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Amid concerns of intensified water cycle during global warming, the 
scientific attention on rainfall dynamics and its extremes is increasing. 
Global trends in rainfall totals and extremes are investigated using 

long-term rainfall station data—spanning more than 150 years for rainfall 
maxima and more than 200 years for total annual totals, as well as rainfall 
re-analysis products—covering the entire globe. Rainfall exhibits significant 
interannual and multi-decadal variability, greater than that of a purely 
random process, yet with no systematic pattern. Regional differences are 
pronounced, with some regions showing increased rainfall variability and 
notable changes, while other regions are characterized by stability. The find-
ings suggest that global rainfall trends and extremes do not align with a global 
systematic change that could be attributed to a single driver, such as rising 
carbon-dioxide emissions. This emphasizes the need for stochastic models 
rather than deterministic projections for future hydroclimatic predictions.

1. Introduction

Human societies have traditionally struggled to explain the dynamics 
of rainfall variability, as documented in global mythology, literature, and 
history of science and civilization.1 Although science and technology have 
provided means to mitigate risk from rainfall variability, resulting in a sig-
nificant decrease in deaths related to floods and droughts in recent decades,2 
rainfall’s inherent unpredictability continues to pose challenges to societal 
well-being. Naturally, science and technology are constantly evolving to 
respond to societies’ increasing needs and vulnerabilities.

Water-related scientific challenges have been increasingly prominent 
in recent decades. The mainstream scientific premise suggests that an 
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intensification of the water cycle, with more extreme events, is currently 
underway due to global warming.3 As a result, it is often assumed that 
water-related risk is systematically increasing, and thus, that conventional 
methodologies should be abandoned. These concerns on intensification 
of extremes have been further exacerbated by the worldwide, near-real-
time media coverage of disasters increasing the availability of examples of 
catastrophic hydrological events.

At the same time, the modern global climate monitoring capabilities 
are improving as well, providing various gridded rainfall products that 
have accelerated research on rainfall’s spatial dynamics.4 Still, most 
products’ potential for understanding temporal variability is somewhat 
limited from the short data length available (fewer than 100 years), and 
sometimes also further constrained by specific measurement uncertain-
ties (such as shortcomings of satellite data in capturing extreme rainfall). 
Concurrently, information from conventional ground gauge stations, 
albeit spatially limited, has accumulated through time and constitutes 
the most reliable source of rainfall information available, often referred 
to as the “ground truth.” These observed series provide valuable insights 
on rainfall temporal dynamics and are a precious source of regional cli-
mate facts; not surprisingly, in some regions they have been considered 
a “national treasure.”5

In this Special Report, the authors briefly review the literature on global 
rainfall trends, and revisit common questions about rainfall changes by 
performing original analyses on both long-term rainfall stations spanning 
more than 150 years of data and global re-analysis products. By combining 
long-term point rainfall stations with short-term yet gridded rainfall prod-
ucts, insights on the nature of rainfall’s dynamics are sought with the aim 
to answer the title’s question, particularly with regard to recent changes 
in rainfall patterns.

2. A Brief Review of the Literature on Global Rainfall Trends

Identification of rainfall trends is one of the most active scientific 
research subjects, almost dominating the field of rainfall analyses in the 
past decade.6 Various studies deal with detecting trends in rainfall prop-
erties, typically in rainfall totals and frequency and magnitude of extreme 
rainfall. In contrast to temperature trends, where most studies report 
increasing trends,7 evidence for systematic trends in precipitation is weak 
and the search for global patterns of change remains inconclusive, as dis-
cussed below.
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Seth Westra, Lisa Alexander, and Francis Zwiers8 first analyzed trends 
in annual maximum daily precipitation from 8,326 stations worldwide 
spanning from 1900 to 2009 and found that 8.6 percent of the stations 
had statistically significant increasing trends and 2.0 percent had statis-
tically significant decreasing trends, with the rest showing no statistically 
significant trends. These results were confirmed by a later analysis by 
Qiaohong Sun and colleagues,9 who reported 9.1 percent of the stations 
with statistically significant increasing trends and 2.1 percent with statis-
tically significant decreasing trends for 1950 to 2018. Simon Papalexiou and 
Alberto Montanari10 analyzed 8,730 stations for 1964 to 2013 and found 
that in the magnitude of extremes, 12.9 percent of the stations showed 
statistically significant increasing trends, and 9.8 percent showed statisti-
cally significant decreasing trends. Statistically significant increasing and 
decreasing trends in the frequency of extremes are found in 19.9 percent 
and 8.1 percent of the stations, respectively. With respect to gridded data, 
Demetris Koutsoyiannis11 integrated gauged, satellite, and re-analysis 
information over the land, the sea, and the globe and found pronounced 
precipitation fluctuations through the seasons and the years without any 
monotonic trend. The study also found marked differences among the var-
ious sources of information indicative of the substantial uncertainty in the 
measurement and estimation of spatial precipitation.

