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ABSTRACT

The global land monsoon region, with substantial monsoon rainfall and hence freshwater resources, is home
to nearly two-thirds of the world’s population. However, it is overwhelmed by extreme precipitation, which is
more intense than that on the rest of the land. Whether extreme precipitation has changed significantly,
particularly in association with global warming, remains unclear for this region. This study investigates the
presence of monotonic trends in extreme precipitation and its association with global warming over the past
century over the global land monsoon regions, by employing the most comprehensive, long-running, and high-
quality observational extreme precipitation records currently available. Based on a total of 5066 stations with
at least 50 years of records, we found significant increases in the annual maximum daily precipitation and
associations with global warming in regional monsoon domains, including the southern part of the South
African monsoon region, the South Asian monsoon region (dominated by India), the North American
monsoon region, and the eastern part of the South American monsoon region during the period of 1901-2010,
with responses to global warming of ~10.4%-14.2% K ™', 7.9%-83% K, 6.4%-10.8% K, and 15.1%-
24.8% K1, respectively. For the global monsoon region as a whole, significant increases in extreme pre-
cipitation and associations with global warming are also identified, but with limited spatial coverage. The
qualitative results on the significance of the changes on the regional scale are generally robust against dif-
ferent time periods, record lengths of stations, and datasets used. The uncertainty in the quantitative results
arising from limited spatial and temporal coverages and use of different datasets deserves attention.

1. Introduction decreased since the 1950s (Trenberth et al. 2007
Seneviratne et al. 2012; Hartmann et al. 2013).

Within the global land region, the global land mon-
soon region is one of the most impacted by extreme
precipitation, probably linked to its abundant moisture
transport from the adjacent oceans and favorable
monsoonal circulation (black lines in Fig. 1; Zhang et al.
2018). As a planetary-scale circulation system driven
by the annual variation in solar radiation, the global
monsoon system exhibits coherent variations on the
interannual, decadal, and multidecadal time scales, al-
though accompanied by regional characteristics modu-
lated by regional air-sea interactions and topography
(Trenberth et al. 2000; Wang and Ding 2006, 2008; Zhou
et al. 2008; Wu et al. 2009; Wang et al. 2012, 2013; Song
Corresponding author: T. Zhou, zhoutj@lasg.iap.ac.cn and Zhou 2014; Wang et al. 2017; Yao et al. 2017). In

Changes in extreme precipitation, as the extreme
sector of the hydrological cycle, under the ongoing an-
thropogenic warming have received enormous attention
from both the climate research community and the
public, due to the associated societal and economic
losses. It has been consistently reported by the Fourth
and Fifth Assessment Reports of the Intergovernmental
Panel on Climate Change (IPCC) and the Special Re-
port on Managing the Risks of Extreme Events and
Disasters to Advance Climate Change Adaptation
(SREX) that the number of heavy precipitation events
over land has likely increased in more regions than it has
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F1G. 1. Station distributions for Rxlday provided by HadEX2-CMA, GHCNDEX, and
HadEX2-GHCNDEX-CMA merged datasets. (a) Stations for Rx1day indices provided by
HadEX2 (gray), in which those that are publicly available are shown in blue and with com-
plete records during 1901-2010 (with at least 50 years of records) are shown in red. Stations
from the China Meteorological Administration (CMA) are used additionally with those with
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addition, the abundant monsoon rainfall supports nearly
two-thirds of the world’s population inhabiting the
global land monsoon region. Understanding the past
changes in extreme precipitation, particularly its possi-
ble link with global warming, is fundamental for the
interpretation of past climate change and understanding
of future projections, which is especially critical for the
densely populated monsoon regions.

By theoretical arguments, extreme precipitation,
predominantly fueled by moisture convergence, is ex-
pected to intensify with atmospheric moisture content,
which increases at a rate of ~7% per degree of global
warming following the Clausius—Clapeyron relation
(Allen and Ingram 2002; Trenberth et al. 2003). Indeed,
the available in situ observations over the globe show a
significant scaling in the annual maximum daily pre-
cipitation with the global mean near-surface tempera-
ture of between 5.9% and 7.7% K ' over the past
century (Westra et al. 2013). However, different from
the uniform increase in the extreme precipitation ex-
pected from the above thermodynamic arguments, there
is a notably large spatial variability in the observations
(Groisman et al. 2005; Trenberth et al. 2007; Seneviratne
et al. 2012; Hartmann et al. 2013; Westra et al. 2013;
Donat et al. 2013a; Fischer and Knutti 2014; O’Gorman
2015). The diversity of the regional changes can be re-
lated to the effects of changes in the circulation, the
moist adiabatic lapse rate, and the temperature when
the extreme events occur (O’Gorman and Schneider
2009).

Regarding extreme precipitation changes in the
monsoon regions, the majority of previous studies have
examined the changes in individual monsoon regions.
For example, there have been reports of significant in-
creases in the intensity of wet spells and frequency of dry
spells but decreases in the intensity of dry spells in the
South Asian monsoon region since the 1950s, supported
by increases in the moisture convergence and convective
available potential energy, as well as large-scale circu-
lation changes (Singh et al. 2014). Anthropogenic
aerosols have played an important role in driving sea-
sonal as well as daily scale changes in precipitation over
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various regions, and Asia in particular (Bollasina et al.
2011; Turner and Annamalai 2012). During the late
twentieth century, the extreme precipitation decreased
in India and northern China, while it increased in
southern China, with aerosols contributing to this pat-
tern of change (Lin et al. 2018; Singh et al. 2018). In the
East Asian monsoon region, a significant shift in the
precipitation spectrum from light to heavy precipitation
(i.e., increases in the numbers of dry and heavy rain days
and a decrease in the number of light rain days) is de-
tected in the latter half of the twentieth century. In ad-
dition, the most extreme rainfall events became shorter
in duration and more intense, with significant in-
tensification occurring mainly in the southern part (Ma
et al. 2015; Ma and Zhou 2015). Anthropogenic forcings
are reported to play a role (Ma et al. 2017; Burke and
Stott 2017). For China as a whole, however, significant
influences of global mean temperature increases on ex-
treme precipitation are not detected for 1961-2012 (Li
et al. 2018). Additionally, the extreme precipitation in
the East Asian and North American monsoon regions is
also affected by tropical cyclones (Cavazos et al. 2008;
Lau et al. 2008; Chang et al. 2012). In the North
American monsoon region, heavy precipitation derived
from tropical cyclones contributed increasingly to total
extreme rainfall during 1961-98 (Cavazos et al. 2008).
South America exhibited a general increase in extreme
precipitation (except for in southern Peru and southern
Chile) over 1960-2000, affected by an ENSO-like pat-
tern of trends in the sea surface temperature (Haylock
et al. 2006; Skansi et al. 2013). Over the past century, the
Australian monsoon region has experienced an increase
in extreme rainfall frequency, but few locations have
shown significant trends in extreme precipitation in-
tensity (King et al. 2013a). In southern and western
Africa, there were increasing trends in the regionally
averaged annual maximum 5-day and 1-day pre-
cipitation over 1961-2000, but only the trends for the
latter are statistically significant (New et al. 2006).

