (Fig. 3—a and Fig. 4-a) (Onyutha, 2018). Contractor
et al. (2021) also find decreasing annual precipitation trends over
western Africa for a shorter data period, 1950-2016. Fig. 1 illustrates
significant decreases in this region of western Africa.

On the other hand, a significant increasing trend is evident along the
coastal regions of western equatorial Africa, including Gabon and the
southwestern parts of the Republic of Congo, as well as over the eastern
equatorial Africa surroundings, such as northeastern Democratic Re-
public of Congo, Rwanda, Burundi, Lake Victoria, and the northern half
of Madagascar (Fig. 3—a and Fig. 4-a) (Onyutha, 2018). Tierney et al.
(2015) demonstrate a predominantly decreasing trend in annual mean
precipitation over the Eastern Africa region (20°N-5°S & 30°E-55°E)
during 1901-2010. The spatial pattern of the annual precipitation trends
shown by Onyutha (2018) for the period 1901-2015 closely correspond
with an earlier study by Hulme et al. (2001), which covers a shorter data
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referred to the web version of this article.)

period, 1901-1995.

The precipitation trend for the winter season (December to February)
is found to be non-significant for large parts of Africa, except for small
equatorial regions like Lake Victoria and northern half of Madagascar,
where increases are significant (Onyutha, 2018; Lim Kam Sian et al.,
2021). Similarly, for the spring season (March to May), most of the
continent shows non-significant trends, except for areas such as south-
ern Nigeria, western Cameroon, and northeastern Tanzania, where there
are significant increases. A significant decreasing trend is evident in
western Africa over Senegal and southern Mali during summer (June to
August), highlighting this season’s substantial impact on the annual
precipitation trend in that region (Onyutha, 2018). Tierney et al. (2015)
find a significant decrease during the June to August season over eastern
Sudan along the Nile River, southeast Ethiopia, southern Somalia, and
Kenya. For autumn (September to November), Onyutha (2018) find a
significant increase in precipitation over western equatorial Africa
around Gabon and the southern part of the Republic of Congo, as well as
over Lake Victoria in eastern equatorial Africa. Similarly, Tierney et al.
(2015) find a significant increasing trend for this season over southern
Kenya and Lake Victoria.

The IPCC (2021) indicates a considerable decrease in annual pre-
cipitation across tropical western Africa and equatorial Africa during the
period 1901-2019. This does not fully align with the findings by
Onyutha (2018), which show largely increasing trends across equatorial
Africa, particularly south of the equator. The inconsistency can be due to
differences in data periods and methodologies. A new methodology

(Onyutha, 2016) is employed by Onyutha (2018). Applying established
methodologies would be more suitable for regions with sparse station
networks, like most of Africa, and facilitates result comparisons among
studies. Due to the limited number of stations in the CRU dataset rep-
resenting sub-Saharan Africa, Onyutha (2018) cautions that results
should be interpreted carefully. Similarly, Contractor et al. (2021)
attribute significant uncertainty to their findings for African regions due
to inadequate data.

Variations in trend significance can be observed across different
global datasets in regions with sparse station coverage (Zittis, 2018). At
least one of the three datasets used by Zittis (2018) (Table 2) shows a
considerable discrepancy in annual precipitation amounts compared to
the others, except in the Iberian and Balkans regions. In these regions,
there is good agreement among the three datasets regarding both the
amount and temporal pattern, attributed to the presence of dense station
networks (Zittis, 2018). The quality of trend analysis is also determined
by the application of appropriate precipitation representation. Ren et al.
(2023) recommend using precipitation anomaly percentage for
analyzing precipitation total trends, as it accounts for local precipitation
climates and more clearly depicts patterns on a broad scale.

Similarly, the methods used in the analysis also affect the results. It is
suggested to use a combination of the Theil-Sen estimator (Sen, 1968)
and the Mann-Kendall (MK) test (Mann, 1945; Kendall, 1962) to
compute the slope of the trend and assess statistical significance,
respectively (Caloiero et al., 2018; Yang et al., 2019; Contractor et al.,
2021; Ren et al., 2023). As the application of the Mann-Kendall test
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requires the data to be free from serial correlation, an evaluation of
autocorrelation is necessary beforehand (Ren et al., 2023). If significant
serial correlation is detected, a procedure called trend-free pre-whit-
ening (TFPW) can be applied to eliminate the autocorrelation (Yue et al.,
2002). More conveniently, to overcome this requirement, a modified
version of the Mann-Kendall (MK) test can be applied (Zhang et al.,
2000; Contractor et al., 2021; Yu et al., 2022). Gauge-based studies on
long-term precipitation trends involving African regions are summa-
rized in Table 2, along with their key findings.

2.2. Other regions

Asia. Over the past decade, a research group connecting the China
University of Geosciences (Wuhan) and the China Meteorological
Administration (CMA) has been working on developing datasets,
improving methods, and conducting studies related to Asia and its sub-
regions (such as Ren and Zhou, 2014, Ren et al., 2015, Yang et al., 2016,
Ren et al., 2017, Zhan et al., 2017, Zhan et al., 2018, Zhan et al., 2019,
Zhan et al., 2022). Building on this, Ren et al. (2023) recently provide an
updated dataset, and comprehensively assess changes in temperature
and precipitation over the Asian continent during the periods
1901-2020 and 1901-2019, respectively.

The findings by Ren et al. (2023) show significant increase in pre-
cipitation over Asia during the period 1901-2019, as previously shown
by Zhan et al. (2018) for the period 1901-2016. According to the time
series illustrated by Ren et al. (2023), the continent sees persistent dry
spells on average from 1900 to 1950, while positive anomalies remain
dominant during the second half of the 20th century. Increases over the
recent period (2001-2019) have larger magnitudes than the long-term
trends (Ren et al., 2023). Spatially, increases are more pronounced
along the high-latitude regions of the continent, and along mid-latitudes
between 60° E and 80° E longitudes, as illustrated in Fig. 2. The pre-
cipitation trend over mainland China has generally remained stable
during 1901-2019 (Ren et al., 2023), as illustrated for eastern China by
Zhan and Ren (2023). However, since 1960, Ren et al. (2023) find
increasing trends over China, particularly over the western half, as
previously shown by Zhai et al. (2005) for the period 1951-2000. Zhang
et al. (2020), after adjusting for biases resulting from systematic errors
(Zhang et al., 2019), provide further detail on the regional patterns, and
illustrate increasing trends across northwest, agreeing with Ren et al.
(2016), and southeast China.

The IPCC (2021) indication of a significant decreasing trend in
annual precipitation over South Asia is not fully evidenced in the results
of Ren et al. (2023) and Zhan et al. (2018). Instead, their findings show
that a larger proportion of the grids exhibit non-significant trends across
South Asia, with a few significant increasing trends evident over
northern India and significant decreasing trends over southern India, as
shown in Fig. 2 (Ren et al., 2023). The difference with [PCC (2021) could
be due to the different study periods, datasets used or precipitation
metrics applied. The findings by Ren et al. (2023) and Zhan et al. (2018)
regarding the long-term precipitation trend over South Asia align with
those of Kumar et al. (2010), Mondal et al. (2015) and Ren et al. (2017),
despite their use of different data periods. The substantial long-term
precipitation increase over North Asia reported by Ren et al. (2023)
and Zhan et al. (2018) is well consistent with the IPCC’s assessment over
northern Eurasia (IPCC, 2021), as shown in Fig. 2. While the overall
long-term trend over East Asia is found to be non-significant, small-scale
studies (such as Duan et al., 2015) can reveal significant local trends.

Europe. Assessing changes in precipitation at sub-continental scales
has received more attention than at continental scales in Europe. Vice-
nte-Serrano et al. (2020) find non-significant trends in regional average
annual and seasonal precipitation over southwest Europe during
1870-2018, with significant trends limited to short periods. For
instance, Pena-Angulo et al. (2020) demonstrate significant decreasing
trend from 1960 to 2000 during the winter season. Over the period
1901-2009, Caloiero et al. (2018) find significant decreasing trend in
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annual precipitation across the southern European region—Italy,
southern Austria, southern Spain, Albania and Greece, as well as in
Northern Ireland and the northern areas of Norway. Supporting these
findings, Philandras et al. (2011) show considerable decreasing trend in
annual precipitation along the coastal areas of southern Europe,
including central and northern Italy, Croatia, and southern Spain during
the same period. While Caporali et al. (2021) report similar findings
regarding Italy, Hadi and Tombul (2018) find a generally decreasing
trend across Turkey during 1901-2014. Conversely, there have been
significant increasing trends across the western and northern European
regions, including Norway, Sweden, Germany, France, north-western
Russia, northern United Kingdom, Netherlands and Estonia (Caloiero
etal., 2018). Overall, while annual precipitation has largely increased in
western and northern Europe over the past century, it has generally
dropped in southern Europe, as illustrated in Fig. 2.

North America. Annual precipitation averaged over the United States
has increased over the past century and recent decades (Easterling et al.,
2017; EPA, 2022). According to Karl and Knight (1998), the increasing
trend in precipitation across the United States during the 20th century
(1910-1996) is largely due to a rise in extreme precipitation events.
Supporting this, Easterling et al. (2017) report strong positive trends in
extreme precipitation events over a large part of the country during
1901-2015. From a regional perspective, as depicted in Fig. 2,
increasing trends are found over the eastern United States, particularly
in the Northeast and Midwest regions, while decreasing trends are
evident over the western United States, particularly in the Southwest
region (Easterling et al., 2017; IPCC, 2021; EPA, 2022; Harp and Horton,
2022). Over a shorter data period from 1950 to 2016, Contractor et al.
(2021) find a positive but non-significant trend averaged across the
country, with the eastern United States exhibiting increasing annual
precipitation trends.

