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ABSTRACT: Estimates of observed long-term changes in daily precipitation globally have been limited due to availability

of high-quality observations. In this study, a new gridded dataset of daily precipitation, called Rainfall Estimates on a

Gridded Network (REGEN) V1–2019, was used to perform an assessment of the climatic changes in precipitation at each

global land location (except Antarctica). This study investigates changes in the number of wet days ($1mm) and the entire

distribution of daily wet- and all-day records, in addition to trends in annual and seasonal totals from daily records, between

1950 and 2016. The main finding of this study is that precipitation has intensified across a majority of land areas globally

throughout the wet-day distribution. This means that when it rains, light, moderate, or heavy wet-day precipitation has

become more intense across most of the globe. Widespread increases in the frequency of wet days are observed across Asia

and the United States, and widespread increases in the precipitation intensity are observed across Europe and Australia.

Based on a comparison of spatial pattern of changes in frequency, intensity, and the distribution of daily totals, we propose

that changes in light andmoderate precipitation are characterized by changes in precipitation frequency, whereas changes in

extreme precipitation are primarily characterized by intensity changes. Based on the uncertainty estimates from REGEN,

this study highlights all results in the context of grids with high-quality observations.
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1. Introduction

Changes in precipitation may have far-reaching impacts on

global food production, industry, infrastructure, human health

and well-being, geopolitical stability and human security, and

natural ecosystems. For example, a decrease in precipitation

frequency can lead to droughts and an increase in intensity can

lead to floods. Precipitation is expected to intensify globally

in the context of a warming climate, since the Clausius–

Clapeyron (CC) relationship states that the moisture-holding

capacity of air increases with temperature (Allen and Ingram

2002; Trenberth 1999, 2011). However, the exact nature of this

change in precipitation is still not completely understood. For

example, despite an increase in global mean precipitation, re-

gional variation in the direction and strength of changes may

exist (O’Gorman 2015; Trenberth 2011; Held and Soden 2006).

Furthermore, different parts of the precipitation distribution

may exhibit different rates of temporal changes (Alexander

et al. 2007). Based on an assesment of existing studies, the

IPCC’s Fifth Assessment Report (AR5) (Hartmann et al.

2013) assigned ‘‘low confidence’’ to historical precipitation

changes in many regions citing issues related to data avail-

ability, lack of studies, and conflicting results—for example, in

India (Bhutiyani et al. 2010; Kishore et al. 2016; Mondal et al.

2015; Jain et al. 2013;Guhathakurta andRajeevan 2008), South

Africa (MacKellar et al. 2014; Kruger 2006; Kruger and

Nxumalo 2017; Groisman et al. 2005), northwestern, sub-

Saharan, and central-western Africa (Hulme et al. 2001; New

et al. 2006; Aguilar et al. 2009; Chaney et al. 2014), the Horn of

Africa (Tierney et al. 2015; Omondi et al. 2014; Liebmann et al.

2014), Iran (Zhang et al. 2005; Rahimzadeh et al. 2009), and

Southeast Asia (Caesar et al. 2011; Limsakul and Singhruck

2016; Manton et al. 2001; Mayowa et al. 2015). Arguably, the

paucity of long-term observations of daily precipitation is

the primary reason behind the IPCC’s assessment, because the

lack of data can explain the lack of studies and conflicting re-

sults in many regions. For example, the conflicting changes

depicted in many studies are due to a dissimilar network of

stations used (e.g., in SouthAfrica; northwestern, sub-Saharan,

and central-western Africa; Iran; and Southeast Asia).

Studies based on monthly datasets of precipitation have

been unable to capture changes in the extreme (wet) tails of the

distribution since they flatten the daily extremes. Monthly

(gauge-based) datasets usually have the advantage of benefit-

ing from a more complete station network, compared to daily

precipitation datasets, extending back to the start of the

twentieth century. The longer time period of monthly data

makes them ideal for investigating climate-related variability

in precipitation. For example, IPCC AR5 compared trends in

monthly precipitation anomalies averaged globally and over

latitudinal bands between five monthly datasets (Peterson and

Vose 1997; Adler et al. 2003; Mitchell and Jones 2005; Becker

et al. 2013; Smith et al. 2012). The assessment found no sig-

nificant trends in all five datasets after 1950 but significant

positive trends were found since 1900 with large variance in the

magnitudes of trends between datasets. Another study by

Trenberth (2011) used monthly satellite data (Huffman et al.

2001) to show that in general precipitation has increased in the

subtropics and the tropics outside the monsoon trough and

decreased in the high latitudes (notably over North America,

Europe, Asia, and Argentina). While they provide relatively
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long and spatially complete data, these monthly observational

datasets, however, do not resolve the daily variability in data

and flatten the daily or higher frequency extremes. For this

reason, daily data are necessary to get amore accurate estimate

of precipitation changes. Few studies have investigated global

changes in precipitation using daily observations because of

the limited availability of long-term datasets of daily precipi-

tation that would allow the investigation of climate-scale

changes. Existing global datasets of daily precipitation either

are satellite-based and hence are limited to the satellite era

(1979 onward) or, with reference to gauge-based datasets,

suffer from data sharing issues between countries, resulting in

the short temporal records extending back to around 1980

at best.

To overcome some of these data limitations, the Expert

Team on Climate Change Detection and Indices (ETCCDI)

proposed a set of climate indices (Zhang et al. 2011a; Peterson

andManton 2008), as data providers from some countries were

more willing to share derived measures rather than daily data.

Data collections of such station-based indices were then used

as the basis for quasi-global gridded datasets allowing the study

of some specific aspects of observed precipitation (and tem-

perature) extremes. Examples of such global gridded datasets

of indices created in this way are HadEX (Alexander et al.