To conclude, observational evidence has shown a
general increase in either the frequency or intensity, or
both, of heavy precipitation since the middle of the

«—

complete records shown in yellow. (b) As in (a), but for GHCNDEX, in which all the station
data are publicly available. (c) Station distributions of the HadEX2-GHCNDEX-CMA
merged dataset with complete records during 1901-2010. The black lines denote the global
land monsoon region defined by GPCP. The percentages of area covered with data (calcu-
lated on 1° X 1° grid boxes) in each monsoon domain are shown in the bottom right. A grid
box is considered covered if there is at least one station in it. GM: global land monsoon region;
N.Afr: North African monsoon region; S. Afr: South African monsoon region; S.Asia: South
Asian monsoon region; E.Asia: East Asian monsoon region; Aus: Australian monsoon re-
gion; N.Ame: North American monsoon region; S.Ame: South American monsoon region.
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twentieth century over the monsoon regions, although
with strong spatial variations in the trends and signifi-
cance levels. Nevertheless, there is no consensus yet on
the underlying physics, particularly on the links with
global warming in the observed changes in the global
monsoon region. We do note that studies on the global
scale have demonstrated a larger increase in the ob-
served annual maximum daily rainfall than would be
expected by chance and further an attributable influence
from anthropogenic forcings (Min et al. 2011; Westra
et al. 2013; Zhang et al. 2013). These studies, however,
are mainly representative of the middle to high latitudes
of the Northern Hemisphere, especially North America,
Europe, and Asia, where dense observations are avail-
able. Specific attention on the global monsoon region
that is mainly within the low latitudes is still lacking.

This study aims to reveal changes in the extreme
precipitation over the global and regional land monsoon
domains by employing the most comprehensive, long-
running, and high-quality observational records available
at present. We aim to understand the association between
the observed changes in the extreme precipitation and
global warming. Specifically, the following scientific
questions are addressed: 1) How did the extreme pre-
cipitation change over the past century over the global
and regional land monsoon domains? 2) What is the re-
lationship between the changes in extreme precipitation
and global warming? 3) What are the robustness and
uncertainty of the extreme precipitation changes?

The remainder of the paper is organized as follows. In
section 2, we introduce the data and methods used in the
paper. The results are presented in four subsections:
section 3a examines the monotonic trends in extreme
precipitation, section 3b focuses on the association with
global warming, and sections 3¢ and 3d discuss the ro-
bustness and uncertainty of the results from different
time periods and datasets, respectively. Finally, a sum-
mary of the results and concluding remarks are pre-
sented in section 4.

2. Data and methods
a. Observational data

Two extreme precipitation indices, the annual maxi-
mum 1-day (Rx1day) and 5-day precipitation (Rx5day),
are analyzed here, which are often referred to as proxies
for flood risk (Zhang et al. 2011; Seneviratne et al. 2012).
Three extreme precipitation datasets are used in this
study to make the best use of the observations available
at present.

1) Hadley Center Global Climate Extremes Index 2
(HadEX2), a quasi-global land-based dataset of
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climate extreme indices developed by the Expert
Team on Climate Change Detection and Indices
(ETCCDI; Zhang et al. 2011; Donat et al. 2013a).
Itis an update of HadEX, covering a longer period of
1901-2010 and containing more input station data
from official rain gauge networks as well as regional
collaborations (Alexander et al. 2006; Donat et al.
2013a). Most of the station data in HadEX2 have
been carefully assessed for quality and adjusted for
inhomogeneities. Thus, it represents the latest acqui-
sition of high-quality station data around the globe.
However, the station data in some regions, such
as China and India, are not publicly available for
HadEX2.

2) GHCNDEX extreme indices produced from the
Global Historical Climatology Network’s daily
(GHCN-daily) precipitation (Donat et al. 2013b).
This dataset utilizes only publicly available data and
covers the period from as early as the 1860s (depend-
ing on the station) to the present. Although subjected
to a comprehensive set of quality assurance pro-
cedures, the GHCN-daily data are not adjusted for
artificial discontinuities resulting from changes in
instrumentation, station location, etc. (Durre et al.
2010; Donat et al. 2013b). Both HadEX2 and
GHCNDEX provide Rxlday and Rx5day indices
defined by ETCCDI.

3) Daily precipitation observations from 756 stations in
China from 1951 to the present from the China
Meteorology Administration (CMA) are used to
complement the above two datasets, as the station
data over China are not publicly available from
HadEX2 and those from GHCNDEX are sparse.
This dataset has been subjected to quality controls
and is recognized as an excellent one in the analyses
of the long-term changes in extreme precipitation
over China (Zhai et al. 2005; Li et al. 2018). To
facilitate comparison, we calculate the extreme pre-
cipitation indices from daily observations strictly
following the ETCCDI standard. The monthly (an-
nual) index value is calculated only if fewer than 3
(15) days are missing in a month (year); otherwise
it is set to a missing value. The annual index value is
also set to missing if one of the monthly values is
missing (Zhang et al. 2011).

As we focus on the long-term extreme precipitation
changes, we study the period of 1901-2010 and select
stations with at least 50 years of records during this pe-
riod. This helps to reduce the effect of the decadal to
multidecadal internal variability in the long-term
changes. In addition, to investigate the robustness and
uncertainty of the results, we also conduct sensitivity
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analyses using alternative time periods and record
lengths, which qualitatively support our conclusions (see
discussion in section 3c).

The station distributions are shown in Fig. 1. Taking
Rxlday as an example, HadEX2 collects a total of
14 840 stations across the globe, 13876 of which are
publicly available (gray and blue dots in Fig. 1a, re-
spectively). Our additional selection requiring at least
50 years of records during 1901-2010 produced 5290
stations over the globe (red dots in Fig. 1a). As sta-
tions in China are not publicly freely available from
HadEX2, a set of 604 stations with at least 50 years of
records over the study period from the CMA is selected
to complement this dataset (hereafter, HadEX2-CMA;
yellow dots in Fig. 1a). For GHCNDEX, although all
the station records (103385) are publicly available,
only 14 828 of them are complete for analysis (blue and
red dots in Fig. 1b).

Since the rain gauge networks of HadEX2 and
GHCNDEX are largely independent (Herold et al.
2016), we thus produced a merged dataset (HadEX2-
GHCNDEX-CMA) from the three datasets to maximize
the spatial coverage in the analysis, which provides a
total of 19200 stations with complete records around
the globe (Fig. 1c). Focusing on the global monsoon
region, the three datasets provide 1369, 3866, and 5066
stations of extreme precipitation indices, respectively.
The following analyses are thus based on the three
quasi-global datasets, HadEX2-CMA, GHCNDEX,
and the HadEX2-GHCNDEX-CMA merged dataset,
which can be viewed as the most comprehensive, long-
running and high-quality observational datasets pub-
licly available at present. We also note that the use of
different datasets may introduce an important source
of uncertainty to the results. A discussion of the un-
certainty introduced by the different datasets is pre-
sented in section 3d.

Extreme precipitation observations are limited in the
low latitudes, leading to a lack of spatial coverage in
the global monsoon regions (Fig. 1c). We quantify the
percentages of area covered with data for the monsoon
domains on a 1° X 1° grid basis. A grid box is considered
covered if there is at least one station in it. Stations are
rare in the North African monsoon region, which pre-
vents the analysis of this region. The stations in the
South African and South American monsoon regions
are concentrated in the southern and eastern parts,
which only cover 12.3% and 13.0% of the monsoon
domains, respectively. The East Asian, South Asian,
and Australian monsoon regions are better covered
with observations, with 68.2%, 50.4%, and 49.0% of
the area covered, respectively (Fig. 1c). Thus, for re-
gional monsoon domains, we should specify the exact
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spatial coverages that the analyses represent. The re-
sults for the entire global monsoon region should thus
be interpreted with caution, with 26.4% of the area
covered with data, particularly due to the limited ob-
servations over the African and American monsoon
regions.