Due to insufficient data for northern Canada before 1950, studies
limit their centennial analysis to southern Canada (below 60° N) or most
of their stations originate from this region. As previously shown by
Zhang et al. (2000) for 1900-1998 and by Vincent et al. (2018) for
1900-2012, Wang et al. (2023) also illustrate an increasing trend in
annual precipitation over southern Canada during 1900-2019, with
significant trends found in the eastern and western coastal areas, as
shown in Fig. 2. Similarly, Wang et al. (2023) find increasing trend over
Canada during 1948-2012, a finding supported by Contractor et al.
(2021) during 1950-2016, with significant trends being evident along
the east and west coasts of the country.

Moreover, Zhang et al. (2000) find increases in the annual ratio of
snowfall to precipitation over southern Canada during 1900-1998, with
an increase in precipitation during winter—a season typically associated
with snowfall—being suggested as the cause. Similarly, Vincent et al.
(2018) find an increasing trend in the number of days with snowfall over
southern Canada during 1900-2012. However, they also indicate a
decreasing trend in the number of days with snowfall from the mid-
1970s to 2012. Regarding changes in snowfall under the warming
climate, studies exhibit diverse results across different global regions
and seasons (Davis et al., 1999; O’gorman, 2014; Danco et al., 2016;
Deng et al., 2017; Easterling et al., 2017; Zhou et al., 2018; Harp and
Horton, 2022; Nicola et al., 2023).

South America. South America is one of the global regions where the
scarcity of observational data has hindered progress in studying long-
term precipitation changes. Most of the existing studies is based on
short data periods or has limited spatial coverage (Haylock et al., 2006;
Aravena and Luckman, 2009; De Los Milagros Skansi et al., 2013; De
Barros Soares et al., 2017; Almeida et al., 2017; Haghtalab et al., 2020).
Other small-scale studies (not shown here) that are not available in
English also exist. A significant upward trend in precipitation over the
southeastern region of South America is illustrated by Varuolo-Clarke
et al. (2021) over 1901-2016 and by Contractor et al. (2021) over
1950-2016, as shown in Fig. 2. Increasing trends across a comparable
region of the continent are previously reported by Haylock et al. (2006)
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and De Los Milagros Skansi et al. (2013) during 1960-2000 and
1950-2010, respectively. In contrast, decreasing trends are shown over
southern Peru and southern Chile (Haylock et al., 2006).

Australia. It is important to highlight that the central region of
Australia, extending southward, has limited station coverage. Dey et al.
(2019) demonstrate an increasing trend in annual precipitation over
large parts of Australia during 1910-2015, with significant increases
observed in the northern areas. This finding is corroborated by He et al.
(2022), who also report a significantly increasing trend in the northern
region during 1910-2017. The trend is stronger and more apparent for
the recent decades, 1986-2015 (Dey et al., 2019). For a longer period of
1901-2019, the IPCC (2021) reports a significant increasing trend in
annual precipitation over a comparable region of the continent.
Contractor et al. (2018) show considerable increases in annual precip-
itation over northwest Australia during 1950-2016, a trend that Dai
(2021) confirms for the period 1950-2018. Comparing the two periods
of 1958-1985 and 1986-2013, Contractor et al. (2018) also illustrate an
increase in the number of wet days in northern Australia. Conversely,
Dey et al. (2019) find a decreasing trend in precipitation over southwest
and southeast Australia during 1910-2015, which Contractor et al.
(2018) also note during 1950-2016. Mckay et al. (2023) further analyze
and review this drying trend that is evident in southwest and southeast
Australia.

3. Indices for extreme precipitation analysis

Extremes are responsible for most observed impacts and damages
(WMO, 2009; Choi et al., 2009; Zhang et al., 2011; Zhan et al., 2017;
Dunn et al., 2020; Ren et al., 2021; Contractor et al., 2021). It is
therefore more pertinent to characterize the tail of the precipitation
distribution (Zhang et al., 2011). Nevertheless, to analyze precipitation
extremes, daily or sub-daily precipitation data—which are less available
than monthly records—are required (WMO, 2009; Zhang et al., 2011;
Zhan et al., 2017; Alexander et al., 2019; Dunn et al., 2020; Contractor
et al., 2021). The limited availability is compounded by accessibility
constraints related to the willingness and ability of countries to share the
data (Alexander et al., 2006; Zhang et al., 2011; Donat et al., 2013b;
Alexander et al., 2019; Dunn et al., 2020; Contractor et al., 2021). In
order to overcome this restriction, it has become necessary to gather
records in the form of derived metrics of extremes—extreme indi-
ces—which national meteorological organizations are more willing to
provide (Zhang et al., 2011; Donat et al., 2013b; Alexander et al., 2019;
Contractor et al., 2021). Furthermore, the availability of globally
recognized indices for extreme analysis facilitates inter-comparison
across regional studies and hence global-scale presentations (Zhang
et al., 2011; Alexander et al., 2019; Dunn et al., 2020; Contractor et al.,
2021).

In light of this, the Expert Team on Climate Change Detection and
Indices (hereafter referred to as ETCCDI) defined a suite of globally
recognized indices for temperature and precipitation extremes (Zhang
et al., 2011; Alexander et al., 2019; Contractor et al., 2021). These
indices have been pivotal in fostering regional collaborations and
advancing studies focused on climate extremes over recent decades
(Alexander et al., 2006; Choi et al., 2009; Zhang et al., 2011; Alexander,
2016; Alexander et al., 2019; Dunn et al., 2020). The ETCCDI indices are
particularly effective in identifying moderate extremes that typically
occur at least once a year (WMO, 2009; Zhang et al., 2011; Alexander,
2016; Dunn et al., 2020). To study more significant extremes that occur
over longer time intervals, statistical methods developed from extreme
value theory are employed (IPCC, 2021; Mcbride et al., 2022). Indices
have also been developed to meet various goals and sector-specific needs
(Alexander and Herold, 2016; Zhang et al., 2011; Donat et al., 2013b;
Zhan et al., 2017; Alexander et al., 2019). Furthermore, new indices are
being proposed to monitor extremes that require precipitation analyses
at sub-daily scales (Lewis et al., 2019; Alexander et al., 2019).

As precipitation is the focus of this review, the precipitation-based
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ETCCDI indices are detailed in Table 3. As each indices track various
aspects of extremes, it is recommended to use multiple categories of
indices for a comprehensive analysis of extremes (Xiao-Juan et al.,
2023). While most indices are typically calculated on an annual basis,
the RX1day and RX5day indices are evaluated monthly (Zhan et al.,
2017; Alexander et al., 2019; Alexander et al., 2020). To calculate the
R95p and R99p indices, the 95th and 99th percentiles must be deter-
mined from the precipitation series of wet days during a climatological
base period (Alexander et al., 2006; Choi et al., 2009; Zhang et al., 2011;
Alexander et al., 2019). As per the recommendation of WMO, the period
1961-1990 has consistently been used as the climatological base period
(Zhang et al., 2011). However, adjustments to this base period are
sometimes inevitable to deal with data issues, as demonstrated by
Omondi et al. (2014). It is important to ensure that any adjustments to
the base period due to local data availability do not compromise the
consistency needed for long-term climatic references and continuity
with previous analyses. It may be necessary to modify thresholds of the
indices, such as R10 and R20, to account for regional climate variations
(Alexander et al., 2006; Alexander et al., 2007; Dunn et al., 2020).

It is crucial to underline the necessity of studying precipitation
changes by breaking them down into frequency and intensity compo-
nents. This differentiation is important not only because frequency and
intensity have distinct impacts, but also because it helps in under-
standing how changes in frequency and intensity contribute to observed
precipitation changes, as well as the relationship between these two
components in a region (Contractor et al., 2018; Contractor et al., 2021).
To fully assess changes in extreme precipitation, it is essential to
consider the effects of changes in both the intensity and frequency of
these extremes (Myhre et al., 2019). While the ETCCDI indices capture
certain aspects of precipitation extremes, such as frequency (R1mm,
R10mm, R20mm), intensity (SDII, RX1day, RX5day), and duration
(CWD, CDD), they do not offer a comprehensive view of the entire
precipitation distribution (Alexander et al., 2019; Contractor et al.,
2021).

This indicates that ETCCDI indices should be complemented with
analyses that cover the entire precipitation distribution for a more
thorough insight on precipitation changes. Examining shifts in the full
distribution of precipitation helps capture changes across the full spec-
trum of precipitation, which may not be evident when only considering
mean or extreme values (Li and Yu, 2014; Contractor et al., 2018;

Table 3

Indices defined by the ETCCDI for precipitation extreme analysis (Zhang et al.,
2011; Alexander et al., 2020). The R1mm index is based on the Rnnmm defi-
nition suggested by the ETCCDI, where ‘nn’ represents a user-defined threshold.