Although evidence on global systematic changes is still not clear, strong 
regional differences in rainfall changes are reported worldwide and may 
be relevant for water resources management on the operational scale. For 
instance, Demetris Koutsoyiannis and colleagues12 found in a nationwide 
study of Greece no changes other than statistically expected in hydrological 
extremes, concluding that a “climate crisis” regime is not found. The find-
ings were corroborated by re-analysis data, showing no change in extremes 
for the wider Mediterranean region, a result that agrees well with literature 
findings for the same region.13 On the contrary, Northern Europe is reported 
to exhibit the greatest worldwide ratio of stations with increasing trends 
compared to those with decreasing.14 This suggests a strong divergence from 
the rainfall behavior in Southern Europe that might be explainable by the 
current North Atlantic Oscillation phase.

The reported number of statistically significant trends is an important 
point to pay attention to when dealing with the respective literature, as 
trends alone are expected due to pure chance (that is 50 percent increas-
ing and 50 percent decreasing), and thus, do not constitute a finding 
calling attention to the existence of a global deterministic signal. This 
point was highlighted by Timothy Alston Cohn and Harry Lins,15 who 
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showed that natural processes exhibit “trendy” behavior all the time. In 
this respect, the assumptions on which the estimation of statistical sig-
nificance is based exert a major control on the results and are not trivial 
to make per se.

The standard assumption in the literature is to compare observed 
changes against the ones expected from a purely random process that is 
a white noise process, whereas some procedures exist for correcting for 
potential autocorrelation (see, for example, Khaled Hamed16), albeit not 
being free from flaws themselves.17 It has been shown, however, that it is 
often necessary to account for long-range dependence, otherwise known as 
persistence or Hurst–Kolmogorov (HK) dynamics, a stochastic feature of 
geophysical processes associated with enhanced temporal change patterns 
and variability.18 In this case, the number of statistically significant trends 
drops significantly depending on the strength of the dependence structure 
(see, for example, Timothy Alston Cohn and Harry Lins19 and Demetris 
Koutsoyiannis and Alberto Montanari20). This fact is often overlooked in 
the literature of trend analyses, which is to some extent attributable to the 
fact that dependence is difficult to infer, given the short record lengths 
available, let alone series of extremes.21 In any case, considering the long-
range dependence dynamics of the rainfall process,22 as well as the spatial 
dependencies present in instrumental datasets, the number of statistically 
significant trends is expected to be even lower. A detailed presentation of 
the historical background of the HK dynamics and its implications for cli-
mate science is given in Demetris Koutsoyiannis and Theano Iliopoulou.23

In “3. Insights from Long-Term Rainfall Stations Worldwide,” rainfall 
changes as recorded by the longest rainfall stations existing worldwide are 
examined. Although global analyses may provide evidence into the exis-
tence, or not, of signals of global change, the analyses are constrained by 
the average length of the stations, usually allowing identification of changes 
only in recent time windows. However, the thorough study of long rainfall 
stations allows insights into the long-term dynamics of rainfall, which are 
essential to understanding the nature of recent changes and quantifying 
their importance both from an empirical and statistical perspective. In par-
ticular, this Special Report explores whether recent changes are empirically 
unprecedented in the long stations and how likely they are based on the 
stochastic properties of the parent rainfall process.

In “4. Revisiting Rainfall Variability from Global Re-Analysis Prod-
ucts,” the same questions are revisited employing gridded re-analysis data. 
Gridded data cover the whole globe, unlike instrumental datasets that are 
missing in Africa, South America, and large parts of Asia. These gridded data, 
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therefore, provide a less biased view of recent global changes than the ones 
obtained from instrumental stations. In addition, changes in climatically 
homogenous global subdivisions, which are minimally cross-corelated to 
each other, are explored to minimize the impact of spatial dependence on 
the results.

3. Insights from Long-Term Rainfall Stations Worldwide

As already emphasized, record length is the most critical factor in deter-
mining rainfall’s temporal variability, and the one that constitutes the main 
limitation in the relevant literature. In an attempt to mitigate this issue, 
a rainfall series is gathered spanning at least 200 years of monthly data, 
resulting in a set of 22 stations, and the annual maxima dataset collected 
by Iliopoulou and Koutsoyiannis24 comprising 60 stations worldwide with 
daily data spanning 150 years is employed.

The changes in the magnitude and occurrences of annual rainfall 
indices (maxima and minima of rainfall totals and daily maxima) are 
quantified, and the plausibility thereof is explored using statistical rea-
soning. The long-term variability of rainfall (long-range dependence) is 
also quantified in stochastic terms, using the HK dynamics.2 Below, these 
investigations are presented separately for the set of stations with time 
series of annual totals over 200 years and the ones of annual maxima 
spanning at least 150 years.