In terms of the time span, the selected stations gen-
erally well cover the whole study period from 1901 to
2010 for the entire global monsoon region and for most
of the subregions (Fig. 2). However, the limited time
span should be noted for the South and East Asian
monsoon regions. For the East Asian monsoon region,
observations in China do not extend before the 1950s
(Fig. 2e). For the South Asian monsoon region, the
observations in India that are publicly available largely
decline after the 1970s (Fig. 2d).

To investigate the association of extreme precipita-
tion changes with global warming, surface temperature
data from the National Aeronautics and Space Admin-
istration (NASA) Goddard Institute for Space Studies
(GISS) is employed (Hansen et al. 2010). Note that the
global mean surface temperature anomalies from dif-
ferent temperature datasets show good consistency, with
much smaller differences between datasets than the in-
terannual variability and long-term trend (Kennedy
et al. 2010; Hartmann et al. 2013).

b. Definition of global land monsoon region

The global land monsoon region is identified as the
area where the difference between the local summer and
winter precipitation rate exceeds 2.0mmday ' and the
local summer precipitation exceeds 55% of the annual
total (Wang et al. 2012). Here, local summer refers to
May through September for the Northern Hemisphere
and November through March for the Southern Hemi-
sphere; and vice versa. In this study, we define the global
land monsoon region based on the 1979-2010 climato-
logical precipitation from the Global Precipitation Cli-
matology Project (GPCP; Adler et al. 2003). For
regional divisions, the equator separates the Northern
Hemispheric from the Southern Hemispheric monsoon
region, 60°E separates the North African from the South
Asian monsoon region, and 20°N and 100°E separate the
South Asian from the East Asian monsoon region [see
the map in Fig. 8 for individual monsoon domains, fol-
lowing Kitoh et al. (2013)].

c. Mann-Kendall test

To evaluate the monotonic trends in the extreme
precipitation, the Mann-Kendall test is employed,
which does not make any assumptions on the distribu-
tion of the data (Kendall 1955). We use a 5% two-sided
significance level here.
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FIG. 2. The number of stations having records in each year from the HadEX2-GHCNDEX-CMA merged dataset during 1901-2010
for (a) the global monsoon region and (b)-(h) monsoon subregions. The stations are selected to have at least 50 years of records during

1901-2010.

d. Field significance

The Mann-Kendall test is performed for each station
separately. To distinguish the large-scale climate change
signals over a spatial domain, the field significance is
assessed (von Storch and Zwiers 1999; Wilks 2006;
Westra et al. 2013). This approach is especially useful for
data with spatial dependence such as precipitation. The
null hypothesis is that the observed pattern of change is
due to random year-to-year fluctuations. The test sta-
tistic is the percentage of stations showing statistically
significant trends from the Mann-Kendall test. This
resampling-based procedure involves three steps. 1)
Create 1000 bootstrapped fields by randomly drawing
(with replacement) the time steps of the observational
field but maintaining the spatial sequence across sta-
tions, thereby ensuring a realistic spatial structure of
precipitation variability. The 1000 bootstrapped samples
can be viewed as a set of plausible fields under random
chance. 2) Calculate the test statistic (i.e., the percentage
of stations showing statistically significant trends from
the Mann-Kendall test in a region) on the 1000 re-
sampled replicates, which form a null hypothesis distri-
bution denoting the range of changes that could have
occurred under random chance. 3) Compare the test
statistic in the observation with the null hypothesis dis-
tribution. If the observed value is distinct from the null
hypothesis distribution (falling outside the top 5% of the
distribution), we then claim that the observed change is

significant at the 5% level. By comparing the observed
change with that could have arisen from random chance,
the field significance test assesses whether significant
changes have emerged over a region in the observations
(Alexander et al. 2006; Wilks 2006; Westra et al. 2013; Li
et al. 2018).

We should note that a moving-block bootstrap is
needed when there is significant autocorrelation in the
time series (Wilks 2006). According to Westra et al.
(2013), the autocorrelation of the extreme precipitation
in the twentieth century is close to zero on average
across all available stations globally and using a block
size of larger than one does not affect the results; we
therefore adopt the conventional spatial bootstrap pro-
cedure in this study.

e. Scaling with GMST changes

The relationship between the extreme precipitation
and global mean surface temperature (GMST) changes
is first examined on the stations. For each station in-
dividually, the GMST time series is first masked
according to the extreme precipitation series (i.e., where
the extreme precipitation record is missing, the tem-
perature is also set to missing). This ensures a strict
correspondence between the two variables. To eliminate
the influence of interannual variability and focus on
long-term climate change signals, both the precipitation
and temperature time series are smoothed by averaging
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over 8-yr periods with a 4-yr overlapping (i.e., 1901-08,
1905-12, ..., 2001-08) (e.g., Collins et al. 2013). The
regression coefficient between the smoothed extreme
precipitation and GMST is referred to as the response
rate. The response rate is normalized with the 1901-2010
climatology and expressed in units of percent per degree
of warming (% K ™).

To estimate the global or regional average of the re-
sponses, while accounting for the uneven geographic
distribution of gauges, we also produce a gridded re-
sponse rate based on the station estimates. The globe is
first divided into 1° latitude X 1° longitude grid boxes.
Each grid box value is calculated as the mean response
rate across all of the stations within it (Westra et al.
2013). We also tested by using the median response rate
across all the stations within each grid box, which yields
similar results. The regional averages are then derived as
the mean or median of the area-weighted responses
from the available grids.

The statistical significance of the associations between
the changes in the extreme precipitation and GMST on
the station and regional scales is assessed by the boot-
strap analysis. On the station scale, we calculate the
response rates of extreme precipitation for the obser-
vation and the 1000 bootstrap samples generated in
section 2d. A significant association on a station is
identified if the observed response rate is outside the
95% range of the bootstrap samples. For a region, we
also calculate the regional median response rates for the
observational field and the 1000 resampled fields gen-
erated in section 2d, which take into account the spatial
interdependence of precipitation. If the observed re-
gional response rate is outside the 95% range of the
bootstrap samples, we then claim that there is a signifi-
cant association between the global warming and ex-
treme precipitation changes for the region as a whole.

3. Results
a. Trend in extreme precipitation over 1901-2010

The climatology of extreme precipitation is first vali-
dated within the three datasets (Fig. 3). Both the spatial
distributions and magnitudes of the extreme pre-
cipitation are comparable among these three datasets,
which confirms the reliability of the data used. Thus, we
mainly focus on the results based on the HadEX2-
GHCNDEX-CMA merged dataset for conciseness in
the following analyses. The global land monsoon region
is excessively affected by extreme precipitation, with a
generally greater intensity than on the rest of the land.
The rainfall amount on the wettest day annually can
reach up to ~100mm in the monsoon regions where
observations are available (Fig. 3).
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The presence of monotonic trends in the extreme
precipitation is examined by the Mann—Kendall test in
Fig. 4. Over the global land monsoon region, the stations
showing significant increasing trends predominantly
outnumber those showing significant decreasing trends.
Overall in the global monsoon region, among the sta-
tions available, 8.1% (8.4%) of the stations exhibit sig-
nificant increasing trends in Rxlday (Rx5day), while
3.9% (3.7%) show significant decreases over 1901-2010
from the merged dataset (Table 1).