D Indicator Name Indicator Definitions Units
RX1day Max 1-day Monthly maximum 1-day mm
precipitation amount precipitation
RX5day Max 5-day Monthly maximum consecutive mm
precipitation amount 5-day precipitation
SDII Simple daily intensity The ratio of annual total mm/
index precipitation to the number of wet day
days (> 1 mm)
R1lmm Number of wet days Annual count when precipitation days
>1 mm
R10mm Number of heavy Annual count when precipitation days
precipitation days >10 mm
R20mm Number of very heavy ~ Annual count when precipitation days
precipitation days >20 mm
CDD Consecutive dry days Maximum number of consecutive days
days when precipitation <1 mm
CWD Consecutive wet days Maximum number of consecutive days
days when precipitation >1 mm
R95p Very wet days Annual total precipitation from mm
days >95th percentile
R99%p Extremely wet days Annual total precipitation from mm
days >99th percentile
PRCPTOT  Annual total wet-day Annual total precipitation from mm
precipitation days >1 mm
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Contractor et al., 2021; Tolhurst et al., 2023). It is documented that
while extreme precipitation events may change, there can also be
simultaneous changes in the frequency and intensity of light precipita-
tion at the lower end of precipitation distributions (Li and Yu, 2014;
Alexander et al., 2020; Contractor et al., 2021).

Contractor et al. (2021), who employ a quantile-based approach to
analyze changes in precipitation distribution, suggest examining both
all-day and wet-day distributions, alongside evaluating changes in the
number of wet days. They note that wet-day distributions provide better
insight into changes in precipitation intensity, while all-day distribu-
tions capture aggregated information on changes in both the frequency
of wet days and precipitation intensity. However, caution is necessary
when using wet-day distributions to analyze precipitation changes
(Schar et al., 2016; Contractor et al., 2021). This is because wet-day
percentiles are sensitive to changes in the number of wet days. As
demonstrated by Schar et al. (2016), changes in percentile resulting
from changes in the number of wet days can be misinterpreted as
changes in intensity. Therefore, wet day percentile changes should not
be presented in isolation from all day percentile changes, as the latter
remain unaffected by variations in the number of wet days.

A gridded dataset of extreme indices with global coverage has been
developed to advance research on precipitation extremes. This dataset
incorporates the indices data obtained from ETCCDI’s regional work-
shops (Dunn et al., 2020). Since its initial version, the dataset has been
updated to extend the data periods and increase the number of stations.
The initial version, known as the Hadley Center Global Climate Extremes
Index (hereafter referred to as HadEX) (Alexander et al., 2006), was
followed by GHCNDEX (Donat et al., 2013a) and HadEX2 (Donat et al.,
2013b), and most recently HadEX3 (Dunn et al., 2020). One of the
primary sources of daily observations used to develop these datasets of
climate extremes is the daily data from GHCND (Menne et al., 2012).

HadEX3 includes 27 temperature and precipitation-based ETCCDI
indices on a 1.25° x 1.875° latitude-longitude grid, covering the period
from 1901 to 2018 (version 3.0.4)." Additionally, three more indices are
included, two of which are precipitation-based and are detailed in
Table 4. However, the dataset’s coverage is limited across much of Af-
rica, except for western Africa, the southernmost areas, and coastal re-
gions near the Mediterranean. Similarly, the Arabian Peninsula, central
and eastern Asia, and northern parts of South America also have sparse
station representation in HadEX3.

Dunn et al. (2020) discuss discrepancies that can be observed in local
extreme behaviors based on how the interpolation to the grids is made.
One of two possible approaches could be used: one can either interpolate
the daily precipitation data to the grids first and then compute the
extreme indices, or first compute the extreme indices from the daily
precipitation data and then interpolate these indices. While more
research on the effects of the gridding order is necessary, Dunn et al.
(2014) indicate the primary determinants of the overall analysis are the
station coverage and the gridding methodology applied. In regions with
adequate station coverage, there is less susceptibility to the effects of
employing different gridding methodologies (Dunn et al., 2014).

Table 4
HadEX3, similar to earlier versions, includes two more precipitation-based
indices: R95pTOT and R99pTOT (Dunn et al., 2020).

ID Indicator Name Indicator Definitions Units
R95pTOT  Contribution from very wet days 100 * R95p / %
PRCPTOT
R99pTOT  Contribution from extremely wet 100 * R99p / %
days PRCPTOT

! https://catalogue.ceda.ac.uk/uuid/115d5e4ebf7148ec941423ec86fa9f26
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Conversely, Herold et al. (2017) observe that the order of gridding has a
significant effect on RX1lday when investigating the sensitivity of
extreme precipitation to different grid resolutions. Reversing the
gridding order nearly eliminates the expected positive correlation be-
tween RX1day detection and grid resolution (Herold et al., 2017), while
R10mm shows no sensitivity to change in gridding order (Herold et al.,
2017).

4. Observed changes in extreme precipitation

The majority of existing studies on precipitation extremes have used
data starting from 1950 or later, as daily precipitation data are more
limited in terms of completeness, quality, and homogeneity (Alexander
et al., 2019, Contractor et al., 2021). In many IPCC-linked studies, re-
gions such as large parts of Africa, the Arabian Peninsula, and South
America have poor station coverage (Benestad et al., 2019; Zhang and
Zhou, 2019; Dunn et al., 2020; Sun et al., 2021; Contractor et al., 2021).
A summary of the gauge-based regional studies on precipitation extreme
trends is presented in Table 5 and Appendix B. Most of the studies use
RClimDex (Zhang and Yang, 2004) for data quality control and calcu-
lation of the ETCCDI indices, and RHtest (WMO, 2009) for data ho-
mogenization. RHtests_dlyPrcp is specifically designed for the
homogenization of daily precipitation data (Wang and Feng, 2013).
Before moving on to the review of extreme-based regional studies, we
briefly overview the two extreme-based global studies, Dunn et al.
(2020) and Sun et al. (2021), and their findings on long-term extreme
trends.

Employing the HadEX3 extreme dataset, Dunn et al. (2020) evaluate
trends and changes in extreme indices on a global scale. Their findings
show a significant increase in R95pTOT and RX1day trends globally
over the period 1900-2018, while a non-significant increase in R10mm
is also evident. However, when examining the global time series over the
shorter period from 1950 to 2018, all three indices —R95pTOT,
RX1day, and R10mm—show significant increasing trends (Dunn et al.,
2020). Furthermore, areas illustrating significant increasing and
decreasing trends show good correspondence between extremes (Dunn
et al., 2020) and long-term precipitation totals (Fig. 2, section 2). This
spatial correlation suggests that changes in extremes are largely
responsible for observed changes in total precipitation.

Sun et al. (2021) analyze extremes (RX1day and RX5day) during
1900-2018 based on some of the datasets used to develop HadEX2
(Donat et al., 2013b), and incorporate additional stations from
Argentina, China, Russia, Australia and Canada. Nonetheless, large parts
of Africa, southwest Asia, South America, and central and northern
Australia have poor station coverage. The coverage of the stations
employed in the development of HadEX3 (Dunn et al., 2020) is greater
than that used by Sun et al. (2021), particularly over South America and
western and northern Africa. Sun et al. (2021) indicate a higher per-
centage of their stations exhibits increasing trends in RX1lday and
RX5day globally. Specifically, 66 % of the stations exhibit increasing
trends for RX1day, compared to 34 % showing decreasing trends. Sig-
nificant increasing trends in RX1day are evident at 9.1 % of the stations,
while significant decreasing trends are recorded at 2.1 % of the stations
(Sun et al., 2021).

4.1. Africa

Gauge-based studies focusing on observed trends in precipitation
extremes across African regions are undoubtedly hindered by extensive
data limitations, as is the case with studies examining precipitation to-
tals. Most studies use a disproportionately small number of stations
relative to the area under investigation, and the spatial distribution of
these stations is often biased. To address gaps in daily gauge records,
some extreme-based studies have relied partly or entirely on model and
reanalysis data (such as Chaney et al., 2014, Teshome et al., 2022).
Others have focused on evaluation of model performances and future
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Table 5
Summary of gauge-based extreme studies related to African regions.
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Study Spatial coverage Dataset Data Extreme metrics Method Key findings or
Period Trend slope and significance significant trends (at P < 0.05)
Omondi et al. Greater Horn Africa station 1971-2010 ETCCDI indices Theil-Sen estimator (Sen, mixed trends, mostly non-significant
(2014) (GHA) data 1968)
Harrison et al. “quality areas” of REGEN 1950-2013  ETCCDI indices Theil-Sen estimator (Sen, significant increasing RX1day trend over wet
(2019) sub-Saharan Africa 1968); Man-Kendal (Mann, subset; significant decreasing seasonal CDD trend
(SSA) 1945, Kendall, 1962) over dry subsets.
McBride et al. ~ South Africa station 1921-2020  User defined Chi-squared (y) test; Significant increase in probability of >50 mm,
(2022) data thresholds based on Probability density function >75 mm and >115 mm precipitation, increases in
local climate of gamma distribution. frequencies of rare extremes (1-in-100 year).
Kruger and  South Africa station 1921-2015  ETCCDI indices - Significant increase in R95p, RX1day, particularly
Nxumalo data over southern sections of South Africa,
(2017)
Donat et al.  Arab region station 1960-2010  ETCCDI indices Least squares regression. mixed trends, mostly non-significant; significant
(2014)  (including parts of data increase (PRCPTOT and R10mm) over west

Africa)

African sections.

projections (such as Crétat et al., 2014, Gibba et al., 2019, Onyutha,
2020, Akinsanola et al., 2021, Ageet et al., 2022). These studies fall
outside the scope of this review.