3.1 Annual Totals over 200 Years

This set of ground stations has a monthly resolution and is publicly 
available through the KNMI Climate Explorer tool.25 The stations’ geo-
graphic distribution is shown in Map 1 while stations’ information (such 
as country, start and end year, and period) is detailed in Appendix Table 
1. The monthly data is aggregated into the annual scale allowing only one 
month to be missing. An exception is made for the Bombay station in India, 
because the wet-season totals (June to October) are not affected by missing 
values and span uninterruptedly across 200 years.

To allow an initial inspection of the rainfall long-term dynamics, the 
annual values are plotted along with the climatic averages and the all-time 
average, as well as the linear trend spanning the whole period, for selected 
stations worldwide. (See Chart 1.)

As a first note, the rainfall amounts are observed to fluctuate significantly 
over the years, and some degree of variation is also evident on larger time 
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scales, such as the 30-year scale. The magnitude of these fluctuations also 
differs among stations; for instance, decadal fluctuations are more pro-
nounced in Boston than in Kew Gardens. This magnitude may be quantified 
in stochastic terms using the Hurst parameter, which is an index of the 
HK dynamics, or else persistence.26 This parameter (H, taking on values 
between 0 and 1) helps to understand patterns and predictability in data, 
especially how past events might influence future ones. In a purely random 
process, H = 1/2. In a process characterized by persistence (H > 1/2), there is 
increased likelihood of clustering of events of similar types combined with 
increased likelihood of long-term changes in the system’s dynamics. There-
fore, such a process is likely to show pronounced fluctuations at different 

200 220 240 260 280 300

RECORD LENGTH (YEARS)

SR306  A  heritage.orgSOURCE: Appendix A.

MAP 1

Geographic Distribution of the
22 Stations with at Least 200 Years 
of Records of Annual Precipitation 
Totals
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temporal scales (for example, wet years succeeded by droughts) followed by 
persisting long-term patterns (for example, droughts persisting over several 
years). An opposite behavior, known as antipersistent, is seen for H < 1/2.

In this respect, the logarithmic plot of the variance of the time-averaged 
process vs. the scale of averaging, which has been termed the climacogram, 
is a useful tool to characterize both the associated change and uncertainty.27 
If the time series xi represented a purely random process, the climacog-
ram would be a straight line with slope = –1, as implied by the classical 
statistical law:

(1)

However, in real-world processes, the slope is different from –1, designated 
as 2H – 2 and describes the scaling law: 

(2)

Equation (2) defines the HK process. The parameter H is a measure of 
entropy production, which is closely related to change.28 It can be seen that if 
H = 1/2, then equation (2) switches to (1), signifying a purely random process. 
In most natural processes, the Hurst parameter is in the interval 1/2 < H < 1, 
signifying a persistent process. The fitting of the H parameter is made by also 
considering the estimation bias, which is equal to –γ(n), where n is the length 
of the time series.29 Thus, the fitting error is estimated as that between the 
empirical climacogram and the theoretical model plus bias (marked as “HK 
adapted for bias”). An example of the empirical climacogram and the model 
fitting also accounting for the estimation bias is shown in Chart 2.

The complete set of the Hurst parameters for all stations, along with 
other indices characterizing change, are shown in Table 1. An average H 
value of 0.63 is found, which is in accordance with values reported in the 
literature and indicates a moderate degree of persistence.30 This means 
that there is a moderate tendency for long-term changes and patterns to 
continue over time in a series of annual precipitation totals, still greater, 
however, than the one that would occur in a purely random process.
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Another depiction of past climatic events can be provided by plotting 
the all-time records, high or low, of the annual totals for all 22 stations and 
identifying when these records occurred. This is shown in Chart 3. The 
upper panel shows the record highs at all stations, where it is observed that 
the highest record (relative to the station’s mean value) was recorded in 1787 
in Seoul (Korea) and the second highest in 1872 in Marseille (France). The 
lower panel shows the number of record occurrences per decade along with 
the 95 percent confidence limits computed using a binomial distribution 
assuming independence and identical distribution for the record (high 
or low) occurrence process. The number of station-years is also shown to 
explain the variation of the confidence interval limits. (That is, a higher 
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CHART 1

Annual Total Precipitation in Madras, Marseille, Boston, and Kew Gardens
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number of extreme events is statistically expected in decades with higher 
number of years for all stations.)