In spite of the general increasing pattern in the ex-
treme precipitation over the global land monsoon re-
gion, distinct regional characteristics are prominent
(Fig. 4). In addition to the general thermodynamic in-
fluence from global warming, the internal climate vari-
ability and local effects such as aerosols also play a role
on the local and regional scales. A dipolar trend is seen
in the East Asian, Australian, and the eastern part of the
South American monsoon regions. In the East Asian
monsoon region, extreme precipitation has intensified in
the southern part while weakened in the north. This
dipolar trend resembles that in the summer mean pre-
cipitation in the latter half of the twentieth century, of-
ten referred to as the ‘‘south flood—north drought”
pattern, and is partly related to the interdecadal internal
variability of the East Asian summer monsoon (Yu et al.
2004; Yu and Zhou 2007; Zhou et al. 2009; Li et al. 2010;
Nigam et al. 2015). The west—east contrast of the ex-
treme precipitation changes in the Australian monsoon
region is possibly related to the Pacific sea surface
temperature (SST) variabilities, as the mean and ex-
treme precipitations in Australia are strongly modulated
by the Pacific SST variabilities on the interdecadal to
long-term scales (King et al. 2013b; Brown et al. 2016).
For the eastern part of the South American monsoon
region, wetter conditions are observed in the southern
part, while some scattered drying trends are seen in the
northeastern part. This is also partly contributed by
variabilities in the Pacific SST (Haylock et al. 2006). In
the South Asian monsoon region, while significant in-
creases dominate the Indian subcontinent, significant
decreases are seen in northern India. The observed de-
creases in extreme precipitation in northern India and
the dipolar change pattern in eastern China, together,
are also affected by anthropogenic aerosols, particularly
via the aerosol-indirect effect (i.e., aerosol-cloud in-
teractions), by reducing the surface solar radiation,
cooling the adjacent ocean, and weakening moisture
transport into these regions (Lin et al. 2018; Singh
et al. 2018).

As discussed above, on the local or regional scale, the
extreme precipitation is largely affected by internal
variability or local effects such as aerosols. Thus, it is
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FI1G. 3. Climatology of (left) Rx1day and (right) Rx5day in 19012010 from (a),(b) the HadEX2-CMA merged dataset, (c),(d)
GHCNDEX, and (e),(f) the HadEX2-GHCNDEX-CMA merged dataset (mm).

difficult to separate the long-term climate change signals
on these scales. One approach to reduce the effect of
climate noise and better distinguish the climate change
signals is spatial aggregation (e.g., Fischer et al. 2013;
Fischer and Knutti 2014). Here, the field significance test
from a spatial aggregation perspective is employed to
examine whether there is a coherent and systematic
change in the extreme precipitation in the monsoon
regions, or whether the observed pattern of change can
be represented as random fluctuations under climate
noise (i.e., the null hypothesis).

We first examine the percentage of stations exhibiting
significant increasing trends from the Mann-Kendall
test (Fig. 5). The distributions from the 1000 bootstrap
samples represent the plausible changes under the null

hypothesis that there are no systematic trends in a re-
gion. For the global land monsoon region as a whole, the
observed percentage of stations with significant in-
creasing trends in extreme precipitation is well beyond
the range of random chance at the 5% level (Fig. 5a).
This indicates an overall pattern of increase in the ex-
treme precipitation over the global land monsoon re-
gion. In contrast, the observed percentage of stations
with significant decreasing trends is within the range of
random chance (Fig. 6a).

Regionally, in the South African, South Asian, Aus-
tralian, and North and South American monsoon re-
gions, the observed percentages of stations showing
significant increasing trends in extreme precipitation fall
outside the null hypothesis distribution at the 5% level
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FI1G. 4. The Mann-Kendall test for trends in (a) Rxlday and (b) Rx5day over 1901-2010
from the HadEX2-GHCNDEX-CMA merged dataset. The blue (red) dots indicate in-
creasing (decreasing) trends in extreme precipitation, with filled dark blue (red) dots de-
noting statistically significant trends at the 5% level. For visualization purposes, the dark red
dots overlay dark blue dots.
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(Fig. 5). Nevertheless, the observed percentage of sta-
tions with significant increasing trends in the East Asian
monsoon region falls within the null hypothesis distri-
bution (Fig. 5e). On the other hand, the observed per-
centages of stations showing significant decreasing
trends in extreme precipitation are not significantly

different from the null hypothesis distributions in all the
individual monsoon regions, except for Rxlday in the
South Asian and Australian monsoon regions (Fig. 6).
As discussed above, the systematic decreases in extreme
precipitation in part of the South Asian and Australian
monsoon regions may be related to aerosols and

TABLE 1. Number of observational stations available and median record length for Rx1day in monsoon regions, percentage of stations
with increasing (decreasing) trends based on the Mann-Kendall test, positive (negative) associations with global mean temperature
changes, and regional median scaling rates from the HadEX2-GHCNDEX-CMA merged dataset over 1901-2010 using stations with at
least 50 years of records. Cases where fewer than 150 stations are available are indicated with a dash (—). An asterisk (*) indicates the 5%
significance level for percentages of stations with significant increasing or decreasing trends based on the field significance test in column 5
and 5% significance level for associations with global mean temperature changes based on bootstrap analyses in column 8. See Fig. 1 for
region abbreviation definitions.

Stations with
significant + (=)

Stations with Stations associations
significant + (—) with with GMST Regional
trends (%; 5% + () (%5 5% median
No. of Median Stations significance level associations significance level scaling
Monsoon stations record with + (=) from Mann— with from bootstrap rate
region included length (yr) trends (%) Kendall test) GMST (%) analysis) (%K™
GM 5066 64 57.6 (42.4) 8.1* (3.9) 56.8 (43.2) 18.5 (11.2) 6.0*
N.Afr 5 56 — — — — —
S.Afr 964 65 60.6 (39.4) 9.0% (2.1) 65.5 (34.5) 19.9 (7.5) 10.4%*
S.Asia 1685 65 58.0 (42.0) 7.0% (4.9%) 57.4 (42.6) 24.1 (15.3) 8.3%
E.Asia 457 57 54.7 (45.3) 26(24) 54.0 (46.0) 5.7 (4.6) 2.8
Aus 1238 78 51.7 (48.3) 5.8 (5.7%) 48.5 (51.5) 10.8 (11.2) -2.9
N.Ame 229 70 53.7 (46.3) 8.3* (2.6) 54.1 (45.9) 12.7 (11.4) 10.8*
S.Ame 488 55 70.1 (29.9) 21.3* (1.6) 63.5 (36.5) 30.3 (10.5) 15.1%*
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FIG. 5. Percentage of stations exhibiting statistically significant increasing trends in Rx1day (blue) and Rx5day
(red) at the 5% level based on the Mann—Kendall test during 1901-2010 from the HadEX2-GHCNDEX-CMA
merged dataset, over the (a) global land monsoon region and (b)-(h) individual submonsoon regions. The histo-
grams represent the distributions of results from 1000 bootstrap samples of the extreme precipitation data, with the
upper 5% shaded. The triangles indicate the observed values. Numbers of stations available within each region are
shown at the top right. Results for cases where fewer than 150 stations are available are not shown.
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FIG. 6. As in Fig. 5, but for stations with statistically significant decreasing trends at the 5% level based on the
Mann-Kendall test.
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F1G. 7. Association of (a) Rxlday and (b) Rx5day to global mean near-surface air tem-
perature (GMST) changes over 1901-2010 from the HadEX2-GHCNDEX-CMA merged
dataset. The blue (red) dots indicate positive (negative) association with GMST, with filled
dark blue (red) dots denoting statistically significant association at the 5% level indicated by
the bootstrap analysis. For visualization purposes, the dark red dots overlay dark blue dots.

multidecadal SST variabilities in the Pacific, respectively
(King et al. 2013b; Brown et al. 2016; Lin et al. 2018;
Singh et al. 2018).