2006), HadEX2 (Donat et al. 2013b), and GHCNDEX (Donat

et al. 2013a). Based on all these datasets, precipitation indices

show more areas with a significant shift toward wetter condi-

tions compared to areas with a significant shift toward drying

conditions. The most notable areas with trends toward wetter

conditions were eastern North America, eastern Europe, Asia,

and South America. Most recently Donat et al. (2016) used

HadEX2 and climate model simulations from the archive of

phase 5 of the Coupled Model Intercomparison Project

(CMIP5; Taylor et al. 2012) to show statistically significant

increases in extreme precipitation in both wet and dry regions

of the world, while annual total precipitation also increased in

the dry regions but not in the wet regions. Studies based on

these indices, however, only investigate changes in very specific

aspects of the precipitation distribution such as the means and

the extreme tail. To gain a more comprehensive understanding

of how precipitation is changing, changes in the entire distri-

bution must be analyzed, for example, as demonstrated for

Australia by Contractor et al. (2018).

Some studies, such as those of Groisman et al. (2005) and

Westra et al. (2013), have not used gridded precipitation data,

which can result in spatial biases due to the inhomogeneous

distribution of stations. Groisman et al. (2005) used a subset of

around 32 000 stations from the Global Daily Climatology

Network and showed that the frequency of the heavy and very

heavy precipitation events (top 10% and top 5% of events) has

gone up in North America, eastern Europe, Scandinavia,

Russia,China, India, SoutheastAsia includingAustralia, southern

andwesternAfrica, andBrazil.Westra et al. (2013) used the same

dataset of global land-based stations used to create HadEX2 to

show that two-thirds of stations showed statistically significant

increasing trends in annual extremes and that this result was

inconsistent with the null hypothesis that there was no trend in

precipitation extremes.

Besides the global studies a number of regional studies have

also been conducted; however, large gaps in high confidence

changes remain in many global regions. Based on our assess-

ment, high confidence changes in the literature were found

only in regions with high-quality long-term observations such

as Europe, Australia, China, North America, and parts of

South America (Fig. 1). The regions of high confidence

changes in this assessment were defined as those regions with at

least two studies showing significant increases or decreases and

no other studies showing contradicting significant changes. Our

assessment classified changes in precipitation over the twenti-

eth century into frequency, intensity, and total changes in both

mean and extreme precipitation. ‘‘Mean frequency’’ was de-

fined as the number of wet days (precipitation$ 1mm), ‘‘mean

intensity’’ was defined as the ratio of annual totals to the

number of wet days, and ‘‘mean totals’’ were defined as annual

total or annual mean precipitation. Similarly, ‘‘extreme fre-

quency’’ was defined as number of days with precipitation

above an absolute threshold (such as 20mm in the case of the

R20mm ETCCDI index), ‘‘extreme intensity’’ was defined as

annual maximum daily precipitation or annual maximum

consecutive 5-day precipitation, and ‘‘extreme totals’’ were

defined as the annual total precipitation amount from days

above an absolute threshold. Note that the ETCCDI indices

R95p and R99p are representative of extreme totals since ac-

cording to ETCCDI the thresholds are calculated based on a

climatology (typically 1961–90), meaning the thresholds do not

vary on an annual basis. Many remaining parts of the globe

have been subject to only isolated studies, usually based on

results of regional workshops where invited local participants

brought raw station data that were subject to quality control

and used to calculate the standard set of ETCCDI indices (e.g.,

Aguilar et al. 2005, 2009; New et al. 2006; Stephenson et al.

2014; Zhang et al. 2005; Caesar et al. 2011; Vincent et al. 2011;

Haylock et al. 2006; Donat et al. 2014). Due to the singular

nature of these studies none of the changes demonstrated in

them satisfied our definition of ‘‘high confidence.’’ Even in

cases where multiple studies investigated the same regions

there were often conflicting results due to the sparse network

of stations used in these studies.

Disentangling the effects of frequency versus intensity

changes on global precipitation changes is relevant to discus-

sions on precipitation changes. Trenberth et al. (2003), Trenberth

(2011), and Dai et al. (2020) all noted that to fully charac-

terize precipitation changes, frequency, intensity, and dura-

tion changes must be examined in addition to changes in

accumulated totals. Trenberth et al. (2003) first hypothesized

that, in response to warming, the overall precipitation fre-

quency must decrease while the intensity increases at an av-

erage rate according to the CC relationship. In particular, the

frequency of light to moderate precipitation changes is pro-

jected to decrease over most global areas except for the high

latitudes (Dai et al. 2018).

In this study we present a comprehensive analysis of changes

in the entire distribution of totals and intensity of precipitation,

alongside changes in the frequency of precipitation over global

land areas. The analysis is based on a new global dataset of

gridded (18 3 18) daily precipitation based on a dense network
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of stations from 1950 to 2016, called Rainfall Estimates on a

Gridded Network (REGEN) (Contractor et al. 2020). The

relatively long temporal record of this dataset allows us to

more robustly estimate the climate-scale changes in global

observed precipitation, compared to previous studies. The

daily temporal resolution preserves the high-frequency ex-

tremes and variability while the interpolation removes the bias

due to the uneven geographic coverage of stations. Furthermore,

FIG. 1. Summary of regions with high confidence in changes in (a) mean and (b) extreme precipitation frequency,

intensity, or totals. The three symbols are related to changes in frequency, intensity, and totals (see text for defi-

nitions), respectively, from left to right. The symbols ‘‘1’’, ‘‘2’’, and ‘‘.’’ refer to increases, decreases, and unknown

(due to a lack of studies, disagreement in literature regarding the direction of change, and/or the changes are not

statistically significant) change, respectively. Numbers inside square brackets refer to the references at the end of

this caption. High confidence was given to those changes with at least two studies supporting them and no con-

flicting results between any studies. Regions with unknown changes in all three categories (frequency, intensity, and

totals) are not marked. References for numbers are as follows: [1] Vincent and Mekis 2006; Mekis and Vincent

2011; Yagouti et al. 2008; Zhang et al. 2011b; Shephard et al. 2014; [2] Hartmann et al. 2013; Donat et al. 2013b;

Kunkel et al. 1999; Groisman et al. 2004; [3] Hartmann et al. 2013; Donat et al. 2013b; Kunkel et al. 1999; Groisman

et al. 2004; Higgins and Kousy 2013; Alexander et al. 2006; [4] Hartmann et al. 2013; van den Besselaar et al. 2013;

López-Moreno et al. 2010; [5] Hartmann et al. 2013; Klein Tank and Können 2003; Zoline et al. 2009; van den