A significant number of high records is observed for the decade from 1870 
to 1879 and a significant number of low records is observed for the decade 
from 1920 to 1929. Recent decades are marked by a return to “average” con-
ditions. When examining the 95 percent confidence limits, however, it is 
expected that an upper 2.5 percent and a lower 2.5 percent of records lies 
outside these limits. Therefore, from a statistical perspective, these few 
deviations are not particularly remarkable. One may think that, since more 
records were broken in the past, the threshold of breaking new records is 
higher. However, this perception stems from a common misunderstanding 
of probability. It confuses the time distance from the previous record, which 
on average increases in time, with the probability of occurrence of a record. 
The correct result is that the probability of having a record value in any year 
is the same for all years, equal to the inverse of the number of years.31 It is 
worth mentioning, however, that the clustering of dry years (occurrence of 
droughts) is more pronounced than the clustering of wet years. This means 
that droughts often occur in back-to-back years, while wet years tend to be 
more spread out.

BOSTON (U.S.)
VARIANCE, γ(k) (mm/year)2

MARSEILLE (FRANCE)
VARIANCE, γ(k) (mm/year)2

SR306  A  heritage.orgSOURCE: Appendix A.
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Record highs and lows of annual total precipitation depth per year, standardized by 
the mean (upper panel), and number thereof per decade for the 22 stations (lower 
panel). The upper and lower 95 percent confidence limits are calculated from the 
binomial distribution assuming independence and identical distribution. The number 
of station-years per decade (red dotted line) is plotted on the secondary y-axis.
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As indices of change in the rainfall amounts, this Special Report studies 
the climatic difference, estimated as the difference of averages between 
separate climatic periods, and the linear trend slope spanning the entire 
period, as defined by the start of the earlier period and the end of the later 
period (including all the intermediate years). To make the two comparable 
the climatic difference is standardized as follows. The standardized climatic 
difference (SCD) is defined as: 

(3) 

where xB
( k) and xE

( k) are the climatic values at the beginning and the end of 
the period covered by a time series, taken as time averages at a time scale k, 
l is the length of the intermediate period between these two periods, and μ is 
the mean of the examined process. (Note the use of the Dutch convention to 
underline stochastic variables to distinguish them from the non-underlined 
common variables.) Apparently, the mean of the variable d(k,l) is 0, while 
for the variance it can be shown that:

(4) 

where Γ( ) is the cumulative climacogram of the process, that is, the clima-
cogram of the cumulative process X(t) ≔∫0

t x (u)du, obtained as:

(5) 

Hence,

(6) 

Further, the variable is assumed to have a normal distribution.
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Here, the above method is applied on the annual time series assuming 
two climatic time scales k1 = 30 and k2 = 60 (years). The annual averages are 
calculated if only less than 15 percent of the annual values are missing in a 
given period, which may result in a slightly different number of stations per 
examined case. Three climatic periods are selected aiming to maximize the 
number of stations with sufficient data in them, and in order to be repre-
sentative of (a) a past climatic regime, with its start in the late 19th century; 
(b) a transitional climatic period, with its start in the early 20th century, 
and its end being prior to the recent global warming intensification period 
(before 1970); and (c) a recent climatic period, spanning the latest decades 
possible, respectively.

To be able to compare the temporal evolution of changes, the former 
period is defined as the “base period’” in the past, here chosen as 1870 to 
1899 for the 30-year time scale and 1840 to 1899 for the 60-year time scale. 
It is assumed as a benchmark against which the later periods are compared. 
For example, in Chart 4, the periods 1930 to 1959 and 1970 to 1999 are sep-
arately compared to the earlier base period. The intermediate periods have 
lengths l1 =30  and l2 = 70  years, respectively.

The climatic averages are computed after standardizing the time series 
by their mean. Further, the standardized variables xij/μj, with i = 1,…,n and j 

= 1,…,N, are assumed to have the same variance for all N time series, where 
N is the number of stations for each investigation (potentially differing 
due to missing values) and n is the time series length. Hence, to estimate 
the cumulative climacograms (Γ(k), and so on), an HK model is assumed 
with variance at scale 1 equal to the variance of xij/μj of all the N time series 
taken together. The theoretical curves in Chart 4 are constructed assum-
ing normal distribution of the climatic difference and a Hurst parameter 
equal to the average over all stations (H=0.63). For comparison, the case of 
a purely random climate (H=0.5) is also shown.

The same procedure is followed for the investigation at the 60-year time 
scale, shown in Chart 5. In this case, the transitional and recent period are 
selected to be from 1900 to 1959 and from 1940 to 1999, thus ending at the 
same year as the 30-year periods but spanning 30 years earlier. As the base 
period is 1840 to 1899, the intermediate periods have lengths l1 = 0 (which 
corresponds to consecutive periods) and l2 = 40 years, respectively.