To conclude, by comparing the observations with the
null hypothesis distribution, we identify an overall pat-
tern of increase in the extreme precipitation for the
global land monsoon region as a whole and for most of
the monsoon subregions, which is significantly different
from random chance.

b. Relationship with GMST changes

We now address this issue in more detail by exam-
ining the relationship between the extreme pre-
cipitation and GMST changes, referred to as the
response rate here (section 2e). To evaluate the sig-
nificance of the response against the null hypothesis
that there is no significant association, we adopt the
bootstrap analysis. The test statistic (i.e., the response
rate between the extreme precipitation and GMST) is
calculated on both the observations and 1000 boot-
strapped samples. If the observed response falls out-
side the 95% ranges of the bootstrap samples, a
significant association between extreme precipitation
and global warming is identified.

The response patterns of Rxlday and Rx5day re-
semble each other, which are also consistent with the
monotonic trend patterns based on the Mann—Kendall
test, confirming the robustness of the observed extreme
precipitation changes (Figs. 7 and 4). On the station

scale, 56.8% (43.2%) of the stations show positive
(negative) scaling in Rx1day with GMST changes over
the global land monsoon region derived from the
HadEX2-GHCNDEX-CMA merged dataset, among
which 18.5% (11.2%) show significant responses, over
1901-2010 (Table 1). There are predominantly more
stations responding positively in extreme precipitation
to global warming than negatively.

We show the response rates of Rx1day zoomed in on
each monsoon domain (Fig. 8). The extreme pre-
cipitation changes vary largely at the local scales. For the
South Asian monsoon region, the largest responses are
mainly seen along the Western Ghats and Himalayan
foothills, implying the possible role of elevated topog-
raphy in amplifying extreme precipitation. For the East
Asian and Australian monsoon regions, the south-north
and west—east contrast in extreme precipitation re-
sponses are seen. In other monsoon regions, the largest
responses in extreme precipitation are generally ran-
domly distributed. The scattered distributions partly
result from internal variability, topography, and local
processes, and meanwhile are related to the different
record lengths from one station to the next. Although
the response of Rxlday to global temperature changes
can even exceed 50% K™ ' on stations, we emphasize
that the changes on station scales are largely affected by
noise. More sophisticated statistical approaches are re-
quired to obtain the signals of local extreme pre-
cipitation changes (e.g., Risser et al. 2019).
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FIG. 8. Response of Rx1day to global mean near-surface air temperature changes over 1901-2010 from the HadEX2-GHCNDEX-CMA
merged dataset over monsoon subregions (% K 1). The map shows the division of monsoon subregions.

To account for the uneven distribution of the stations,
the response rates calculated on each station are gridded
onto 1° latitude X 1° longitude grid boxes. To reveal the
overall changes within the monsoon regions, here we
apply the spatially aggregated probability distribution.
Figure 9 shows the distributions of the gridded response
rate in the global land monsoon regions weighted by the
area of each grid box. Thus, the histograms represent the
percentages of areas experiencing certain responses.
The 25%-75% range of the area (pink shadings in Fig. 9)
have shown a sensitivity of between —10.6% and
22.3% K~ ! in Rx1day for the global monsoon region as a
whole. The regional median and mean response rates
are estimated to be 6.0% and 7.5% K ! for Rx1day, and
44% and 4.8%K ™' for RxS5day, respectively, over
1901-2010 from the HadEX2-GHCNDEX-CMA merged
dataset (Fig. 9a).

To address the issue of whether the observed extreme
precipitation changes over the monsoon regions have
significant associations with global warming or if they
can be represented by random fluctuations of the

climate system, the observed responses averaged in the
monsoon regions are compared to the ranges of random
chance generated from bootstrapping (Fig. 10). The area
averages over the monsoon regions help to reduce the
effects of internal climate variability and local effects.
Therefore, the spread of the noise for the regional av-
erage responses is much smaller than that for the grid-
ded responses (cf. Figs. 10 and 9), as the influence of
climate noise such as internal variability is larger on
smaller spatial scales. The results show that for the
global land monsoon region as a whole (where obser-
vations are available), the change in Rxlday is signifi-
cantly associated with global warming over the past
century.

For the monsoon subregions, the distributions of the
gridded response rate lie toward positive changes de-
spite the large spread, indicating overall positive asso-
ciations between extreme precipitation changes and the
global temperature for the region as a whole, except for
the Australian monsoon region (Figs. 9b—g). In agree-
ment with the opposing changes within a region, the
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FIG. 9. Histograms of gridded scaling rates of Rx1day to global mean temperature changes over 1901-2010 for the global land monsoon
regions from the HadEX2-GHCNDEX-CMA merged dataset. The abscissa represents the scaling rates (% K™'), and the ordinate
represents the fraction of area showing specific responses. The area-weighted median and mean scaling rates are indicated in red and blue,
respectively. The pink shadings indicate the 25th—75th ranges of scaling rates with area-weighting. The results for the North African
monsoon region are not shown as fewer than 150 stations are available.
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FIG. 10. Response of (a) Rx1day and (b) Rx5day to global mean temperature changes over
1901-2010 in the global land monsoon regions (% K™!). The diamonds indicate observed
regional values estimated from medians of all the grids available within a region. The error
bars indicate the 95% ranges from 1000 bootstrap realizations. Cases where fewer than 150

stations are available are not shown.

histograms for the South Asian, Australian, and South
American monsoon regions show bimodal distributions,
which indicate increases in the regional contrast of the
changes and reflect the possible influences from aerosols
and multidecadal SST variabilities over the past century.
In terms of the regional averages, the southern part of
the South African monsoon region, the South Asian
monsoon region (dominated by India), the North
American monsoon region, and the eastern part of the
South American monsoon region have exhibited sig-
nificant associations between Rxlday changes and
global warming, at rates of approximately 10.4%-—
142% K™, 79%-83%K™', 6.4%-108%K™" and
15.1%-24.8% K ', respectively, depending on the
methods of estimation, as estimated from the merged
dataset. Nevertheless, the regional average changes in
the East Asian and Australian monsoon regions are
small and do not exhibit significant associations with
global warming, primarily related to the dipolar patterns
of changes within these regions associated with the
multidecadal internal variability (Fig. 10a). We also note
that the spread of noise of the regional average re-
sponses is larger for the Australian and South African
monsoon regions than for the other monsoon subregions

(Fig. 10). This may be partly related to the generally
smaller spatial coverages for the Australian and South
African (only the southern part is included in the anal-
ysis) monsoon regions, as the average across a larger
spatial domain tends to reduce the effect of climate
noise to a larger extent. In addition, there are regional
mechanisms influencing the regional extreme pre-
cipitation other than global warming (e.g., SST vari-
ability, tropical cyclones, land use), which may also
influence the range of noise among different regions.
Although the changes in Rxlday and Rx5day are
qualitatively similar in terms of the spatial pattern
(Figs. 4 and 7), the associations between Rx5day and the
temperature changes are generally weaker than those
between Rxlday and the temperature changes. For the
North and South American monsoon regions, the asso-
ciations between Rxlday and global warming are sig-
nificant over the past century but insignificant for
Rx5day (Fig. 10). According to the thermodynamic ar-
guments, the more intense extremes such as Rx1day are
largely controlled by the moisture availability, which is
directly related to the thermal conditions of the atmo-
sphere and hence the global mean temperature (Allen
and Ingram 2002; Trenberth et al. 2003). In addition,
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they may be further amplified by the feedbacks of in-
creased latent heat release (Lenderink and van
Meijgaard 2008; Berg et al. 2013; Westra et al. 2014).
Nevertheless, moderate extremes such as Rx5day with a
larger temporal-spatial scale are to some extent regu-
lated by the large-scale energy and circulation con-
straint, with an expected stabilization of the tropical
atmosphere under global warming (Vecchi and Soden
2007; Pendergrass and Hartmann 2014; Pendergrass
et al. 2015; Lin et al. 2016). This can be critical for the
global monsoon region, which lies mainly in the tropics,
and tends to weaken the association between these types
of precipitation extremes and the background thermal
conditions. As a result, the association of Rx5day with
global warming is weaker than that of Rx1day.