Besselaar et al. 2013; Casanueva et al. 2014; Alexander et al. 2006; Moberg et al. 2006; Donat et al. 2013b; [6] Zhang

et al. 2012; Zhai et al. 2005; Ding et al. 2007; Wang et al. 2017; Hu et al. 2017; Wang and Zhou 2005; You et al. 2011;

[7] Hartmann et al. 2013; Zhang et al. 2012; Zhai et al. 2005; Ding et al. 2007; [8] Zhai et al. 2005; Ding et al. 2007;

You et al. 2011; [9] Haylock et al. 2006; de los Milagros Skansi et al. 2013; Re and Barros 2009; Castañeda and

González 2008; Zandonadi et al. 2016; Sarral et al. 2017; [10] Taschetto andEngland 2009; Shi et al. 2008; Alexander

et al. 2006; Hartmann et al. 2013; Contractor et al. 2018; [11] Gallant et al. 2007; Taschetto and England 2009;

Groisman et al. 2005; Alexander et al. 2006; Hartmann et al. 2013; Contractor et al. 2018; [12] Donat et al 2013a,b;

Kunkel et al. 1999; Groisman et al. 2004; Higgins and Kousky 2013; [13] Klein Tank and Können 2013; Zolina et al.

2009; Alexander et al. 2006;Moberg et al. 2006; Donat et al. 2013a; [14] Zhai et al. 2005; Ding et al. 2007;Wang et al.

2017; Wang and Zhou 2005; You et al. 2011; Yin et al. 2015; [15] Zhai et al. 2005; Ding et al. 2007; Wang and Zhou

2005; Wang and Zhou 2005; [16] Haylock et al. 2006; de los Milagros Skansi et al. 2013; Hartmann et al. 2013;

Alexander et al. 2006; [17] Gallant et al. 2007; Groisman et al. 2005; Alexander et al. 2006; Hartmann et al. 2013;

Donat et al. 2013a.
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the daily temporal resolution along with a long temporal re-

cord of REGEN results in a large sample size of observations,

allowing for a robust estimation of the entire distribution of

daily precipitation at each grid cell. In addition, REGEN also

consists of vital observational uncertainty information, which

allows us to identify regions with high-quality observations in

this study.

2. Data and methods

a. Gridded daily precipitation data

A newly developed dataset of interpolated daily station

precipitation data was used in this study. The dataset is called

Rainfall Estimates on a Gridded Network (REGEN) V1–2019

and has global land coverage and covers the period 1950–2016

(Contractor et al. 2020). There are two datasets available under

the moniker REGEN. The first interpolates all available daily

station data (henceforth REGEN-ALL) while the other in-

terpolates only the stations with 40 complete years of data

(henceforth REGEN-40YR), where a year was considered

complete if it contained data for at least 70% of days in each

month. This is the same selection criterion as the Global

Precipitation Climatology Centre (GPCC) products (Becker

et al. 2013). Results in this study are primarily based on

REGEN-ALL unless otherwise stated. The main advantage of

REGEN is that it is based on a large archive of raw daily station

data that allows for a high station density globally extending

back to 1950. This archive of raw stations was created by

combining the publicly available Global Historical Climatology

Network–Daily (GHCN-Daily; Menne et al. 2012) with the

equally as large Global Precipitation Climatology Centre ar-

chive, which is not publicly shared, along with some smaller

archives. An automatic quality control (QC) algorithm devel-

oped for GHCN-Daily was applied to the merged data archive

to flag potentially low-quality data and subsequently remove

flagged data before interpolation [see Durre et al. (2010) for

details of the QC algorithm]. We acknowledge that a small

percentage of extremes may be falsely flagged and removed in

this process.

REGEN has a spatial resolution of 18 3 18 and uses ordinary

block kriging interpolation method to generate estimates

representative of grid cell average as opposed to point-based

estimates. Kriging is a spatial interpolation method that ac-

counts for the spatial autocorrelation structure of precipita-

tion. This method was chosen after a comparison with various

popular methods for interpolating precipitation data by

Schamm et al. (2014). REGEN also interpolates anomalies

(ratios) of daily precipitation to monthly totals that are later

converted back to daily totals by multiplying the gridded

anomalies with gridded monthly values from GPCC Full Data

Monthly V2018 (Ziese et al. 2018). This is known as climato-

logically aided interpolation (CAI), which 1) reduces the in-

fluence of elevation and other covariates (Hofstra et al. 2008),

2) improves the long-term homogeneity since the monthly

datasets are based on a more reliable and stable station net-

work, and 3) reduces the effect of individual missing data

points compared to gridding absolute values. For more details

of the dataset development process and evaluation refer to

Contractor et al. (2020). This study utilizes version V1–2019 of

the REGEN datasets.

REGEN’s station dataset contains the highest number of

stations compared to all other existing global daily gauge-

based datasets. It was this higher station density that allowed

the creation of a gridded dataset with the currently longest

temporal record. Currently, no other global gridded daily

precipitation datasets exist with a six-decade-long temporal

record to enable a robust quasi-global analysis of changes in

the entire precipitation distribution. However, temporal in-

homogeneities in stations still exist. For example, the majority

of stations in India are lost in the early 1970s due to data

sharing issues (Contractor et al. 2020). REGEN uses CAI to

minimize the effect of temporal inhomogeneities in the station

network on the gridded fields. Moreover, Contractor et al.

(2020) showed that the temporal average and trends in total

annual precipitation and annual maxima compare well be-

tween REGEN and a related dataset that utilizes a long-term

subset (at least 40 complete years) of stations interpolated by

REGEN. REGEN has been evaluated as part of many studies

that compare it against various monthly and daily resolution

gridded datasets based on rain gauges, satellites, and rean-

alyses. There were no major artifacts or obvious issues dis-

covered in REGEN by these studies, and REGEN compared

very well to existing gauge-based precipitation products over

the period of overlap. Please refer to Contractor et al. (2020),

Roca et al. (2019), Bador et al. (2020), Alexander et al. (2020),

and Hobeichi et al. (2020) for more details.

Besides showing the statistical significance of results for the

various calculations, many figures in this study also include a

contour enclosing a region where the dataset quality is high.