The study by Omondi et al. (2014) examines precipitation and
temperature extremes across ten countries in the Greater Horn of Africa
(hereafter referred to as GHA) generally over the period 1971-2010,
though the data period varies among the countries based on data
availability (Omondi et al., 2014). The findings by Omondi et al. (2014)
show mixed trends in extreme across the GHA during the period
1971-2010, most of which are statistically non-significant. However,
significant trends are found at a few stations; for instance, PRCPTOT at
Asmara (1971-2010) and RX5day at Khartoum (1960-2000) both show
significantly decreasing trends, while the Dodoma station (1960-2000)
exhibits a significantly increasing trend in R95p. The IPCC’s (IPCC,
2021) reference to Omondi et al. (2014) as evidence for increasing
precipitation extremes over the GHA seems hardly fitting. It is worth
noting that Omondi et al. (2014) use data from a limited number of
stations (73 stations) to represent an area as vast as the GHA, with some
countries, like Somalia, having no stations. Furthermore, extremes that
have occurred after 2006 are not accounted for.

Gebrechorkos et al. (2018) examine temperature and precipitation
extremes over three east African countries—Ethiopia, Kenya and Tan-
zania—over the period 1981-2016. Gebrechorkos et al. (2018) base
their analysis on the CHIRPS dataset (Funk et al., 2015b), which they
find to outperform three other datasets across the region in their earlier
study (Gebrechorkos et al., 2017). Nonetheless, among these datasets
used for the CHIRPS performance evaluation, one is a hybrid of rean-
alysis data and another one is entirely based on model simulation.

Numerous studies (including Dinku et al., 2018, Harrison et al.,
2019, Chen et al., 2020, Cavalcante et al., 2020, Macharia et al., 2022,
Lopez-Bermeo et al., 2022, Ageet et al., 2022, Zhang et al., 2022, Han
et al., 2023) document variations in the performances of the CHIRPS
dataset across resolutions, regions, seasons and extreme indices. While
the use of satellite rainfall products is expected in regions with scarce
ground observations, it is important to emphasize that applying these
datasets does not guarantee accuracy levels comparable to station data.
Therefore, when discussing their advantages, it is important to exercise
caution to avoid misleading policy makers or distracting initiatives
aimed at increasing station coverage and access to in situ data. To shed
more light on the uncertainty, we evaluate the performance of CHIRPS
precipitation estimates using selected stations from Ethiopia in Appen-
dix D.

According to Gebrechorkos et al. (2018), in the context of country
average, the trends in annual extreme indices related to precipitation are
non-significant over Tanzania during 1981-2016. CDD shows a signifi-
cant decreasing trend in Ethiopia, while SDII, R95p, and R99p demon-
strate significant increasing trends in Kenya. The findings for Ethiopia
by Gebrechorkos et al. (2018) differ from those of Wubaye et al. (2023),

who report increasing trends in most precipitation-based annual indices
over Ethiopia during 1986-2020. Although Wubaye et al. (2023) use in
situ data, their analysis is not grid-based; instead, regional averaging is
conducted through direct averaging of indices at the station level. A
station-based analysis may introduce biases from uneven station distri-
butions (Zhan et al., 2018; Contractor et al., 2021; Ren et al., 2023),
which is an issue in Wubaye et al. (2023). The findings of Gebrechorkos
et al. (2018), showing generally non-significant trends in extreme pre-
cipitation over the three East African countries, supports the finding of
Omondi et al. (2014) for GHA, despite the difference in data periods.
Due to insufficient data and studies, [PCC (2021) expresses low confi-
dence regarding changes in extreme precipitation over NEAF and SEAF
regions (IPCC’s reference regions corresponding to GHA, Appendix C).

In another study, Harrison et al. (2019) employ the REGEN dataset
(Contractor et al., 2020) to assess changes in precipitation extremes
across sub-Saharan Africa (hereafter referred to as SSA) during
1950-2013. To provide further context for their findings, Harrison et al.
(2019) resolve SSA into dry, intermediate, and wet areas, with areas that
have relatively good station coverage (referred to as “quality areas”)
receiving specific attention (Fig. 5-a) (Harrison et al., 2019). Their
findings indicate a decreasing trend in PRCPTOT over both SSA and the
“quality areas,” with this trend being significant over the wet and in-
termediate subsets of the “quality areas” (Fig. 5-b). On the other hand,
RX1day exhibits an increasing trend over “quality areas,” with the trend
being significant over the wet subsets (Harrison et al., 2019). During the
season comprising the three wettest local months, Rlmm (number of
days with precipitation >1 mm) shows a significantly decreasing trend
over the “quality areas,” particularly over the intermediate subset. CDD
exhibits a significantly decreasing trend over the dry subset of the
“quality areas”.

The “quality areas” identified by Harrison et al. (2019) include South
Africa, central western Ethiopia, southern Kenya, central Zambia,
Malawi, and southern West Africa. Nonetheless, with the exception of
South Africa, the IPCC (2021) classifies the SSA as having inadequate
data and evidence to sum up trends in precipitation extremes. Harrison
etal. (2019) also point out that the “quality areas” constitute small areas
that are broadly scattered across SSA and cover only about 15 % of the
region. This leaves large portions of central, central-west, and northern
SSA unrepresented. Put another way, analyses based on the “quality
areas” are not sufficient for drawing conclusions about the entirety of
SSA. Moreover, due to the sparse gauge networks, analyses considering
the low-quality areas of SSA should also not be used to draw broad
conclusions.

McBride et al. (2022) compare two periods, from 1921 to 1970
(period I) and from 1971 to 2020 (period II), to analyze changes in
extreme precipitation occurrences over South Africa, a relatively well-
gauged country in Africa. According to McBride et al. (2022), all sta-
tions have at least 90 % of the complete daily data available for the
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period. Their results indicate a 4 % increase in “heavy or extreme” (>50
mm) precipitation between the two periods (McBride et al., 2022). For
majority of the stations in the country, higher probabilities of experi-
encing precipitation exceeding 50 mm, 75 mm, and 115 mm on wet days
are found during period II compared to period I (McBride et al., 2022).
While South Africa has seen significant increases in precipitation ex-
tremes, including an increase in frequency of rare extremes, trends can
exhibit spatial variability (Kruger and Nxumalo, 2017, McBride et al.,
2022).

The findings of McBride et al. (2022) align with the IPCC (2021)
assessment over southern Africa, which indicates increasing trend in
precipitation extreme events since 1950. South Africa is located in the
southern sections of the WSAF and ESAF reference regions (as defined by
the IPCC, Appendix C). For both reference regions, Sun et al. (2021)
report increases in both RX1day and RX5day during 1950-2018. Based
on HadEX3, Dunn et al. (2020) identify a significantly increasing trend
in RX1day in certain areas of ESAF, while trends are non-significant over
the WSAF region.

For northern Africa, Donat et al. (2014) demonstrate that trends in
extremes during 1960-2010 are mixed and lack spatial coherence, with
most being statistically non-significant. Exceptions to this are stations in
the west African sections of the study area (near 20°N) for the period
1981 onwards, where significant positive trends in PRCPTOT and
R10mm are evident (Donat et al., 2014). Notably, Dunn et al. (2020)
show a significant decreasing trend in R10mm over west Africa, in
contrast to Donat et al. (2014), but using a longer data period
(1950-2018).

4.2. Other regions

Asia. Choi et al. (2009) observe that trends in extremes are generally
non-significant and spatially incoherent across the Asia-Pacific Network
Region (APN), which includes China and Australia, during 1955-2007.
Similarly, Dunn et al. (2020) find a generally non-significant trend in
RX1day across much of Asia during 1950-2018, with the exception of
eastern Asia and southern India, where significant increases are evident.
Sun et al. (2021) have also identified a comparable regional pattern in
RX1day across Asia, excluding southern Asia and the Arabian Peninsula.
The RIO5SPTOT exhibits a largely non-significant trend over a substantial
portion of the continent, with significant increases observed only in
eastern Asia (Dunn et al., 2020). Moreover, there is a notable increasing
trend in R10mm over Northeast Asia and some parts of western Asia
(Dunn et al., 2020). Previous studies, such as Zhou et al. (2016), report a
modest increase in some extreme indices over China, while the IPCC
(2021) indicates that extreme trends are non-significant. Nonetheless,
Zhang et al. (2020) highlight that biases lead to underestimation and
reveal considerable increases in annual rainstorm during 1961-2010
after adjustments are made.

Europe. Comparing two periods, 1951-1980 and 1984-2013, Myhre
et al. (2019) illustrate positive changes in extreme precipitation over
Europe using percentile-based extreme indices from R95p to R99.99p.
They find that the magnitude of change increases with higher percen-
tiles. According to Myhre et al. (2019), the contribution from changes in
frequency is significant compared to changes in intensity. Similar to the
findings by Myhre et al. (2019) regarding rare extremes, Van Den Bes-
selaar et al. (2013) report significant changes in extreme events occur-
ring once every 10 and 20 years during 1951-2010. Dunn et al. (2020)
and Sun et al. (2021) find significant increasing annual trends in RX1day
and RX5day over northern Europe during 1950-2018. Similarly, Myhre
et al. (2019) demonstrate predominantly positive changes in R99p
across northern Europe for the period 1951-2013, while Zeder and
Fischer (2020) indicate an increasing trend in RX1lday over central
Europe over the long-term (1901-2013).