Investigations on both time scales reveal an overall compliance with 
statistical expectations, with the only notable divergence being the dom-
inance of negative percentage changes per decade from the 1930 to 1959 
period which is also in agreement with the increased number of low records 
found for the same period, as seen in Chart 3. Yet, the recent period (1970 
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CHART 4

Probabilistic Indices of Change in Annual Total Precipitation, 
30–Year Timescale

Probability distribution of the indices of change in annual total precipitation, as 
percentages of the all-time averages, for the 22 stations (upper panel) and the 17 
stations (lower panel), for the 30-year timescale. The theoretical curves are 
constructed assuming normal distribution of the climatic di�erence and a Hurst 
parameter equal to the average over all stations (H=0.63). For comparison, the case 
of a purely random climate (H=0.5) is also shown. 
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Probabilistic Indices of Change in Annual Total Precipitation, 
60–Year Timescale

Probability distribution of the indices of change in annual total precipitation, as 
percentages of the all-time averages, for the 22 stations (upper panel) and the 19 
stations (lower panel), for the 60-year timescale. The theoretical curves are 
constructed assuming normal distribution of the climatic di�erence and a Hurst 
parameter equal to the average over all stations (H=0.63). For comparison, the case 
of a purely random climate (H=0.5) is also shown. 

SR306  A  heritage.orgSOURCE: Appendix A.
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SOURCE: Appendix A.

TABLE 1

Characteristics of Change for Records of Annual Precipitation Totals

Sr306  A  heritage.org

30–Year Timescale 60–Year Timescale

1st: 1870–1899
2nd: 1930–1959

1st: 1870–1899
2nd: 1970–1999

1st: 1840–1899
2nd: 1900–1959

1st: 1840–1899
2nd: 1940–1999

Station
Trend
Slope

Climatic 
Diff erence

Trend
Slope

Climatic 
Diff erence

Trend
Slope

Climatic 
Diff erence

Trend
Slope

Climatic 
Diff erence H

Bombay 1.86 2.15 1.65 2.01 0.40 1.19 1.53 1.47 0.73

Boston –0.54 –0.46 –0.39 –0.06 –1.82 –1.17 –0.64 –0.62 0.77

Edinburgh 0.56 0.25 0.98 0.67 0.32 0.39 0.58

Hoofdorp –1.16 –1.08 –0.73 –0.54 0.62

Kew Gard. –0.36 –0.37 –0.14 –0.29 0.28 –0.03 –0.08 –0.10 0.47

Klagenfurt –1.35 –1.52 –1.52 –1.62 –0.24 –0.51 –1.00 –0.95 0.63

Lille –1.34 –1.38 0.50 0.15 –0.31 –0.29 0.01 0.34 0.63

Lund –0.49 –0.28 0.29 0.29 0.34 0.46 0.44 0.57 0.63

Madras –0.94 –1.13 0.91 0.67 0.02 –0.30 0.66 0.68 0.55

Manchester –0.05 –0.01 –0.92 –0.65 –0.34 –0.30 –0.50 –0.62 0.74

Marseille 1.89 1.42 –0.02 0.07 0.22 –0.16 –0.23 –0.46 0.60

Milano –1.53 –1.80 –1.34 –1.47 0.64

Oxford 0.30 0.27 –0.09 –0.06 0.25 –0.02 –0.05 –0.13 0.52

Padua –1.49 –1.72 –1.00 –1.28 0.66

Paris 1.52 1.21 1.42 1.37 0.95 0.64 0.97 0.98 0.70

Podehole –0.19 –0.44 0.23 0.10 –0.03 0.01 0.48

Praha –0.78 –0.39 –0.42 –0.15 –0.52 –0.04 –0.17 0.01 0.60

Seoul –2.66 –2.50 –0.72 –0.15 –4.04 –3.41 –1.53 –1.38 0.82

Strasbourg –0.21 –0.29 0.19 0.09 –0.08 –0.36 –0.22 –0.06 0.66

Toulouse 0.42 0.19 0.07 –0.12 0.46 –0.06 –0.11 –0.16 0.56

uppsala 0.88 0.91 0.51 0.59 –0.03 –0.13 –0.05 0.04 0.51

Zurich –1.18 –1.50 –0.38 –0.22 –0.70 –0.28 –0.05 0.16 0.65

Characteristics of change, that is, trend slope (% per decade), standardized climatic diff erence (% per decade), and 
Hurst parameter (H) per station, for diff erent periods at timescales 30 and 60 years. Empty cells correspond to 
stations aff ected by missing values in the respective periods.
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to 1999) exhibits a return to “expected” change metrics. It is evident that 
the divergence of the 1930 to 1959 period is also less pronounced on the 
greater time scale of 1900 to 1959, shown in the upper panel of Chart 5. 
The comparison of the base period to an even more recent climatic period, 

RECORD LENGTH (YEARS)

160 180 200 220 240 260 280

SR306  A  heritage.orgSOURCE: Appendix A.

MAP 2

Geographic Distribution of the
60 Stations with at Least 150 Years 
of Records of Annual Daily 
Precipitation Maxima



January 9, 2025 | 17SPECIAL REPORT | no. 306
heritage.org

 

spanning the years from 1958 to 2017 agrees with the results obtained for 
the period 1940 to 1999, but is not shown due to the number of stations 
being much lower (10).