This region was determined based on the three uncertainty

estimates included with REGEN: the Yamamoto standard

error (Yamamoto 2000), the kriging error, and the number of

stations per grid cell. The Yamamoto standard error is indic-

ative of the deviation of the grid cell estimates from the station

measurements inside the grid cell, and the kriging error and

number of stations inside the grid cell are indicative of the

station density inside the grid cell. Although these three

dataset uncertainties vary with grid cell and day, a single

quality mask was used for the entire dataset based on the

temporal average of the three uncertainty estimates. These

quality masks are also included with REGEN. For more de-

tails on the calculation of the masks, refer to Contractor

et al. (2020).

b. Trends in annual and seasonal totals

Trends in annual and seasonal totals of daily precipitation

are calculated with a modified Thiel–Sen’s slope and the

modified Mann–Kendall method is used to test for significance

of the trends. ‘‘Modified’’ here refers to the modification pro-

posed by Zhang et al. (2000) to account for autocorrelation in

the data. Note that this modification was used as a precau-

tionary measure despite not finding any significant temporal

autocorrelation at monthly or greater time scales.

The combination of the Thiel–Sen method to estimate

slopes and Mann–Kendall test for their significance is advan-

tageous over the most commonly used method for trend
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analysis, i.e., least squares regression, as they are nonpara-

metric and as a consequence work with non-Gaussian distri-

butions (such as precipitation). Unlike least squares regression,

the Thiel–Sen and Mann–Kendall combination of methods is

also compatible with heteroskedastic data. The Theil–Sen

method estimates trends by calculating the trends between all

pairs of points in the data and then taking the median. As a

consequence of its ranking-based methodology, the Thiel–

Sen’s slope estimate is also insensitive to outliers.

The null hypothesis for the Mann–Kendall test is that there

is no monotonic trend while the alternative hypothesis is that

there is a monotonic positive or negative trend in the data. The

test statistic S computes the sum of the sign change between all

pairs of points in the data:

S5 �
n21

k51
�
n

j5k11

sign(X
j
2X

k
) , (1)

where

sign(x)5

8

<

:

11, for x. 0

0, for x5 0

21, for x, 0

. (2)

The test statistic S is normally distributed under the

transformation

Z5

8

>

>

>

>

>

<

>

>

>

>

>

:

S2 1

s

, for S. 0

0, for S5 0

S1 1

s

, for S, 0

(3)

with meanE[S]5 0 and variance s2 as per Kendall (1975). The

null hypothesis is rejected at a% level if the computed Z sta-

tistic is outside the [Z2a/2, Z1a/2] interval.

Note that because the Mann–Kendall only tests for a

monotonic trend, its results may be sensitive to the period of

analysis due to interdecadal variability. However, we include

this trend analysis primarily for comparison with previously

reported trends in mean precipitation totals in the literature

(see Fig. 1a). The main aim of this study is to examine the

changes in the frequency and intensity distribution of precipi-

tation. For this we choose to simply calculate a percentage

difference in the indices of interest between two long periods,

as opposed to calculating trends, which requires satisfying as-

sumptions of linearity of changes.

c. Changes in annual and seasonal frequency

The entire period of data from 1950–2016 was split into two

roughly equally long periods (1950–83 and 1984–2016) to test

for changes in the number of wet days between the two periods

at each grid location. Our aim was to maximize the statistical

power of our analysis by choosing the longest possible time

periods (thus maximizing the number of observations in each

period). The period 1950–2016 was not split exactly equally to

avoid unequal number of seasons in each resulting halves. Wet

days here are considered as days with at least 1mm of rainfall

since this is the same definition used by ETCCDI (Zhang et al.

2011a). The relative difference in wet day frequency is defined

as the difference in the percentage of the number of wet days

to the total number of days in each period. For the seasonal

calculation, the days considered were restricted to the com-

monly used definition of seasons: December–February (DJF),

March–May (MAM), June–August (JJA), and September–

November (SON).

d. Changes in wet-day and all-day distributions

Changes in the wet-day and all-day distributions provide

complementary information to understand precipitation

changes. As pointed out by Schär et al. (2016), wet-day per-

centile changes are potentially affected by changes in wet-day

frequency, which can complicate their interpretation, while

all-day precipitation percentiles are robust to changes in fre-

quency. However, the wet-day quantiles represent the distri-

bution of the daily amount of precipitation conditional on

when it rains, and hence are more informative to characterize

precipitation intensity changes. Thus, an analysis of changes in

frequency (characterized by the number of wet days) alongside

changes in the wet-day distribution can help explain the

changes in the all-day precipitation distribution. This meth-

odology of characterizing precipitation changes with changes

in the entire distribution of wet- and all-day quantiles alongside

changes in the number of wet days has been previously used to

analyze precipitation changes across Australia (Contractor

et al. 2018).

We compared precipitation distributions between 1950–83

and 1984–2016. We chose 300 quantiles, equally spaced be-

tween 0 and 1, to represent the wet- and all-day precipitation

distributions since the aim was to sample as many parts of the

distribution as possible while minimizing the computational

resources required and maximizing the statistical power nec-

essary to estimate the highest quantiles. The pth quantile is

defined as the value that is expected to exceed a randomly

picked sample by a probability p. The last quantile (i.e., 1.0)

represents the maximum daily precipitation value in each pe-

riod (1950–83 and 1984–2016).

The relative change in the pth quantile is given by

Dq
p
5

8

>

>

>

<

>

>

>

:

q
p2
2q

p1

mean(q
p1
,q

p2
)
, if q

p1
. 0 and q

p2
. 0

0, if q
p1
5q

p2
5 0:

(4)

The second quantile subscript in Eq. (4) refers to the respective

periods the quantiles are based on. Note that the statistical

power to calculate quantiles reduces substantially in arid re-

gions due to the smaller number of wet days.

e. Changes in the mean daily precipitation intensity

Mean daily precipitation intensity was calculated for each

period (1950–83 and 1984–2016) by dividing the total precipi-

tation over the entire time period by the total number of wet

days over the entire time period. A relative difference between

the two periods was calculated using the following equation at

each grid location resulting in a global map of daily precipi-

tation intensity changes (Fig. 7):
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f. Significance testing using bootstrapping

The significance of the changes in frequency, intensity, and

quantiles between the two periods was calculated using a

bootstrapping technique. A number of daily precipitation

records equal to the number of days in each period were

sampled from the entire time period (1950–2016) with re-

placement to create two new resampled time series corre-

sponding to each period (1950–83 and 1984–2016). The

resamplingwas done in two yearly blocks and in the same order

for each spatial location to adjust for the spatial and temporal

autocorrelation in the data. Subsequently, the relative quantile

changes were calculated based on the resampled time periods.