North America. Since 1980, single-day precipitation extremes show
a significant increasing trend averaged over the United States (EPA,
2022). Hoerling et al. (2016) illustrate a significant increasing trend in
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R95p over the Northeast climatic region during 1979-2013, while
observing a significant decreasing trend over the West climatic region. A
comparable spatial pattern is reported in the long-term R95p trend
(1901-2013), with an increase in the northeastern United States and a
decrease in the southwestern United States (Hoerling et al., 2016).
Powell and Keim (2015) find increasing trend in R95p at most stations
across the southeastern United States over the period 1948-2012.
Conversely, Hoerling et al. (2016) report a non-significant decreasing
trend in R95p over the southern and southeastern regions of the United
States, including the region analyzed by Powell and Keim (2015). The
discrepancy in the results may be due to the differing data periods: about
65 years for the analysis by Powell and Keim (2015) and 35 years for
Hoerling et al. (2016). Supporting the findings of Powell and Keim
(2015), Dunn et al. (2020) illustrate significant increasing trend in
RIO5pTOT across the southeastern United States over the period
1950-2018.

Yang et al. (2019) report significant increasing trends in extreme
indices, including RX1day, RX5day, and R95p, over Canada during
1950-2012. Vincent et al. (2018) find that the number of days with
rainfall greater than the 90th percentile increases by an average of 1.3
days nationwide. They also show a significant increasing trend in heavy
rainfall over the eastern areas of southern Canada, southern Quebec, and
many places in British Columbia during 1948-2012. Despite these
findings, Vincent et al. (2018) note that most of southern Canada ex-
periences decreasing heavy snowfall trends during the same period,
although these trends are not as pronounced as those for heavy rainfall.
However, the country’s central and northern regions exhibit increasing
trends in days with heavy snowfall (Vincent et al., 2018).

South America. According to de los Milagros Skansi et al. (2013),
increasing trends in RX1day, RX5day and R99p are evident over South
America during 1950-2010, though these trends are largely non-
significant. Although the station coverage by de los Milagros Skansi
et al. (2013) is an improvement over the earlier work by Haylock et al.
(2006), large areas of Brazil, southern Argentina, and Uruguay have
inadequate station coverage. Da Silva et al. (2019) find mostly non-
significant trends for extreme indices over the Amazon Basin and
northeast Brazil during 1980-2013. Similarly, a largely non-significant
trend in RX1day is depicted by Dunn et al. (2020) over the Amazon
Basin. However, they identify a significant increasing trend over
southern Brazil, Uruguay, and northern Argentina, contrasted by a sig-
nificant decreasing trend in Chile and northeastern Brazil (Dunn et al.,
2020).

Australia. Choi et al. (2009) and Alexander and Arblaster (2017)
observe that trends in extremes over Australia are generally non-
significant over different periods, 1911-2010 and 1955-2007, respec-
tively. Alexander and Arblaster (2017) find significant decreasing trends
in SDII and CDD on average over Australia. Choi et al. (2009) report that
a larger proportion of stations exhibit increasing trend in R95p over
western Australia, while eastern Australia experiences decreasing trend
in R95p. Dunn et al. (2020) depict a similar spatial pattern for trend in
RI5pTOT during 1950-2018, along with a significant increasing trend
in Rlxday over western Australia. Contractor et al. (2018) report
negative changes in the number of wet days over eastern and southern
Australia comparing two periods, 1958-1985 and 1986-2013, espe-
cially during March-May and September-November seasons. A high
spatial correlation between precipitation totals and extremes across
Australia is previously reported by Alexander et al. (2007).

5. Status quo of station coverage and precipitation data over
Africa

Africa, a continent of immense size and diversity, hosts a variety of
intricate landscapes and rich ecosystems (Monadjem, 2023), showcasing
a broad spectrum of weather and climate patterns (Hulme et al., 2001;
Giannini et al., 2008; Bekele-Biratu et al., 2018; Nicholson, 2019; Le Coz
and Van De Giesen, 2020; Palmer et al., 2023). Despite its significance as
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a global weather and climate driver and its vulnerability to climate
variability and change, Africa faces challenges in providing sufficient
precipitation data necessary for understanding long-term climate trends
and variability (Dinku, 2019; IPCC, 2022). It remains one of the least
covered regions (Dezfuli et al., 2017; Le Coz and Van De Giesen, 2020;
Kaspar et al., 2022), accounting for an estimated 10 % of the global
climate station coverage (IPCC, 2022). The station coverage is particu-
larly sparse in rural and remote areas, leading to an uneven distribution
of stations across the continent (Dinku, 2019; Muthoni et al., 2019).
Compounding the issue of an already limited station network, the
number of operational stations in Africa has steadily declined over the
past few decades (Nicholson et al., 2018; Dinku, 2019; Bliefernicht et al.,
2021; IPCC, 2022).

Notably, areas like southern Africa exhibit better spatial and tem-
poral coverage (Kidd et al., 2017, Kruger and Nxumalo, 2017, Harrison
etal., 2019, Contractor et al., 2020, McBride et al., 2022). Examining the
spatial coverage of climate stations along with their operational dura-
tion and consistency is also necessary, as this provides deeper insight
into the data challenges. In this regard, the spatial coverage of the sta-
tions over Africa in the REGEN dataset illustrated by IPCC (2022) is an
aggregate, and could exhibit significant thinning when analyzed over
distinct time periods, as shown by Contractor et al. (2020). Despite ef-
forts at regional and international levels to improve the coverage of
observational stations in Africa, progress remains limited, hindered by
additional factors such as conflicts and inadequate funding (Dezfuli
et al., 2017, Dinku, 2019, Al-Zu’bi et al., 2022, IPCC, 2022). As a result,
many areas of the continent continue to lack adequate meteorological
station coverage.

African stations that supply daily precipitation data to the GHCND
dataset (Table 1) are shown in Fig. 6. While the actual station coverage
may be different from this, as demonstrated by Ethiopia’s situation in
Fig. 7, the distribution of GHCND stations illustrates the sparse coverage
over the continent, particularly before1950. A similar illustration of the
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spatiotemporal coverage of GPCC stations across Africa is not produced
as the GPCC data (Table 1) is provided in grid fields, and the latitude-
longitude details of the stations and the duration of their data are not
available. However, examining the spatial coverage of stations supply-
ing data for a certain month or day can give a glimpse of the coverage of
GPCC stations over Africa, as shown by Sun et al. (2017) for July 2005
and Dinku (2019) for July 2013. As GPCC gathers more stations than
GHCND, improvement in coverage is noted, however considerable areas
remain sparse, particularly across the northern and central remote areas
of the continent. Besides, Africa lacks precipitation data for the most
recent years in the GPCC (Dinku, 2019; Schneider et al., 2022a).

Similarly, Africa has poor station coverage in other available gridded
gauge-based climate datasets (Alexander et al., 2019; Dunn et al., 2020;
Contractor et al., 2020; Ziese et al., 2020; Harris et al., 2020). For
instance, REGEN, a global daily dataset identified by Contractor et al.
(2021) as having the highest density of stations, has meaningful station
coverage over southernmost areas of Africa and is mostly limited to the
years 1950-1999 (Contractor et al., 2020). In addition to the insufficient
gauge networks on the ground, the limited representation of Africa in
the REGEN dataset is linked to countries’ willingness to share observa-
tions (Contractor et al., 2020). Moreover, the number of stations has
varied over time or declined recently in several global datasets, which
presents an additional challenge to the long-term precipitation assess-
ments (Funk et al., 2015a; Sun et al., 2017; Dinku, 2019; Alexander
et al., 2019; Contractor et al., 2020; Schneider et al., 2022a). In addition
to direct precipitation data from the station-based and grid-based
datasets, computed indices are also available on grid fields. As dis-
cussed in section 3, one such product with global coverage is HadEX3,
the recent version of HadEX. However, the stations used to develop
HadEX3 have limited spatial coverage over Africa.

To further demonstrate the challenge, the case of Ethiopia is pre-
sented based on the metadata of all the national meteorological stations
acquired from the Ethiopian Meteorological Institute (EMI). There are
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https://www.ncei.noaa.gov/products/land-based-station/global-historical-climatology-network-daily
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1980 (bottom-left) and present (bottom-right).

just four stations that have been operational prior to 1950, as seen in
Fig. 7. The number of stations increases between 1950 and 1960,
particularly across the central regions of the country. While little
progress is noted in the following decade, 1960-1970, a significant in-
crease in the number of stations in Ethiopia occurs before 1980, with
most new additions again concentrated in the central regions. The bot-
tom right panel of Fig. 7 shows the spatial coverage of existing stations
across Ethiopia, including a few stations that have ceased observation.
Large areas of eastern and southeastern Ethiopia are sparsely covered,
and border regions, which are typically rural, remain to have inadequate
coverage. In addition to the sparse spatial distribution of stations, as is
common in most African nations, issues related to data completeness are
typical (Dinku, 2019; Dufera et al., 2023; Mena et al., 2023).

Sparse station coverage has caused disparities across different data-
sets in the representation of precipitation in African regions, while
values are generally consistent in other global regions with better station
coverage (Sun et al.,, 2017; Zittis, 2018; Dosio et al., 2021). Using
merged gauge-satellite datasets is suggested to reduce the disparities in
precipitation values arising from the limited station coverage (Parker
et al., 2011; Novella and Thiaw, 2013; Dinku et al., 2018; Kaspar et al.,
2022). Nonetheless, the blending of observations with satellite products
or reanalysis data to bridge this gap poses further limitations stemming
from estimation algorithms and model uncertainties (Zhang et al., 2011,
Sun et al., 2017, Harrison et al., 2019, Alexander et al., 2019, Le Coz and
Van De Giesen, 2020, Alexander et al., 2020, Dosio et al., 2021, Al-Zu’bi
et al., 2022). Daily or sub-daily precipitation, in particular, is the most
difficult to replicate (Ombadi et al., 2021; Kagone et al., 2023; Mekon-
nen et al., 2023). The limitation is compounded by the need for in situ
data in the development of these products (Kagone et al., 2023,
Mekonnen et al., 2023). Besides, satellite precipitation datasets often
cover short periods that mostly begin in 1980 or later (Sun et al., 2017;
Contractor et al., 2021). Because of this, their availability for long-term
precipitation assessment—like centennial trend analysis—is limited.
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Similarly, with considerable disparities among them, reanalysis prod-
ucts lack the precision needed to reliably fill long-term data gaps and
remain a work in progress (Alexander et al., 2020; Dosio et al., 2021).