To this end, we have examined the observed long-
term changes in the extreme precipitation in the global
monsoon regions and compared it with what would be
expected from random chance. Particularly, the pres-
ence of a significant trend over a region is tested by the
field significance of the percentage of stations within a
region showing statistically significant increasing or
decreasing trends from the Mann-Kendall test. Mean-
while, the significance of the association between ex-
treme precipitation and global mean temperature
changes is examined based on the bootstrap analysis.
Since the global temperature has increased steadily over
the past century, we may expect similar results from the
two analyses.

Indeed, similar patterns of change are derived for the
trend and association with GMST (Figs. 4 and 7). On the
regional scale, the global land monsoon region as a
whole, as well as the southern part of the South African
monsoon region, the South Asian monsoon region
(dominated by India), the North American monsoon
region, and the eastern part of the South American
monsoon region, has experienced significant increases in
Rxlday and associations with global warming during
1901-2010. This consistency between the two analyses
confirms the robustness of the results.

However, some differences are also seen from the two
analyses. For example, for Rxlday in the Australian
monsoon region and Rx5day in the Australian and North
and South American monsoon regions, the observed
percentages of stations showing significant monotonic
increasing trends are outside the null hypothesis distri-
butions (Fig. 5). However, the observed area average
scaling relationships with the global mean temperature
changes in these cases are insignificant (Fig. 10). Such
differences may arise from several causes. First, the
presence of monotonic trends does not necessarily cor-
respond to a large sensitivity to global warming, and vice
versa. Second, the test on the percentage of stations
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exhibiting significant trends is influenced by the uneven
geographical distribution of the stations. Third, although
the percentages of stations showing significant increasing
or decreasing trends are statistically different from the
null hypothesis distribution, the regional average re-
sponses can be small, as they are smoothed out by the
opposing changes within a region, which may be related
to the multidecadal climate internal variability, as in the
case of the Australian monsoon region. Hence, in terms
of the regional averages, significant associations between
changes in the extreme precipitation and global warming
have not emerged yet.

Thus, taking the potential differences in the two an-
alyses into account, there are significant increases in
Rxlday and associations with global warming in the
global land monsoon region as a whole (where obser-
vations are available), as well as in the southern part of
the South African monsoon region, South Asian mon-
soon region (dominated by India), North American
monsoon region, and the eastern part of the South
American monsoon region over the past century. The
associations between the moderate precipitation ex-
tremes (e.g., Rx5day) and temperature are weaker than
that of Rx1day.

The above results are generally representative of the
whole study period covering the past century for the
entire global monsoon region and most of the sub-
regions, except for the South and East Asian monsoon
regions (Fig. 2). For the South Asian monsoon region,
the current study focuses on changes before the 1970s
(Fig. 2d). Then do the revealed changes continue into
the latter half of the twentieth century? Over India, the
most prominent changes continue into the recent de-
cades on the regional scale, including the increases in
extreme precipitation in the western and central India
while decreases in the northeast and southwest (Bisht
et al. 2018; Mukherjee et al. 2018; Singh et al. 2019). On
the other hand, it is also reported that on some locations,
extreme precipitation trends reverse sign in the latter
half of the twentieth century, possibly related to the
urbanization during this period in India (Vittal et al.
2013; Bisht et al. 2018). Given the increasing complexity
of local extreme precipitation changes in the recent
decades, the quantitative responses estimated here
should not be extended to the recent decades.

c. Uncertainty from different time periods

The above analyses are based on 1901-2010 employ-
ing 5066 stations over the global land monsoon region
with at least 50 years of records, with a median record
length of 64 years (Table 1). To assess the robustness of
the results and potential influences from decadal to
multidecadal climate internal variability, we perform
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TABLE 2. As in Table 1, but for changes in Rx1day over 1901-2010 using stations with at least 30 years of records.

Stations with
significant + (—)

Stations with
significant + (—)

trends (%; 5% Stations with associations with Regional
No. of Median Stations significance level +(-) GMST (%; 5% median
Monsoon  stations record with + (—) from the associations significance level from  scaling rate
region included length (yr) trends (%) Mann-Kendalltest) with GMST (%) bootstrap analysis) (%K™
GM 9344 52 57.2 (42.8) 8.3% (4.0) 57.0 (43.0) 19.8 (12.3) 4.7*
N.Afr 55 34 — — — — —
S.Afr 1138 62 59.8 (40.2) 8.7 (2.0) 64.0 (36.0) 19.6 (7.6) 8.8*
S.Asia 2310 62 55.6 (44.4) 6.8% (5.4%) 55.6 (44.4) 249 (16.5) 5.2%
E.Asia 567 56 51.9 (48.1) 2.1(2.5) 51.5 (48.5) 74(72) L5
Aus 3388 40 54.7 (45.3) 7.7% (4.5) 55.7 (44.3) 16.0 (11.2) 0.2
N.Ame 435 50 60.0 (40.0) 8.0% (3.2) 56.3 (43.7) 14.9 (12.6) 6.0%
S.Ame 1451 44 65.3 (34.7) 14.1% (2.6) 59.3 (40.7) 27.1 (13.0) 15.7%

the analyses using different time periods and record
lengths as thresholds to select stations. Specifically, we
compare the results for 1901-2010 using stations with at
least 30 and 50 years of records, and for 1951-2010 using
stations with at least 30 and 40 years of records (Tables
1-4). We do not compare the results for the first half of
the twentieth century, as this largely reduces the spatial
coverage for the global monsoon region (figure not
shown). We mainly illustrate the results of Rx1day for
conciseness.

For the use of different record lengths as thresholds to
select stations, although a reduced number of stations
are available when longer record lengths are required,
the spatial patterns of change are similar (cf. Fig. 7a vs
Fig. 11a; Fig. 11b vs Fig. 11c). For the different time
periods considered (i.e., 1901-2010 vs 1951-2010), the
patterns of change are also similar, with a major differ-
ence in India where the observational records are too
short to be included in the latter half of the twentieth
century (Figs. 7a and 11a—c). The different spatial cov-
erages directly affect the regional average changes. For

example, a significant association between the changes
in Rxlday and global warming is identified for 1901-
2010 for the South Asian monsoon region (dominated
by changes in India), whereas it is not for 1951-2010
(dominated by changes in the Indo-China Peninsula)
(Fig. 11). This highlights the importance of specifying
the spatial coverages that the analyses represent.

In spite of this difference in the spatial coverage of
India, the significance of the regional changes in Rx1day
are consistent across the time periods considered, in
terms of both the field significance of the trend and the
significance of the association with global warming for
the monsoon subregions (Tables 1-4, Fig. 11d). Thus,
there are significant increases in Rxlday and associa-
tions with global warming for the global land monsoon
region as a whole (where observations are available), as
well as in the southern part of the South African mon-
soon region, the South Asian monsoon region (domi-
nated by India), the North American monsoon region,
and the eastern part of the South American monsoon
region over the past century. This qualitative conclusion

TABLE 3. As in Table 1, but for changes in Rx1day over 1951-2010 using stations with at least 30 years of records.