This process was repeated 1000 times to create a distribution of

relative change in each quantile corresponding to the null hy-

pothesis of no change in the respective quantile. The alterna-

tive hypothesis that there has been a significant change in a

respective quantile is accepted at a 10% significance level if the

true quantile change lies outside the 5th–95th-percentile con-

fidence interval of the resampled distribution. Note that the

estimate of sampling uncertainty from bootstrapping includes

the sensitivity to our choice of periods.

3. Results

a. Trends in annual and seasonal totals

Themost straightforwardmethod of investigating changes in

precipitation is to calculate the trends in annual and seasonal

totals as shown in Fig. 2. This methodwas used, for example, by

the IPCC AR5 (Hartmann et al. 2013; Alexander et al. 2006).

Figure 2 gives a general indication of the changes in precipi-

tation climatology since 1950 at each grid cell, but is not rep-

resentative of the daily variability, which is averaged out in the

annual and seasonal totals. Annually, increases in the total

or mean precipitation amounts can be seen in northwest

Australia, the eastern United States, Canada, Scandinavia,

eastern Europe/western Russia, southeast South America, and

northwestern China, similar to the high confidence changes in

literature as summarized by Fig. 1. Other areas of increases in

Fig. 2a are the northern United Kingdom and parts of Russia,

as shown by Casanueva et al. (2014) and Bulygina et al. (2007)

FIG. 2. Trends over 1950–2016 in (a) annual (mmyr21) and (b)–(e) seasonal (mm season21) totals of daily

precipitation data from REGEN-ALL. The stippling indicates significant grids based on modified Mann–Kendall

test and the red contours enclose the grids with high-quality observations (see text for details). (top right) Shaded

regions identify the data quality mask, and the white (empty) land grids in seasonal changes are due to too few wet

days for calculating trends.
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respectively. Again, similar to the high confidence changes in

the literature, decreases in the total annual precipitation

amounts are seen in southeast Australia and in southern and

central-northern China. Other areas of decreases are western

and central-western Africa (Hulme et al. 2001; New et al. 2006;

Aguilar et al. 2009), Thailand (Limsakul and Singhruck 2016),

and northwest and southeast Iran (Rahimzadeh et al. 2009).

The decreases in totals in the northwestern United States and

eastern Australia are also similar to the high confidence

changes in literature shown in Fig. 1; however, the changes in

these regions are not statistically significant. Note that there

were significant changes in other parts of the globe as well (e.g.,

northeast Greenland, northern South America, northern

Pakistan, and parts of northernRussia); however, these regions

were outside the high-quality areas, which reduces our confi-

dence in these changes. These regions may be subject to large

observational uncertainties such as differences in interpolation

methods, underlying station networks, measurement instru-

ments, spatial resolution (Contractor et al. 2015, 2018; Gervais

et al. 2014; Avila et al. 2015; Dunn et al. 2014). For example, all

of the regions with significant changes outside high-quality

areas have less than one station per grid cell on average over

the entire study period. Note that the purpose of Fig. 2 is not to

find new areas representing robust trends in annual or seasonal

precipitation as it is not possible to do this based on a single

dataset. Instead, the comparison between Figs. 1 and 2 serves

as a validation that REGEN is capable of reproducing the

known precipitation trends in the literature.

Seasonally, the increasing trends in northwestern Australia

and eastern Europe occur mainly in DJF (austral summer and

boreal winter). The increasing trends in western Russia are

present in the boreal spring (MAM) whereas the increases in

the eastern United States and Canada are visible all year round

but the largest trends are seen in boreal autumn (SON). The

decreases in western and central-western Africa are present in

all seasons. In the northwest United States/southwest Canada,

significant negative trends are observed in DJF whereas sig-

nificant positive trends are observed in MAM, which seems to

indicate a shift in the timing of precipitation from the boreal

winter to boreal spring. In China, the increases over the

Tibetan Plateau are strongest over boreal spring and summer.

The decreases in southern and northeastern China are stron-

gest in boreal summer and autumn while the decreases in

southeastern China are strongest in boreal spring. Note, how-

ever, that the station distribution is sparse in the western

Tibetan Plateau compared to the rest of China (Contractor

et al. 2020). Finally, significant negative trends are seen in the

Iberian peninsula (Spain, Portugal) in the boreal summer.

Although these trends are also present in the annual totals

(Fig. 2a), they were not significant. The northward shift of the

transition zone in central Europe (the latitude where the sign

of trends shifts from positive to negative in the southward di-

rection) from winter to summer (Zolina et al. 2009; van den

Besselaar et al. 2013; Terray and Boé 2013) is also evident.

b. Changes in annual and seasonal frequency of wet days

To investigate the variability of daily precipitation around

the globe, we begin by investigating the changes in the daily

frequency of precipitation (Fig. 3). The changes in the fre-

quency of daily precipitation are more spatially coherent

compared to annual and seasonal trends. The spatial pattern of

changes in annual frequency of wet days (Fig. 3a) reflects the

trends in annual totals (Fig. 2a) everywhere except for the

northwestern United States, central-western Africa, southeast

South America, and parts of the Maritime Continent (i.e., the

tropical region between the Pacific and Indian Oceans). Note

that among these regions, only the changes in the northwestern

United States are based on high-quality observations.

Interestingly the daily precipitation frequency has increased

throughout the United States. The annual precipitation trends

(Fig. 2) across the United States are also positive; however,

note that these trends are mostly not statistically significant

(p . 0.05). U.S.-wide precipitation increases in wet-day fre-

quency have been reported by Karl and Knight (1998) and

Wang et al. (2014). Changes in the timing of precipitation in the

northwest United States and southwest Canada noted earlier

are also apparent here with daily frequency decreasing in bo-

real winter and increasing in boreal spring. The contrasting

changes between eastern and western China (increases in the

west and decreases in the east) visible in Fig. 2 are also present in

Fig. 3. These changes are visible all year round except in boreal

winter (DJF) but are most prominent in boreal spring (MAM).