3.2 Annual Maxima over 150 Years

Similar investigations are carried out for the set of 60 stations span-
ning more than 150 years of annual daily maxima, collected and analyzed 
by Iliopoulou and Koutsoyiannis.32 The spatial distribution of the sta-
tions is shown in Map 2, while details on their properties are given in 
Appendix Table 2.
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CHART 6

Maximum Daily Precipitaion in Bologna, New York, Chukwookee, and De Kooy

Trend: 0.31 mm/d/30 years Trend: 1.73 mm/d/30 years

Trend: 4.62 mm/d/30 years Trend: 0.16 mm/d/30 years
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Record highs of annual daily maximum precipitation depth, standardized by the 
mean (upper panel), and number thereof per decade for the 60 stations (lower 
panel). The upper and lower 95 percent confidence limits are calculated from the 
binomial distribution assuming independence and identical distribution. The number 
of station-years per decade (red dots) is plotted on the secondary y-axis.
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CHART 7

Record Highs of Annual Daily Maximum Precipitation
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A first visualization of the rainfall long-term variability for selected 
stations is provided in Chart 6. It is seen that annual maxima exhibit sig-
nificant annual and interannual fluctuations as well. Yet, the over-decadal 
fluctuations, as captured by the climatic averages, are less pronounced than 
in the case of annual totals, which is in accordance with the dependence 
properties of rainfall maxima, in general.33

As before, the year of occurrence of the record-high per station and the 
number of record highs per decade is examined; however, the analysis of the 
record lows is skipped since they are less relevant when studying rainfall 
maxima. Results are shown in Chart 7.

It is observed that for this dataset, the record high (relative to the sta-
tion’s mean value) occurred in 1945 in Vaexjoe (Sweden), followed by that 
in Mantova (Italy) in 1879. Occurrences per decade conform with statisti-
cal expectations, except for the decade from 2000 to 2009, which shows 
a larger number of record-high events. Upon further investigation, it is 
found that for this decade, six of nine of record occurrences were observed 
in the Netherlands, a region that is reported to have experienced increases 
in precipitation;34 thus, this divergence reflects a local signal. Since this 
dataset comprises many stations from Northern Europe and, in particular, 
the Netherlands (Map 2), the independence-and-identical-distribution 
assumption used to compute the confidence limits is also violated to some 
extent. The recent decade, however, exhibits an insignificant number of 
record-high events.

Investigation of the distribution of the indices of changes, that is, the 
standardized climatic differences and the linear slopes, is also performed 
assuming two climatic time scales k1 = 30 and k2 = 50 (years). Consider-
ing that the minimum record length for this dataset is 150 years, the time 
scale of 50 years (instead of 60 in the previous analysis) is selected to allow 
exploration of three least-overlapping climatic periods, which are selected 
following the same rationale as in the case of annual totals. The “base period” 
in the past here is chosen as 1870 to 1899 for the 30-year scale and 1870 to 
1919 for the 50-year scale. Then, the later periods, from 1930 to 1959 and 
from 1970 to 1999, are separately compared to the earlier base period, as 
seen in Chart 8. The intermediate periods have lengths l1 = 30 and l2 = 70 
years, respectively. The same procedure is followed for the investigation at 
the 60-year time scale, shown in Chart 9. In this case, the later periods are 
selected to be from 1920 to 1969 and 1960 to 2009; therefore, the interme-
diate periods have lengths of l1 = 0 and l2 = 40 years, respectively. As before, 
the theoretical curves in the respective charts are constructed assuming 
normal distribution of the climatic difference. For comparison, the case 
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CHART 8

Probabilistic Indices of Change in Annual Maximum 
Daily Precipitation, 30–Year Timescale

Probability distribution of the indices of change in annual maximum daily 
precipitation, as percentages of the all-time averages, for the 58 stations (upper 
panel) and the 57 stations (lower panel), for the 30–year timescale. The theoretical 
curves are constructed assuming normal distribution of the climatic di�erence. For 
comparison, the case of a Hurst parameter equal to H=0.6 and a purely random 
climate (H=0.5) is also shown. 
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CHART 9

Probabilistic Indices of Change in Annual Maximum 
Daily Precipitation, 50–Year Timescale

50–Year Timescale
1st: 1870–1919

2nd: 1920–1969

Probability distribution of the indices of change in annual maximum daily 
precipitation, as percentages of the all-time averages, for the 57 stations (upper 
panel) and the 55 stations (lower panel), for the 50–year timescale. The theoretical 
curves are constructed assuming normal distribution of the climatic di�erence. For 
comparison, the case of a Hurst parameter equal to H=0.6 and a purely random 
climate (H=0.5) is also shown. 
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of a Hurst parameter equal to H=0.6 and a purely random climate (H=0.5) 
is also shown.