Stations with

Stations with

significant + (—) Stations significant + (—)
Median trends (%; 5% with + (=) associations with Regional
No. of record Stations significance level associations GMST (%; 5% median
Monsoon stations length with + (—) from the with GMST significance level from scaling rate
region included (yr) trends (%)  Mann-Kendall test) (%) bootstrap analysis) (%K™
GM 6231 40 56.0 (44.0) 7.1% (3.4) 56.3 (43.7) 14.3 (8.4) 5.0%
N.Afr 30 36 — — — — —
S.Afr 1012 42 63.5 (36.5) 5.7 (1.6) 59.5 (40.5) 17.7 (6.8) 9.3%
S.Asia 168 48 55.4 (44.6) 6.0% (1.8) 57.7 (42.3) 9.5 (3.0) 42
E.Asia 565 56 51.3 (48.7) 23(25) 54.5 (45.5) 5.8 (44) 4.0
Aus 3020 39 50.9 (49.1) 7.3% (4.6) 55.5 (44.5) 12.9 (8.0) -34
N.Ame 397 42 62.2 (37.8) 7.3*% (2.8) 55.4 (44.6) 14.6 (11.6) 11.3*
S.Ame 1039 39 64.2 (35.8) 10.8* (2.7) 56.4 (43.6) 19.9 (12.9) 10.5%*
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TABLE 4. As in Table 1, but for changes in Rx1day over 1951-2010 using stations with at least 40 years of records.

Stations with

Stations with

significant + (—) Stations significant + (—) Regional
Median trends (%; 5% with + (—) associations median
No. of record Stations significance associations with GMST (% 5% scaling
Monsoon stations length with + (—) level from the with GMST significance level from rate
region included (yr) trends (%) Mann-Kendall test) (%) bootstrap analysis) (%K™
GM 3355 47 54.9 (45.1) 6.6* (3.3) 53.8 (46.2) 10.9 (6.2) 4.6%
N.Afr 13 42 — — — — —
S.Afr 649 45 64.3 (35.7) 6.6* (1.5) 59.8 (40.2) 14.3 (4.3) 9.6
S.Asia 140 50 — — — — —
E.Asia 534 57 51.7 (48.3) 22(2.4) 54.9 (45.1) 5.8 (3.7) 43
Aus 1281 48 45.7 (54.3) 5.6 (5.2) 46.5 (53.5) 6.5 (6.9) -39
N.Ame 224 47 59.4 (40.6) 8.0% (3.6) 57.6 (42.4) 12.5 (8.5) 8.2%
S.Ame 514 44 67.3 (32.7) 13.2* (1.8) 60.7 (39.3) 22.6 (8.4) 12.9%

is robust against the time period studied and record
length required, and not substantially affected by pos-
sible influences of the natural multidecadal variability.

On the other hand, quantitatively, there are slight
differences in the response rates of extreme pre-
cipitation to global warming among the time periods and
temporal coverages considered, which may be partly
influenced by the natural multidecadal variability
(Fig. 11d). For extreme precipitation in the East Asian
and Australian monsoon regions, significant changes
and associations with global warming have not emerged
yet. This may also be related to influences of natural
multidecadal variability, as seen from the dipolar pat-
terns of change within these subregions.

d. Uncertainty from different datasets

To maximize the spatial coverage in the analysis, this
work utilizes three datasets, HadEX2, GHCNDEX, and
CMA. While HadEX2 is a high-quality station dataset
with homogenization, it provides only limited stations in
the low latitudes including the monsoon regions
(Fig. 1a). Thus, GHCNDEX is used to fill part of the
gaps, which has the limitation of not being corrected for
discontinuities. The two datasets generally agree on the
long-term changes in extreme precipitation, with a pat-
tern correlation of 0.70 for the gridded scaling rates of
Rx1day for 1901-2010 over the global monsoon region.
The HadEX2-GHCNDEX-CMA merged dataset has a
pattern correlation of 0.98 with both HadEX2-CMA
and GHCNDEX. Nevertheless, the uncertainty from
the different datasets, including their different spatial
and temporal coverages and quality control procedures,
requires particular attention in interpreting the results.

Figure 10 compares the association between the ex-
treme precipitation and global warming for the mon-
soon regions among the three datasets. Qualitatively,
the three datasets consistently reveal the significance of

the association, except for Rx5day in the global and
South African monsoon regions (Fig. 10b). Quantita-
tively, there are slight differences in the regional median
response rates among the three datasets, which may
arise from sampling variability (e.g., different spatial
and temporal coverages of the records) and different
quality control procedures.

We first examine the uncertainty that arises from the
sampling variability of the datasets. Taking Rx1day as
an example, for the global land monsoon region as a
whole, the regional median response rates in HadEX2-
CMA and GHCNDEX are 53% and 7.4%K™',
respectively (Fig. 10a). To reduce the effect of the
sampling variability, we compare the results by masking
the gridded response rates in the two datasets into the
same spatial coverage, retaining only the grids available
in both of them (figure not shown). Consequently, the
difference between HadEX2-CMA and GHCNDEX is
reduced, with regional median response rates of 7.3%
and 6.3% K~!, respectively, for the global monsoon re-
gion. Hence, the different spatial coverages they repre-
sent account for part of the uncertainty in the different
observational datasets. To reduce this uncertainty, we
only show the results for regions where at least 150
stations are available.

We then examine the uncertainty that arises from the
different quality control procedures of the datasets. We
compare the results from the three datasets over central
North America, Europe, and South Africa, where all the
datasets have considerable and comparable spatial
coverage (Fig. 12). We investigate the monotonic trends
in extreme precipitation and the association with GMST
for the three regions. For conciseness, we illustrate the
results based on Rx1lday, as summarized in Table 5.

In terms of the long-term trends, the percentages
of stations showing significant increasing trends
are significantly different from the null hypothesis
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FIG. 11. Association of Rxlday with global mean near-surface air temperature (GMST)
changes from the HadEX2-GHCNDEX-CMA merged dataset for different temporal pe-
riods. Results are shown for (a) 1901-2010 using stations with at least 30 years of records,
(b) 1951-2010 using stations with at least 30 years of records, and (c) 1951-2010 using stations
with at least 40 years of records. The blue (red) dots indicate a positive (negative) association
with GMST, with filled dark blue (red) dots denoting statistically significant association at the
5% level indicated by the bootstrap analysis. For visualization purposes, the dark red dots
overlay dark blue dots. The numbers of stations available in the global monsoon region are
shown in the top right. (d) Regional mean responses of Rx1day to GMST for the global land
monsoon regions for different temporal periods (% K™1). The diamonds and error bars in-
dicate the observations and 95% ranges from 1000 bootstrap realizations, respectively. Cases
where fewer than 150 stations are available are not shown.
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distributions for all the three regions, while those
showing significant decreasing trends are within the null
hypothesis distributions, as revealed consistently by all
three datasets (Table 5). In terms of the association with
GMST, different datasets reveal similar spatial patterns

(Figs. 12a—c). For the regions as a whole, the percentages
of stations showing significant positive and negative as-
sociations as well as the regional median response rates
are comparable among the datasets, which consistently
reveal the significant associations between changes in
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FIG. 12. Association of Rxlday with global mean near-surface air temperature (GMST) changes from (a) HadEX2-CMA,
(b) GHCNDEX, and (c) the HadEX2-GHCNDEX-CMA merged dataset for 1901-2010 using stations with at least 50 years of records.
The blue (red) dots indicate positive (negative) association with GMST, with filled dark blue (red) dots denoting statistically significant
association at the 5% level indicated by the bootstrap analysis. For visualization purposes, the dark red dots overlay dark blue dots. The
black boxes denote the central North America, Europe, and South Africa where all the three datasets have considerable spatial coverage.
(d) Regional mean responses of Rx1day to GMST for the central North America, Europe, and South Africa (% K1). The diamonds and
error bars indicate the observations and 95% ranges from 1000 bootstrap realizations, respectively.