The global mean percentage difference in annual wet days be-

tween the two periods is 20.30%. The mean percentage dif-

ference over the tropics (high latitudes) is 20.87% (10.42%).

c. Changes in wet-day and all-day distributions

Changes in several quantiles of the all-day precipitation

distribution are presented in Fig. 4. The all-day distribution is

the distribution of the daily precipitation totals and as a result

represents the combined effect of changes in frequency of wet

days and intensity of precipitation. Since precipitation distri-

butions are heavily skewed toward the left, the lower amounts

represent the most frequent precipitation (with dry days being

the most frequent) and the upper extreme amounts represent

the least frequent precipitation. In Fig. 4, the value of the

change in all grid cells where both quantiles are zero is set to

zero [Eq. (4)]. As a result, in parts of SaharanAfrica more than

95% of daily values are 0mm and around 50% of daily values

around most global land areas are 0mm. On the other end of

the spectrum, less than 10% of daily precipitation values are

0mm in northern South America, the Maritime Continent and

northern Russia. Note that all three of these regions are out-

side the high-quality areas.

The spatial pattern of changes until the 8th decile are similar

and reflect the spatial pattern of the trends in annual totals

(Fig. 2a). Note that the relative changes in the lower quantiles

(quantiles less than around 0.6) can be divided into distinct

regions of large increases, large decreases, and no changes. The

large changes in these lower quantiles may be a result of the

small quantile values (close to 0mm) relative to the changes in

these quantile values. In contrast, for quantiles greater than

0.6, regions with smaller increases or decreases (compared to

lower quantile changes) are visible. The spatial pattern of

changes in the upper extreme tail (quantiles greater than 0.9)

are dissimilar to the trends in annual totals, and are hence also
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different from the low to moderate quantiles. For example,

compare the changes in the 95th percentile with the seventh

decile and Fig. 2a in Spain, the northwestern United States,

southeastern Brazil, and southeastern Australia.

A majority of areas show significant increases in the upper

extreme quantiles (from around the 90th percentile) than areas

that show significant decreases, both inside and outside the

high-quality regions (Fig. 6b). Even when averaging the rela-

tive all-day quantile changes over land (Fig. 6d) the most ex-

treme quantiles are positive for both all global land areas and

for high-quality land areas. Note that most regions with de-

creases in the upper extreme quantiles are outside the high-

quality regions, with the exception of the northwestern United

States. This means that the precipitation extremes are in-

creasing in almost all areas where we have high-quality ob-

servations around the globe.

To assess the changes in the intensity of precipitation, Fig. 5

shows the changes in the wet-day distribution of precipita-

tion. Note that since the number of wet days vary across grid

cells, the same wet-day quantile between grid cells can rep-

resent different ‘‘true’’ all-day quantiles. The spatial pattern

of changes is similar throughout the wet-day distribution

(between all panels in Fig. 5). This spatial pattern of changes in

the daily wet-day precipitation totals is also very similar to the

changes in mean daily precipitation intensity changes (Fig. 7).

In general, however, the magnitude of the changes in wet-day

quantiles increases from the lower (1st decile) to the upper

extreme (99th percentile) quantiles. Throughout the distribu-

tion, examples of regions with mainly positive changes are

Australia, the Maritime Continent, southeast and northern

South America, northern Canada, Scandinavia, and eastern

and central Europe. On the other hand, examples of regions

with negative changes throughout the distribution are cen-

tral Africa and northwestern United States. The largest rel-

ative changes are found mainly in the middle and equatorial

latitudes.

Each panel in Figs. 4 and 5 can be divided into land areas

with either positive or negative changes in the respective

quantile between the two periods considered. As such Figs. 6a

and 6b (top panels) show the difference in the proportion of

land showing positive versus negative changes for each quan-

tile. The bottom panels (Figs. 6c,d), instead, show the area-

FIG. 3. Difference in (a) annual and (b)–(e) seasonal percentage (%) of wet-day frequency between 1950–83 and

1984–2016 based on REGEN-ALL data. Positive values indicate an increase in wet-day frequency and vice versa.

Red contours enclose the grids with high-quality observations (see text for details). The largest positive annual

(seasonal) changes are around 27% (30%), and the largest (in absolute magnitude) negative annual (seasonal)

changes are around 23% (35%). The white (empty) land grids in seasonal changes in SaharanAfrica are due to zero

wet days over the entire study period. The stippling indicates grid cells where changes are significant based on the

bootstrapping technique described in section 2e.
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weighted mean of each quantile (i.e., of each panel in Figs. 4

and 5). In general, there are more areas around the globe

where intensity of precipitation increases between the two time

periods than where it decreases throughout the wet-day dis-

tribution (Fig. 6a). This means that whether it is light,

moderate, or extreme rainfall, there are more areas around the

globe that receive more intense precipitation than areas where

it rains less intensely. Figure 6a is based only on grid cells

showing significant changes, but even when all land areas (in-

cluding those without statistically significant changes) are

FIG. 4. Changes in quantiles (as indicated by number in the top-left corner of each panel) of all-day precipitation distributions at each

grid cell between 1950–83 and 1984–2016, based on REGEN-ALL data. For example, 0.10 indicates the 1st decile and 0.99 indicates the

99th percentile; 1.0 refers to the changes in the maximum daily precipitation value in each period. The faded color scale represents the

nonsignificant grid cells and vice versa. Significance testing was done with bootstrapping using a two-tailed test of the null hypothesis of no

change at the 10% level (see text for details). The large yellow regions in the former part of the distribution refer to the areas where the

quantiles in both periods were zero. Changes are calculated based on Eq. (4) and are hence unitless.

FIG. 5. As in Fig. 4, but for wet-day distributions, that is, changes in quantiles based on time series of wet days ($1mm) at each grid cell

between 1950–83 and 1984–2016. Faded grids indicate nonsignificant changes. The white (empty) land grid cells had fewer than 300 wet

days in each period to allow for robust calculation of 300 quantiles.