In addition to sparse station coverage, it is important to underline the
issues related to data quality, homogeneity, and the frequency of missing
records, which present significant challenges. Encountering quality is-
sues, stemming from observing and archiving practices that do not
conform to the WMO standard (WMO, 2008), is not rare in Africa
(Dinku, 2019, Al-Zu’bi et al., 2022, Bliefernicht et al., 2021). It is also
common to find data having short periods or several missing records,
particularly in daily precipitation series (Omondi et al., 2014; Kruger
and Nxumalo, 2017; Dezfuli et al., 2017; Dinku, 2019; Dufera et al.,
2023). Data inhomogeneity frequently arises from changes in station
locations caused by instabilities, construction, and urbanization. By
demonstrating the disparity between historical trends calculated using
homogenized data and raw data, Wang et al. (2023) provide strong
evidence for the need to ensure homogeneity in observations before
their use.

The lack of data over Africa is also a result of further issues related to
restrictive data policy, inadequate maintenance and calibration, and the
inaccessibility of non-digitized data archives (Dezfuli et al., 2017;
Dinku, 2019; Bliefernicht et al., 2021; Kaspar et al., 2022; IPCC, 2022).
Since countries enforce stern data policies that restrict access, the actual
precipitation data that is available in Africa is thought to differ from the
data shared with the WMO and used in global datasets (Donat et al.,
2013b; Dezfuli et al., 2017; Nicholson et al., 2018; Dinku, 2019; Dunn
et al., 2020; Contractor et al., 2021). For instance, according to
Deutscher Wetterdienst (producer of GPCC2), no African nation is seen
in the country list that contributed precipitation data to GPCC between

2 https://www.dwd.de/EN/ourservices/gpcc/editorial/latest_datadeliveries.
htm]?nn=495490
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2019 and 2023, nor are there any African stations with data extending
beyond 2016. The same can also be observed in the cases of Uganda,
Mali, Madagascar and Rwanda, as illustrated by Dinku (2019). Due to
poor maintenance and funding limitations, some observational stations
in Africa operate with outdated equipment or encounter technical issues
that produce incomplete or unreliable data. Another factor in certain
countries has been the lack of established mechanisms for exchanging
data with regional or global organizations (Dinku, 2019).

Some national meteorological services have non-digitized data,
which is therefore not readily available to be shared (Dinku, 2019). In
some circumstances, data archives can be located in different places or
even not known (Bronnimann et al., 2018; Kaspar et al., 2022). The
International Data Rescue (I-DARE)® portal served as a centralized
platform that provides information and metadata on projects working
on data rescue, the progress of climate data digitization, and data that
still requires digitization. The WMO’s Commission for Climate Expert
Team on Data Rescue, which falls under Global Framework for Climate
Services (GFCS), oversaw I-DARE, while the Royal Netherlands Meteo-
rological Institute (KNMI) operated the portal. The I-DARE portal
highlighted projects worldwide aligned with these objectives. Notably,
Africa ranked second after Europe in the number of Data Rescue (DARE)
projects (Brunet et al., 2020). Nonetheless, many of these projects
concentrated on specific regions, primarily coastal areas in western,
equatorial eastern, and southwestern Africa (Brunet et al., 2020). This
suggests that other regions on the continent may still have archives
requiring digitization. Although detailed documentation on the current
status of these projects is lacking, some have been completed. Following
the integration of efforts between the World Meteorological Organiza-
tion (WMO) and the Copernicus Climate Change Service (C3S), the In-
ternational Data Rescue (I-DARE) initiative has transitioned to a new
platform hosted at datarescue.climate.copernicus.eu.”

6. Conclusions, suggestions and prospects

This review evaluates the extent of existing studies on precipitation
changes that use in situ data or gauge-based datasets, how comparable
they are, and how well their findings align to determine regional trends.
The various causes of discrepancies in results are highlighted, along with
limitations and uncertainties related to station coverage, precipitation
representations, gridding order, and the applications of satellite and
reanalysis products. The review also demonstrates the ongoing chal-
lenges related to the availability and accessibility of precipitation data
both spatially and temporally, with particular emphasis given to Africa.

Generally, the existing gauge-based regional studies are limited and
diverse. There are limited recent studies assessing long-term precipita-
tion trends that account for continental territories, even for continents
with good station coverage. The regional studies exhibit complex dif-
ferences in data period, analysis region, methods, precipitation metrics,
and the type of datasets used. As a result, comparing findings to
generalize regional precipitation trends is very difficult. The application
of ETCCDI indices has played a significant role in harmonizing extreme-
based studies and reducing differences arising from extreme represen-
tations. Nonetheless, differences persist as some studies selectively use
certain indices to focus on specific aspects of extremes or employ
alternative metrics to track significant extremes, as ETCCDI indices
reflect moderate extremes. In this regard, developing indices for
analyzing precipitation extremes with long return periods, as well as
establishing standardized methods to examine changes across the entire
precipitation distribution, could be a step forward.

This review notes that there is uneven station distribution in each
continent, and that this is also mirrored in the existing global datasets.

3 https://www.knmi.nl/research/observations-data-technology/projects/th
e-international-data-rescue-i-dare-portal
4 https://datarescue.climate.copernicus.eu/
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Africa stands as the most deprived continent regarding long-term pre-
cipitation records and spatial coverage. The station coverage over South
America is also poor. Asia has good station coverage, especially in
eastern and southern regions, but the Arabian Peninsula in western Asia
lacks observations. The station coverage over the eastern half of the
European continent is not adequate. Northern Canada and central
Australia are also regions with sparse station coverage. Furthermore,
data quality and inhomogeneity issues are shown to be the case for most
continents.

Conclusions are drawn based on findings that show a reasonable
agreement among regional studies with comparable analysis region and
data periods. Despite studies examined in this review revealing hetero-
geneous and mostly non-significant local trends, due to insufficient data
and lack of robust evidence, the long-term precipitation trend remains
largely undetermined across most of Africa, with slight exceptions in the
northern, southern and western areas of the continent. There is a clear
implication that a precipitation trend depiction for Africa based on
continental average is likely to be inappropriate. There are relatively
more references on northern Africa available as it has added coverage
from studies focusing on Mediterranean regions, and the findings of
these studies are generally consistent. South Africa has preserved long-
term instrumental data, and has thus been the subject of thorough
analysis, though studies on centennial precipitation total trends are
inadequate. A generally non-significant decreasing trend in precipita-
tion total is evident over northern Africa over the past century, while a
few studies agree that there is a significant decreasing trend recorded in
sections of western Africa. Significant increasing trend in precipitation
extreme, and frequencies of rare extremes, is evident over South Africa.

Over the past 120 years, Asia’s average annual precipitation total has
increased significantly, and since 1950, the continent has consistently
seen positive average precipitation anomalies. From a sub-region
perspective, the increases in long-term precipitation totals dominate
over northern Asia and the western parts of central Asia, while the in-
creases are most evident for the winter, autumn, and spring seasons.
Trends in precipitation extreme, like RX1day, over Asia have primarily
been non-significant since 1950. However, significant increasing trends
in RX1day and R95PTOT are evident over eastern Asia. The majority of
northern and western Europe has experienced considerable increases in
annual precipitation total over the past century, while it has generally
decreased over southern Europe. Reflecting the spatial patterns of long-
term total trends, significant increases in extreme trends like RX1day,
RX5day, and R99p are observed in northern and central Europe since
1950, with rare precipitation extremes becoming more frequent.

Since there is insufficient data in northern Canada, particularly
before 1950, studies focus on southern Canada to analyze centennial
precipitation trends. During the 20th century and into the 21st century,
annual precipitation has demonstrated increases over southern Canada,
with significant increases in the eastern and western regions. Many
extreme indices demonstrate significant increasing trends across Canada
since 1950. Conversely, heavy snowfall exhibits a downward trend
across southern Canada. The long-term precipitation total has also
generally increased in the United States, with significant increasing
trends prevailing in the eastern regions. Increasing trends in precipita-
tion extremes, such as RX1day, R95pTOT and R10mm, are evident over
northeastern United States since 1950. The long-term precipitation total
has significantly increased in the southeastern region of South America.
Since 1950, trends in precipitation extremes over the Amazon basin
have been non-significant. Across most of Australia, long-term annual
precipitation generally shows a slight upward trend, with increases
being more pronounced over central-northern Australia. Trends in pre-
cipitation extreme are predominantly non-significant across Australia,
while a significant increasing trend in Rlxday is observed in western
Australia.

It is very crucial that African countries ease restrictions to allow
abundant access to precipitation data. As the existing stations used in
global datasets do not fully represent the actual number of stations in
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Africa, it is necessary to work toward increasing the number of stations
through collaborative initiatives with these nations. The three initiatives
launched by the World Meteorological Organization (WMO)°—Unified
Data Policy, the Global Basic Observing Network (GBON), and the
Systematic Observations Financing Facility (SOFF)—hold a prospective
promise to serve as a foundation for improving climate data accessibility
in Africa. With the aim of ensuring free and unrestricted access to data,
the new Unified Data Policy is believed to strengthen and promote the
commitment of member states to the exchange of data.