Rxlday and global warming for the three regions
(Fig. 12d and Table 5). Thus, all three datasets consis-
tently reveal significant trends and associations with
global warming in extreme precipitation for central
North America, Europe, and South Africa over the past
century, regardless of the differences in quality control
procedures.

To summarize, on the regional scale, the qualitative
results on the significance of the trends and associations
with global warming of the extreme precipitation are not
substantially affected by the use of different datasets,
given the considerable and comparable spatial cover-
ages of the datasets. Thus, the results of this study mainly
based on the HadEX2-GHCNDEX-CMA merged data-
set are qualitatively reliable. Nevertheless, the quanti-
tative differences among the different datasets deserve
further attention.

4. Summary and concluding remarks

In this study, we examined the long-term changes in
extreme precipitation in the global land monsoon

regions by employing two global datasets of extremes
indices from HadEX2 and GHCNDEX, and daily rain
gauge observations over China from the CMA. A
merged dataset based on them, HaddEX2-GHCNDEX-
CMA, is also created. These observational datasets
represent the most comprehensive, long-running, and
high-quality observations available at present. They
provide a total of 5066 stations within the global land
monsoon region over 1901-2010 with at least 50 years of
records, with a median record length of 64 years. In
particular, the presence of a significant monotonic trend
and association with global mean temperature changes
of the extreme precipitation is examined for the mon-
soon regions. The major conclusions are summarized as
follows.

1) For the regional monsoon domains, the southern part
of the South African monsoon region, the South
Asian monsoon region (dominated by India), the
North American monsoon region, and the eastern
part of the South American monsoon region
have exhibited significant increases in the annual
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TABLE 5. As in Table 1, but for changes in Rx1day over 1901-2010 using stations with at least 50 years of records, using the HadEX2,
GHCNDEX, and HadEX2-GHCNDEX-CMA merged datasets, over central North America, Europe, and South Africa, where all the
datasets have considerable and comparable spatial coverage. An asterisk (*) indicates the 5% significance level for percentages of stations
with significant increasing or decreasing trends based on the field significance test in column 6 and 5% significance level for associations
with global mean temperature changes based on bootstrap analyses in column 9.

Stations
with Stations with
significant significant
() ()
trends associations
(%;5% with
Stations  significance Stations GMST (%;5% Regional
Median with level with + (—) significance median
No. of record +(-) from Mann- associations level from scaling
stations  length trends Kendall with GMST bootstrap rate
Region Dataset included (yr) (%) test) (%) analysis) (%K™
Central HadEX2 833 70 689 (31.1)  8.6%(04) 665 (33.5) 11.9 (3.4) 7.7%
North
America
GHCNDEX 3995 66 68.1(31.9) 9.1*(1.2) 653(34.7) 13.6 (4.1) 7.6%
HadEX2-GHCNDEX-CMA 4111 66 684 (31.6) 9.1*(1.2) 657 (34.3) 14.1 (4.1) 7.7
Europe HadEX2 2045 60 70.1 (29.9) 10.9% (1.0)  64.8 (35.2) 14.7 (4.2) 9.1%
GHCNDEX 1177 60 732 (26.8) 14.0%(0.9)  66.9(33.1) 17.7 (4.0) 9.7%
HadEX2-GHCNDEX-CMA 3071 60 71.0 (29.0) 11.9% (1.0)  65.1 (34.9) 15.7 (4.2) 9.5%
South HadEX2 586 73 69.5(30.5) 10.9* (1.0)  66.2(33.8) 13.5 (3.8) 8.6%
Africa
GHCNDEX 950 64 63.1(36.9) 7.6*(1.7) 63.6(36.4) 20.4 (8.2) 11.8*
HadEX2-GHCNDEX-CMA 1413 67 649 (35.1)  9.1%(1.6) 64.5(35.5) 17.3 (6.9) 12.4%

maximum daily precipitation and associations
with global warming, with responses to global warm-
ing of ~10.4%-14.2% K ', 7.9%-83% K, 6.4%—
10.8% K™' and 15.1%-24.8% K" over 1901-2010,
respectively, depending on the methods of estima-
tion, based on 5066 stations with at least 50 years of
records. Nevertheless, significant changes in the East
Asian and Australian monsoon regions have not
emerged yet.

2) For the global monsoon region as a whole, significant
increases in extreme precipitation and associations
with global warming have also been identified over
the past century, but the limited spatial coverage
increases the uncertainty of the results.

3) The qualitative results on the significance of the
changes on the regional scale are generally robust
against the time periods, record lengths of stations,
and different datasets used. For different extreme
precipitation indices, changes in the moderate ex-
tremes show generally weaker associations with
temperature compared with the more intense ex-
tremes (cf. Rx5day and Rx1day).

There are several sources of uncertainty that should
be acknowledged, including those from the spatial and
temporal coverages and different datasets: 1) The

extreme precipitation observations are limited in the
low latitudes, leading to a lack of spatial coverage in
the monsoon regions. For the regional monsoon do-
mains, we specify the exact spatial coverages they rep-
resent. For the entire global monsoon region, however,
the current results should be interpreted with caution
due to the lack of observations over the African and
American monsoon regions. 2) The results of this study
are generally representative of the past century for the
entire global monsoon region and most of the sub-
regions. However, the time span for the South Asian
(before the 1970s) and East Asian (after the 1950s)
monsoon regions is limited. Thus the quantitative re-
sponses over these regions should probably not be ex-
tended beyond those times. Although the sensitivity
analyses in section 3c using different time periods and
record lengths generally agree on the significance of the
regional changes in extreme precipitation, the quanti-
tative responses are still partly affected by the multi-
decadal climate internal variability, as the median
record lengths are approximately 40-70 years for the
1901-2010 period. The influences from the multidecadal
climate internal variability are more prominent on
the local and regional scales (e.g., the dipolar patterns
of change within the East Asian and Australian mon-
soon regions), with important implications for regional

Unauthenticated | Downloaded 08/16/22 10:37 AM UTC



8486

adaptation to climate change. 3) The results from the
different datasets are qualitatively consistent, but have
quantitative differences that arise from the sampling
variability and different quality control procedures.

Despite the above uncertainties, the present results
have unearthed the significant increases in extreme
precipitation over most of the monsoon regions as the
climate has warmed, which is also expected to continue
under future anthropogenic warming (Kitoh et al. 2013;
Freychet et al. 2015; Zhang et al. 2018). Whether and to
what extent anthropogenic forcings have influenced the
observed changes in extreme precipitation requires a
formal attribution analysis, which is still faced with a
range of grand challenges (Zwiers et al. 2013). This work
serves as a basis for the future detection and attribution of
extreme precipitation changes in the monsoon regions.

Apart from the monsoon regions, extreme pre-
cipitation changes in the tropics are also important. The
limited observations here have shown diverse changes in
the different tropical land regions, such as a dominant
increase in central North America and South Africa
with some scattered decreases, and a dominant decrease
in Australia (Figs. 3 and 6). To gain a global perspective
of the extreme precipitation changes in the currently
poorly sampled tropics, improved monitoring and data
sharing within the climate research community are
required.
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