1 JANUARY 2021 CONTRACTOR ET AL . 11

Brought to you by University of New South Wales Library | Unauthenticated | Downloaded 12/14/20 09:07 AM UTC



considered, the spatially averaged change in intensity (Fig. 6c)

is positive for all quantiles of the wet-day distribution. Since

the changes in the uppermost quantiles of the all-day distri-

bution are similar to the changes in the wet-day quantiles,

Fig. 6b shows more areas with positive changes in the upper-

most extreme quantiles and Fig. 6d shows positive area-

weighted average quantile change for the uppermost extreme

quantiles. Since there is no spatially widespread increase in

intensity evident in the nonextreme all-day quantiles, no

meaningful statements can be made based on the low to

moderate quantiles in Figs. 6b and 6d.

d. Spatial covariation between frequency and intensity

changes in precipitation

Extreme frequency and extreme intensity covary across

most land areas (Fig. 8b), whereas no such relationship is evi-

dent between mean frequency and mean intensity (Fig. 8a).

Areas where extreme frequency and intensity are declining

include the Maritime Continent, western Africa, northwestern

and southwestern South America, the northwestern United

States, large parts of Asia including northern India, the Tibetan

Plateau, and northeastern China. Areas where extreme fre-

quency and intensity are increasing includeWestern Australia,

southern and southeastern China, eastern central Africa,

northern North America, and eastern South America. The

extreme frequency and intensity increase in 44% of global land

areas, whereas the extreme frequency and intensity decrease in

33.3% of global land areas. The remaining land areas show

mixed increases and decreases in the extreme frequency and

intensity.

4. Discussion

Disentangling the combined effect of the frequency and

intensity changes on the daily (all-day) precipitation totals can

be complex. Based on the comparison of the spatial pattern of

changes in the distribution of daily precipitation totals (Fig. 4)

with the changes in annual frequency of wet days (Fig. 3a) and

the changes in precipitation intensity (the entire distribution of

wet days; Fig. 5), we suggest that the changes in the low to

moderate quantiles of daily precipitation (until around the 8th

decile) reflect the changes in frequency of wet days and the

changes in the extreme wet tail (above the 9th decile) reflect

FIG. 6. (top) Difference in the ratios of land areas showing positive and negative changes in quantiles (as seen in

Figs. 4 and 5) of (a) the wet-day distribution and (b) the all-day distribution. (bottom)The area-weighted average of

the changes in quantiles of (c) the wet-day distribution and (d) the all-day distribution. In all area calculations the

grid cells were scaled by a factor of the cosine of the latitude. Colors indicate if the calculations were based on all

land-based grid cells or if the calculations were restricted to only those grid cells with high-quality observations

according to the data qualitymask (see text for details). Only the significant grid cells were used in (a) and (b) while

all land grids were used in (c) and (d).
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the changes in precipitation intensity. Since annual trends in

daily precipitation (Fig. 2a) follow changes in the low to

moderate all-day quantiles, the spatial pattern of the trends

also reflect the changes in frequency of wet days, as noted in

section 3b. The only high observational quality regions where

trends in annual precipitation totals do not follow the changes

in frequency of wet days are the northwestern United States

and southeast Brazil. In fact, the annual trends in these regions

reflect the changes in precipitation intensity. Furthermore,

since the spatial patterns of changes in the entire distribution of

precipitation intensity (Fig. 5) are the same, the changes in the

average precipitation intensity (Fig. 7) also reflect the changes

in the extreme wet tail of the all-day precipitation totals.

Whenmean frequency ormean intensity changes are viewed

in isolation in Fig. 8a, large continental-scale areas can be

identified that reflect either coherent increases or decreases in

the frequency of wet days or else coherent increases or de-

creases in average precipitation intensity. For example, the

changes in the majority of Asia (including India and China),

eastern Europe, and the United States are characterized by

increases in frequency of wet days. In contrast, the majority of

Europe and Australia are characterized by increases in inten-

sity. Note that Europe and Australia-wide increases are also

visible throughout the wet-day precipitation distribution

(Fig. 5). Furthermore, since the changes in precipitation in-

tensity reflect the changes in the daily precipitation extremes, a

continental-scale increase in daily precipitation extremes is

also visible in Europe and Australia (Fig. 4). Although the

frequency of wet days and average precipitation intensity have

also decreased in many areas around the globe, no large

continental-scale regions are apparent where spatially coher-

ent decreases in either the frequency or intensity can be found.

The Australia-wide intensification of daily precipitation in-

tensity and daily and subdaily precipitation extremes has been

demonstrated by Contractor et al. (2018) and Guerreiro et al.

(2018) respectively; however, this study identifies many other

regions of continent-wide increases in either frequency of wet

days or precipitation intensity (viz., Europe, the United States,

and Asia).

Figure 8b shows that the changes (increases or decreases) in

the extreme frequency and extreme intensity follow each

other. This indicates that there must be a relationship between

extreme frequency and extreme intensity, which begs further

investigation.

Contractor et al. (2018) also showed, in the context of

Australia, that the majority of grid cells showed increases

throughout the wet-day distribution from 1958 to 2013, and

that the changes in precipitation totals represent the changes in

frequency of wet days. In this study, we show that these con-

clusions also apply across global land areas. Moreover, this

study shows that the changes in the daily precipitation ex-

tremes in fact represent the changes in precipitation intensity

across global land areas. Note that as discussed in section 2d,

care must be taken when interpreting changes in wet-day

precipitation quantiles as they are affected by changes in

frequency.