Results suggest that compared to the late 19th century, the later climatic 
periods experienced mostly increases in the amount of maximum daily rain-
fall, a behavior that emerged even from the first half of the 20th century, 
as shown by the upper panels of both Charts 8 and 9. The recent climatic 
period does not show pronounced increases, yet there are fewer decreases 
than expected under the assumed stochastic models (H = 0.6, 0.5).

4. Revisiting Rainfall Variability from Global  
Re-Analysis Products

To circumvent the limitation of unsatisfactory spatial coverage of the 
long rainfall stations, non-conventional data were also examined; the 
most useful are those of the ERA5 re-analysis.35 This is the fifth-genera-
tion atmospheric re-analysis of the European Centre for Medium-Range 
Weather Forecasts (ECMWF), where the name ERA refers to ECMWF 
ReAnalysis. The observation period spans from 1940 onward, with daily 
updates continuing forward in time. It has been produced as an operational 
service, and its fields compare well with the ECMWF operational analyses. 
ERA5 provides hourly estimates of a large number of atmospheric, land, 
and oceanic climate variables. ERA5 combines vast amounts of historical 
observations into global estimates using advanced modeling and data assim-
ilation techniques. The data were retrieved and spatially aggregated through 
the ClimExp platform,36 where they are available from 1950 to the present 
at daily temporal resolution and a spatial resolution of 0.5° for the globe.

Other gridded global data sets were also examined but were not found 
to be reliable enough. As an example, the Arctic region (see Map 3) in the 
Climate Prediction Center’s unified gauge-based data set (0.5°, global, 
1979 to present) included a daily value of 820 millimeters (mm) per day 
(on December 30, 2022). On the other hand, the data set of the Global Pre-
cipitation Climatology Centre (1°, 1988 to present) included a daily value 
of 178 mm per day (on January 6, 2015), with the two sources disagreeing 
with each other. Neither of these values are plausible for this region of the 
globe. The E-OBS dataset37 (0.25°, Europe, 1920 to present) included a daily 
value of 2670 mm (on February 8, 1921) for Northern Europe and other 
too-high values, all of which are also implausible. Finally, the re-analysis 
data set jointly produced by the National Center for Environmental Pre-
diction and the National Center for Atmospheric Research (1.88°, 1948 
to present),38 gives too-low values for maximum daily precipitation. For 
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AVERAGE DAILY PRECIPITATION, IN MILLIMETERS PER DAY

AVERAGE DAILY STANDARDIZED PRECIPITATION

CHART 10

Annual Average Daily Precipitation Over the Globe

Annual 
value

Climatic value 
(10–year average)

All-time average: 
2.26 mm/d

Linear trend: 0.005 
mm/d/decade

Annual 
value

Climatic value 
(10–year average)

All-time average: 1 Linear trend: 
0/decade

Plot of the time series of annual average daily precipitation over the globe (upper 
panel) in both natural values (mm/day) and (lower panel) after standardization with 
the all-time average precipitation of each of the 31 subdivisions, before taking the 
average.

All-time maximum
1.05 (1988)

All-time maximum
2.4 mm (1973)

All-time minimum
2.07 mm (1965)

All-time minimum
0.93 (1966)
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example, according to this data set, the maximum value for the entire period 
is only 70 mm for the Mediterranean and 172 mm for Southeastern Asia.

For these reasons, a global analysis is made using only the ERA5 data-
set, as it is deemed the most reliable of all the datasets examined. Chart 10 
shows the time series of annual average daily precipitation over the globe. 
It is seen that global average daily precipitation fluctuates significantly at 
the 10-year scale yet without exhibiting a systematic pattern.

In addition to the global level, the precipitation is examined at 31 sub-
divisions. Of these, 26 are the so-called SREX regions, defined by the 
Intergovernmental Panel on Climate Change (IPCC)39 in its Special Report 
for Managing the Risks of Extreme Events and Disasters to Advance Climate 
Change Adaptation (commonly abbreviated as SREX). The remaining five sub-
divisions were added to cover the entire Earth, based on the IPCC40 (the Fifth 
Assessment Report, abbreviated as AR5). All subdivisions are shown in Map 3 
and clarified in Table 2. The numbers from 01 to 26 are the same as in the SREX 
report, while numbers 00 and 27–30 are assigned to in this Special Report.

Analogously to Chart 10, which is for the global rainfall, Chart 11 shows 
the time series and characteristics, thereof, related to climate for four of 
the subdivisions. These are:

SR306  A  heritage.orgSOURCE: Appendix A.
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Delineation of Regions Examined with ERA5 Reanalysis Dataset for Rainfall
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1. 13MED (Southern Europe/Mediterranean), which according to the 
IPCC29 and numerous publications of the climate literature is one of 
the most prominent and vulnerable climate change hotspots.