Under its aspiration of increasing the availability of surface-based
observations for global numerical weather prediction (NWP), GBON
aims to address the insufficient collection of observations and the
inadequate data sharing. As a continent where these issues are preva-
lent, Africa is expected to be among the particular focus of GBON’s
implementation. This is evidenced by the recent increase in African
stations designated to GBON, from 589 to 1045, overseen by the WMO
Regional Office for the continent,® and this needs to be sustained. The
financial and technical assistantship promised by SOFF is vital for the
African nations to uphold these commitments. The hope is that the data
from these stations, monitored globally by GBON, will also be accessible
to a wider user base.

To comprehend the actual spatial and temporal coverage of meteo-
rological stations across Africa, it is essential that the stations’ metadata
be accessible on the websites of national meteorological service
agencies, and that this information is regularly updated. Efforts should
also focus on installing new stations to remarkably increase coverage
across Africa. Initiatives to establish and monitor climate stations across
Africa, like the Trans-African Hydro-Meteorological Observatory
(TAHMO)” and SARCIS-DR,® must be supported and strengthened. In
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this context, national universities and research institutes can play a
crucial role by installing and operating automated weather stations
within their research areas, or watersheds as is the case in Ethiopia, and
by maintaining their own data archives for research purposes. Initiatives
aimed at enhancing precipitation prediction, such as the Global Pre-
cipitation Experiment (GPEX), can play pivotal roles in supporting the
establishment and monitoring of observation stations, which provide
invaluable data necessary for improving prediction skills and supporting
future research on regional climate change and variability.

Furthermore, there should be an increase in regional studies on
precipitation changes and variability using in situ or gauge-based data-
sets, and comparable analyses regions and data periods should be taken
into account. One way to achieve this could be taking the IPCC reference
regions into consideration.
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Appendix A. Summary of gauge-based studies on long-term precipitation total trends over various global regions other than Africa

Study Spatial Dataset Data Precipitation Method Areas showing significant trend (at P < 0.05)
coverage Period metrics . ) ) .
Trend slope and Significantly increasing Significantly
significance decreasing
Renetal.  Hindu Kush CGP1.0, 1901-2014  precipitation Least squares method; - -
(2017) Himalayan assigned to 5° standardized Man-Kendal (Mann, 1945,
region x 5° grids anomaly (PSA) Kendall, 1962).
Zhan  Asia CGP1.0; RBMP; 1901-2016  normalized Linear list square method; north Asia (north of 50° N); south Asia (for winter
et al. national precipitation Student’s t-test. north Asia and central Asia season)
(2018) datasets, anomaly (NPA) (for winter, spring and
assigned to 5° Autumn seasons)
x 5° grids
Ren et al. Asia CGP1.0; RBMP; 1901-2019 precipitation Theil-Sen estimator (Sen, high latitude regions; southwest India,
(2023) national anomaly percentage 1968); Man-Kendal (Mann,  mid-latitude regions between  pockets of southern
datasets, 1945, Kendall, 1962) 60° E and 80° E. (western southeast Asia
assigned to 5° section of Central Asia)
x 5°
China CGP1.0; - -
assigned to
2.5° x 2.5°
grids
Study Spatial coverage Dataset Data Precipitation Method Areas showing significant trend (at P < 0.05)
Period metrics

Trend slope and
significance

Significantly increasing Significantly decreasing

5 https://wmo.int/news/media-centre/wmo-overhauls-data-exchange-policy

(continued on next page)

5 https://wmo.int/media/magazine-article/africa-increases-designation-of-gbon-stations#: ~:text=As%20a%20result%2C%20GBON%20stations,January%

202,023 %20and%20June%202,023.

7 https://www.metergroup.com/en/meter-environment/case-studies/tahmo-weather-stations-africa

8 http://csc.sadc.int/en/home-side/projects/sawidra-sarcis-dr
9 https://www.wcrp-climate.org/gpex-overview
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(continued)
Study Spatial coverage Dataset Data Precipitation Method Areas showing significant trend (at P < 0.05)
Period metrics L K K . i
Trend slope and Significantly increasing Significantly decreasing
significance
Huetal. northern parts of GPCCv.7 1901-2013  annual Linear list square increasing trend at both -
(2017)  central Asia (region precipitation method; Student’s sub-regions, with the
divided to highland (mm/decade) t-test. increasing trend being
and plain sub- higher over the plain sub-
regions) regions.
Pena-Angulo  southwestern Europe dataset 1870-2018  annual total Linear regression - -
etal.  (including Spain, developed by precipitation model, non-
(2020)  Portugal and Italy) Vicente- (mm/year) parametric Mann-
Serrano et al. Kendall test
(2020) (Hamed and Rao,
1998)
Caloiero  Europe and GPCC v.6.0 1901-2009  annual Theil-Sen central and central-north southern European
etal.  Mediterranean precipitation estimator (Sen, Europe: Norway, Sweden, region—Italy, southern
(2018) (mm/decade) 1968); Man-Kendal Germany, France, north- Austria, southern Spain,
(Mann, 1945, western Russia, northern Albania and Greece,
Kendall, 1962) United Kingdom, northern Ireland and
Netherlands and Estonia northern outskirts of
Norway.
Philandras Mediterranean CRU version 1901-2009 annual total Man-Kendal northwestern Spain, coastal areas of southern
et al. TS 3.1 precipitation (Mann, 1945, southwestern France and Europe, including central
(2011) (mm/year) Kendall, 1962) southwest coastal areas of and northern Italy, Croatia
the Black Sea. and southern Spain
Study Spatial Dataset Data Precipitation Method Areas showing significant trend (at P < 0.05)
coverage Period metrics . . )
Trend slope and Significantly Significantly decreasing
significance increasing
Zhang et al.  southern station data, 1900-1998  annual Linear regression over southern Canada;  —
(2000)  Canada assigned to precipitation model, Zhang et al. eastern and western
(below 60° 0.45° x (2000). areas of southern
N) 0.45° grids Canada (for all the
four seasons).
annual ratio of over southern Canada  —
snowfall to (with an increase in
precipitation precipitation during
winter being the
cause).
Vincent  Canada station data 1948-2012  number of “wet methodology averaged over -
et al. days” developed by Zhang Canada;
(2018) et al. (2000), southwestern and
Kendall’s t-test southeastern Canada
number of days (Kendall, 1955) pocket areas of southwestern and southeastern Canada
with northwestern and
snowfall northern Canada
) Method Areas showing significant trend (at P <
Study Spatial Dataset Data Period Precipitation metrics 0.05) L
coverage Trend slope and I . . Significantly
s Significantly increasing .
significance decreasing
57 % of the grids;
1948-2012 east and west coasts of B
Canada station data; quality annual total southern Canada,
Wang et al. ’ . . Man-Kendal (Mann, northern Canada.
(2023) controlled and homogenized precipitation (mm/ 1045, Kendall, 1962) 78 % of the grids;
southern datasets decade) eastern and western
1900-2019 . -
Canada outskirts of southern
Canada.
southern Brazil,
Paraguay, Uruguay and
Haylock N southern Peru
et al. South. station data 1960-2000  PRCPTOT Kendall’s Tau method northee}stern and southern
America (Kendall, 1938) Argentina, .
(2006) N Chile
southeastern regions of
South America.
(delos  South station data 1950-2010  PRCPTOT Kendall, 1955 southeastern regions of
Milagros  America South America,
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(continued)
Study Spatial Dataset Data Precipitation Method Areas showing significant trend (at P < 0.05)
coverage Period metrics L . ]
Trend slope and Significantly Significantly decreasing
significance increasing
Skansi northern South
et al. America (at P < 0.01)
(2013)

Study Spatial coverage Dataset Data Period Precipitation metrics Method Areas showing significant trend (at P < 0.05)
Trend slope and Significantly Significantly
significance increasing decreasing

Varuolo-Clarke Southeastern CRU v. 4.04, 1901-2019 standardized Man-Kendal (Mann, entirety of -

et al. (2021) South America (GPCC v2018) (2016) precipitation (% / 1945, Kendall, 1962) southeastern South
decade) America

Dey et al.  Australia (This is a 1910-2015 northern Australia southwest and

(2019)  review) southeast Australia
Study Spatial Dataset Data Extreme metrics Method Key findings or significant trends (at P < 0.05)
coverage Period
Trend slope and
significance
Choi et al.  Asia-Pacific station data 1955-2007  ETCCDI indices Least squares method non-significant and spatially incoherent, stations
(2009)  Network and Kendall’s t-test showing increasing and decreasing trends are
Region (APN) proportional,
Zhou et al.  China gridded climate 1961-2010  ETCCDI indices Least squares method slight increase in PRCPTOT, SDII and R95p,
(2016) dataset (Wu and and t-test significantly decreasing CDD averaged over China;
Gao, 2013) increasing PRCPTOT, SDII and R95p trends across
western half of the country and eastern China.
Chang et al. China station data 1980-2015  precipitation changes in the cutoff increases in cutoff scale over 58.5 % of the stations,
(2020) (hourly data) accumulation cutoff  scale (comparing two
scale periods)
Vanden  Europe ECA&D 1951-2010  Return periods generalized extreme a general decrease in return periods over Europe for the
Besselaar value (GEV) extremes occurring once every 5, 10, and 20 years;

et al. (2013)

distribution is fitted

significant decrease is found for the winter and spring
seasons across northern Europe.