Modeling studies have shown that total precipitation (A)

changes at a rate of;2%K21, while precipitation intensity (I)

(heavy rainfall rates) follows moisture availability and hence

increases at a rate greater or equivalent to the CC rate

(;7%K21) (Trenberth et al. 2003; Held and Soden 2006;

Dai et al. 2020; Pendergrass and Knutti 2018). This means

that precipitation frequency (F) must decrease (since

A5F3 I0dA/A5 dF/F1 dI/I) (Dai et al. 2020). In partic-

ular, modeling studies have shown a decrease in light to

moderate precipitation frequency Dai et al. (2018). In agree-

ment with the model-predicted changes in precipitation in-

tensity and mean precipitation frequency, we have shown

FIG. 7. Relative changes in the mean daily precipitation intensity (ratio of mean annual precipitation intensity in

the second period to that in the first). Red contours enclose the grids with high-quality observations. The white

(empty) land grid cells had too few wet days in each period for robust calculation of mean intensity changes. The

stippling indicates grid cells where changes are significant based on the bootstrapping technique described in

section 2e.
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based on observational data 1) an increase in the entire dis-

tribution of wet-day precipitation intensity (Fig. 5) and 2) a

decrease in the number/frequency of wet days (Fig. 3a). Since

the extreme tail of the all-day distribution is similar to the wet-

day quantiles, this global increase in precipitation intensity is

also reflected in the most extreme all-day quantiles. Note,

though, that precipitation changes (both extremes and mod-

erate amounts, and precipitation frequency) are not only

linked to thermodynamic changes and are likely affected by the

interplay of thermodynamic and dynamic drivers (e.g., Pfahl

et al. 2017).

The approach of investigating changes in the entire distri-

bution of daily precipitation and intensity, alongside changes in

the frequency, can be readily applied to historical and fu-

ture climate simulations, thus opening new avenues for

understanding projected future changes in precipitation. For

example, climate models can be used to investigate whether

the positive trends in precipitation intensity and precipitation

extremes continue into the twenty-first century. Furthermore,

historical climate models that are able to simulate the

continental-scale increases in frequency of wet days or pre-

cipitation intensity (similar to Fig. 8a) can be used to identify

the large-scale drivers behind these changes. Changes in these

large-scale drivers can then be investigated in climate model

simulations over the twenty-first century to determine the ef-

fect of a warmer future climate on precipitation in these re-

gions. Similarly the relationships between frequency of wet

days and the low to moderate quantiles of the all-day precipi-

tation distribution, the precipitation intensity and the extreme

wet tail of the all-day distribution, and extreme frequency and

FIG. 8. Concomitant changes in the frequency and intensity of (a) the mean (total) and (b) the extreme pre-

cipitation between 1950–83 and 1984–2016. The mean frequency changes were determined by differences in the

total number of wet days and the extreme frequency changes were determined by the differences in the number of

days with amounts greater than the 99th wet-day percentile in the first period. The mean intensity changes were

determined by the differences in the ratios of the total precipitation to the total number of wet days while the

extreme intensity changes were determined by the differences in the 99th percentile of the wet-day distribution.

The areas enclosed inside black solid contours represent grid cells with high-quality observations (see text for

details). The white (empty) land grid cells had too few wet days in each period for robust calculation of mean

intensity changes and changes in the 99th wet-day quantile.
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extreme intensity across global land areas can be investigated

in climate model simulations to investigate whether the phys-

ical processes behind these relationships change in a warming

climate.

This study has been made possible because of spatially

consistent analysis using a global dataset of daily precipitation.

The identification of similarities in spatial patterns of changes

in frequency of wet days and various parts of wet-day and all-

day precipitation totals would not have been possible without a

sufficiently high-resolution gridded dataset of precipitation

such as REGEN. Existing studies based on datasets of indices

(Alexander et al. 2006; Donat et al. 2013a,b;Westra et al. 2013)

have not allowed for the identification of large regions with

consistent changes in precipitation due to their relatively

coarse spatial resolution and spatially irregular coverage.More

importantly, indices only represent very specific aspects of the

precipitation distribution. Availability of daily global gridded

data is necessary for such an investigation of changes across the

entire distribution of precipitation. Furthermore, it is difficult

to confidently assess large-scale changes across land areas us-

ing multiple regional studies due to the differences in dataset

production and statistical analysis methodologies between

them. As a result, regional datasets can also be unsuitable for

such an investigation.

Although the station density of REGEN is higher than all

existing global gauge-based datasets and datasets of indices, it

is still not sufficiently high in many regions such as Africa,

South America, Asia, and the Maritime Continent. The 2015

WMO resolution (Alexander 2016) urged countries to ex-

change daily precipitation records for free for noncommercial

research purposes; however, station density remains low in

many regions without the ability or a mandate to freely share

daily data.

5. Summary and conclusions

Using a newly developed global, land-based dataset of daily

precipitation on a 18 3 18 grid from 1950–2016 called REGEN

(Contractor et al. 2020), this study demonstrates a compre-

hensive analysis of changes in the entire distribution of daily

precipitation globally. To characterize the changes in the dis-

tribution of daily precipitation in terms of frequency and in-

tensity changes, the changes in annual and seasonal frequency

of wet days were investigated alongside the changes in the

entire distribution of precipitation intensity. Finally, to further

understand the spatial variation of mean and extreme precip-

itation, regional changes were classified based on concomitant

changes in themean/extreme frequency and intensity. Furthermore,

we highlight the observational uncertainty of our results by

specifying changes for the high observational quality grids in

addition to all land grids.

Results from this study show that trends in annual precipi-

tation totals reflect the changes in annual precipitation fre-

quency across all global areas except for the northwestern U.S.

and eastern Brazil. More generally, the changes in the low to

moderate quantiles (until the 8th decile) of the all-day pre-

cipitation distribution reflect changes in frequency of wet days.

Continental-scale increases in the frequency of wet days are

observed across the majority of Asia, and the United States.

Other notable areas showing increases in annual frequency of

wet days are theMaritime Continent and western Australia. In

contrast, the majority of regions in eastern Australia, south-

eastern China, southern Europe, Africa, and southeastern

South America show decreases in the annual frequency of

precipitation.

In comparison, the changes in the precipitation extremes

(wet tail of the all-day precipitation distribution) reflect the

changes in precipitation intensity. The most notable result of

this study is that the majority of land areas show increases

throughout the wet-day distribution and the wet tail of the

daily precipitation (all-day) distribution. Continental-scale

increases in precipitation intensity and extreme precipitation

totals are observed across Australia and Europe. The large-

scale increases in extreme precipitation and the entire distri-

bution of precipitation intensity (the amount of rainfall when it

rains) are consistent with the theoretical expectations for a

warming climate based on the Clausius-Clapeyron relation-

ship, although regionally there can be substantial variations in

the intensity distribution changes in part related to different

changes in dynamical drivers (Pfahl et al. 2017).
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