Appendix B.

Summary of gauge-based studies on precipitation extreme trends over various global regions other than Africa

Study Spatial coverage Dataset Data Extreme metrics Method Key findings or significant trends (at P < 0.05)
Period
Trend slope and
significance
Myhre et al. Europe E-OBS 1951-2013  R95p, R99p, computing changes positive changes, with the magnitudes being
(2019) R99.7p, R99.9p, between 1951-1980 large for higher percentiles; significantly positive
R99.95p, and 1984-2013 change in R99p over northern Europe; greater
R99.99p, increase in frequency of rare extreme events than
increase in intensity.

Zeder and  central Europe, station data 1901-2013  RX1day, RX3d Theil-Sen estimator increasing RX1day trend in more proportion of
Fischer ~ comprising Germany, ay, RX5day, (Sen, 1968); Man- stations; significant increasing RX1day trend
(2020)  Netherlands, Austria and RX7day Kendal (Mann, 1945, across western and south western sections;

Switzerland. Kendall, 1962)
Hoerling ~ United States GHCND, 1979-2013  R95p linear method, increasing R95p trend dominate northern and
et al. gridded to northeastern, while decreasing trend dominate
(2016) 0.94° x 1.25° southern and western regions;
fields
Powell and  Southeastern United USHCN 1948-2012  ETCCDI indices Least squares method, t increasing trend in more proportion of stations;
Keim  States (Menne et al., test, Principal significant increasing R95p and R20 trends at 10
(2015) 2015) component analysis % and 9 % of the stations, respectively;
(PCA) significant decreasing CWD trend at 72 % and
17 % of the stations; spatially non-coherent
trends over the region.
Study Spatial coverage  Dataset Data Extreme metrics Method Key findings or significant trends (at P < 0.05)
Period
Trend slope and significance
Vincent  Canada station 1948-2012  number of days methodology developed by increase by 1.3 days nationwide on average; with
et al. data with rainfall >90th Zhang et al. (2000), Kendall’s significant trends across the eastern outskirts, southern
(2018) percentile 1-test (Kendall, 1955) Quebec, and many places in British Columbia.
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(continued)
Study Spatial coverage = Dataset Data Extreme metrics Method Key findings or significant trends (at P < 0.05)
Period
Trend slope and significance
number of days decreasing heavy snowfall trends over southern
with Canada; increase of about 2.2 days over the country’s
snowfall central and northern regions;
Yang etal.  Canada Station 1950-2012  ETCCDI indices Theil-Sen estimator (Sen, 1968);  significantly increasing trend in RX1day, RX5day,
(2019) data Man-Kendal (Mann, 1945, R95p, R99p, R10mm, CWD on average over Canada;
Kendall, 1962) significantly decreasing trend in CDD.
Choietal.  Asia-Pacific station 1955-2007  ETCCDI indices Least squares method and non-significant and spatially incoherent, stations
(2009)  Network Region  data Kendall’s t—test showing increasing and decreasing trends are
(APN) proportional,
Haylock  South America station 1960-2000  ETCCDI indices Kendall’s Tau method (Kendall, increasing RX1day, RX5day, R99p and R95p trends
et al. data 1938) over southern Brazil and Paraguay; decreasing trends
(2006) over the west coastal areas of Peru and southern Chile.
Study Spatial Dataset Data Extreme Method Key findings or significant trends (at P <
coverage Period metrics . 0.05)
Trend slope and significance
de los Milagros South station data 1969-2009  ETCCDI Kendall, 1955 trends are mostly non-significant;
Skansi et al. America indices
(2013)
Alexander and Australia the Australian Water 1911-2010  ETCCDI modified Ordinary Least extreme trends are generally non-
Arblaster (2017) Availability Project (AWAP) indices Squares (OLS) (Hartmann significant, except SDII and CDD trends,

dataset and HadEX2

et al., 2013)

which are significantly decreasing.

Appendix C. IPCC’s reference regions (version 4) used in the 6th report for sub-continental analysis (Iturbide et al., 2020; IPCC, 2021).
The map is produced with slight modification applied in ArcGIS using shape files provided by the Santander Meteorology Group ('°)
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Appendix D. Evaluation of CHIRPS’ precipitation estimates using selected stations from Ethiopia

We evaluate the daily precipitation estimates from CHIRPS V2.0 (Funk et al., 2015b) using in situ data from 14 selected stations in Ethiopia over the
period 1995-2010. CHIRPS is a satellite-gauge hybrid product that provides precipitation estimates for the region between 50°S and 50°N, with spatial
resolutions of 0.05° and 0.25°, and has been available since 1981 (Funk et al., 2015b). In this performance evaluation, the dataset with a spatial
resolution of 0.05° is used. The daily precipitation data from the 14 Ethiopian stations are quality controlled and homogenized with an emphasis on

10 https://github.com/SantanderMetGroup/ATLAS/tree/main/reference-regions

18


https://github.com/SantanderMetGroup/ATLAS/tree/main/reference-regions

T.A. Yate and G. Ren Earth-Science Reviews 262 (2025) 105063

significant type-I change points (not shown here). We use the correlation coefficient, relative bias, and root mean square error (RMSE) to assess the
accuracy of CHIRPS’s estimates, and the probability of detection (POD), false alarm ratio (FAR), and equitable threat score (ETS) to evaluate CHIRPS’s
detection of precipitation occurrences (Ding et al., 2024; Xin et al., 2022). The POD assesses the ability to detect actual precipitation events, the FAR
records false detections, and the ETS shows the proportion of accurate detections after accounting for random hits, thus reflecting the overall detection
skill. The threshold for distinguishing between rainy and dry days is set at 1 mm of precipitation. Table D1 presents more details on the statistical
metrics used for evaluation.

Table D1

Formulas, ranges and best values for the statistical metrics used in this assessment (Ding et al., 2024, Xin et al., 2022). S; and O; are daily
precipitation series of CHIRPS and station (observed precipitation), respectively. H, F, M and H, denote hits, false alarms, misses, and random
hits, respectively.

Statistics Formula Range Perfect Value
Probability of detection (POD) H 0-1 1
H+M
False alarm ratio (FAR) F 0-1 0
H+F
Equitable threat score (ETS) (H-H,) ., H+M)(H+F) -1/3-1 1
(H+M+F-H,) ° (H+M+F+CQ)
Correlation coefficient (Corr) S (Si—0y) -1-1 1
> O
Relative Bias SIS — Oy 0-"oo 0
Z;Ll Oi
Root mean square error (RMSE) 0-"oo 0

Table D2 presents the results of the statistical scores. The statistical scores indicate a weak correlation between the daily precipitation estimates
from CHIRPS V2.0 and the observations, with even lower values for stations located in southern Ethiopia, such as Arba Minch, Awassa, Jinka, and
Konso. Similarly, Dinku et al. (2018) find low correlations between CHIRPS V2.0 and daily observations (2006—2014) using stations from northwest
and southeast Ethiopia, with particularly lower correlations observed in the southeast. The product overestimates precipitation significantly over the
southern stations, except for Hosana, while the relative bias scores over the remaining stations are good. The hybrid product generally exhibits lower
POD and ETS scores, demonstrating weaker detection skills in this particular demonstration. As this is point-to-pixel comparisons, results may improve
with pixel-to-pixel comparisons. Nonetheless, this demonstration supports the need for cautious use of precipitation products, especially in regions
with sparse station networks and complex topographies. In such areas, the accuracy of precipitation estimates can vary significantly due to insufficient
ground truth data and the challenges posed by complex terrains, compounded by uncertainties related to conversion algorithms.

Table D2
Statistical metrics results comparing daily precipitation estimates from CHIRPS V2.0 (Funk et al., 2015b) with in situ daily observations from 14 stations in Ethiopia for
the period 1995-2010, using the grid cells containing the stations.

Station POD FAR ETS Cor Relative bias RMSE
Addis Ababa Obs 0.45 0.26 0.25 0.38 —0.05 8.69
Arba Minch 0.36 0.46 0.16 0.27 7.61 6.37
Awassa 0.41 0.41 0.17 0.27 7.07 6.28
Bahir Dar SYN 0.65 0.26 0.40 0.46 —0.08 9.39
Debre Berhan 0.37 0.34 0.21 0.35 0.16 9.16
Dire Dawa 0.51 0.46 0.26 0.41 —0.06 5.77
Hosana 0.41 0.29 0.22 0.33 0.00 8.85
Jimma 0.53 0.27 0.25 0.37 -0.03 8.88
Jinka 0.34 0.36 0.16 0.25 8.41 9.15
Konso 0.38 0.46 0.19 0.31 10.16 7.47
Mekele APO 0.42 0.40 0.26 0.47 0.16 6.24
Metehara (NMSA) 0.38 0.58 0.17 0.27 0.16 5.79
Robe 0.25 0.41 0.11 0.25 0.08 9.03
Wolkite 0.45 0.41 0.19 0.28 0.07 9.22
Data availability Afzali Gorooh, V., Hsu, K., Ferraro, R., Turk, J., Meng, H., Nguyen, P., Jimenez

Arellano, C., Kalluri, S., Sorooshian, S., 2023. Advances in Precipitation Retrieval
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Except the data from Ethiopian Meteorology Institute, all the data Soc. 104, E1764-E1771.
and materials associated with this review are from open sources, and Ageet, S., Fink, A.H., Maranan, M., Diem, J.E., Hartter, J., Ssali, A.L., Ayabagabo, P.,
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J. Hydrometeorol. 23, 129-151.
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