2. 16EAF (East Africa), which exhibits one of the most intense declines in 
the precipitation total.

3. 23SAS (South Asia), which has one of those regions with intense long-
term persistence, as quantified by the Hurst parameter.

4. 24SEA (Southeast Asia), which exhibits one of the most intense 
growths in the precipitation total but is also exhibiting a decline in 
intense precipitation.

SOURCE: Appendix A.

TABLE 2

Explanation of Symbols for the Geographical Regions

Sr306  A  heritage.org

List of regions examined with the Era5 reanalysis dataset and their description. numbers 01 to 26 are the 
same as in the SrEX report, while numbers 00 and 27–30 have been assigned here.

Number/Symbol Description Number/Symbol Description

00arC arctic 16EaF East africa

01aLa alaska/n.W. Canada 17SaF Southern africa

02CGI Canada/Greenland/Iceland 18naS north asia

03Wna West north america 19WaS West asia

04Cna Central north america 20CaS Central asia

05Ena East north america 21TIB Tibetan Plateau

06CaM Central america/Mexico 22EaS East asia

07aMZ amazon 23SaS South asia

08nEB north-East Brazil 24SEa Southeast asia

09WSa West Coast South america 25nau north australia

10SSa Southeastern South america 26Sau South australia/new Zealand

11nEu north Europe 27Car Caribbean

12CEu Central Europe 28nTP north Tropical Pacifi c

13MED South Europe/Mediterranean 29STP South Tropical Pacifi c

14SaH Sahara 30anT antarctica

15WaF West africa
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SOURCE: Appendix A.

CHART 11

Annual Average Daily Precipitation Over SREX Regions (Page 1 of 2)

Annual value               Climatic value (10–year average)               All-time average               Linear trend

Time series of annual average daily precipitation for the indicated areas, also showing the high and low records, 
the climatic values (10-year averages), and the fitted linear trends for four areas. 
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CHART 11

Annual Average Daily Precipitation Over SREX Regions (Page 2 of 2)

Annual value               Climatic value (10–year average)               All-time average               Linear trend
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One of the most prominent patterns seen in Chart 11 is the existence of 
fluctuations on multiyear time scales. These are quantified by the Hurst 
parameter, which is estimated through the climacogram as demonstrated 
in Chart 12. The complete set of the Hurst parameters for all regions, along 
with other indices characterizing change, are shown in Table 3. Notably, 
regional estimates show larger fluctuations than what is revealed by the 
stations’ investigation. This fact is also in agreement with recent literature.41 
Another finding is the strong regional differences, as exemplified by the 
increase in Southeast Asia and the concurrent decrease in East Africa.

For this analysis, the all-time records, high or low, of annual daily rainfall 
from all 31 regions are plotted, identifying when these records occurred (See 
Chart 13). The upper panel shows the record highs and lows at all regions, 
where it is observed that the highest of all occurred in 1950. The lower panel 
shows the number of record-breaking occurrences per decade. As explained, 
statistically “unexpected” occurrences of these records would be identified 
in the case that several of them surpassed the confidence limits. The upper 
and lower 95 percent confidence limits, calculated from the binomial dis-
tribution assuming independence and identical distribution, are 8 and 1, 

0.001
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0.1
1 10
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CHART 12

Average Daily Rainfall at Global Scale and for Region 16EAF

VARIANCE, γ(k) (mm/d)2

TIME SCALE, k (years) TIME SCALE, k (years)

VARIANCE, γ(k) (mm/d)2

GLOBAL SCALE REGION 16EAF
Fitted Hurst parameter, H=0.93 Fitted Hurst parameter, H=0.95
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SOURCE: Appendix A.

TABLE 3

Characteristics of Change per Region According to the ERA5 Reanalysis Dataset

Sr306  A  heritage.org

Precipitation Totals Daily Precipitation Maxima

region
Trend Slope
(%/decade)

Climatic
Diff erence

(%/decade)
Hurst 

Parameter
Trend Slope
(%/decade)

Climatic
Diff erence

(%/decade)
Hurst 

Parameter

00arC 1.69 1.70 0.85 –0.16 –0.12 0.59

01aLa 1.35 1.40 0.83 1.07 1.26 0.47

02CGI 0.99 0.99 0.70 0.36 0.48 0.53

03Wna –0.37 –0.31 0.71 –2.19 –1.88 0.74

04Cna 2.16 2.27 0.82 4.25 3.82 0.60

05Ena 1.52 1.46 0.80 1.27 1.06 0.55

06CaM 0.51 0.62 0.75 –0.22 –0.55 0.51

07aMZ 1.15 1.04 0.87 0.01 0.04 0.48

08nEB –0.48 –1.08 0.70 –0.51 –1.51 0.77

09WSa 0.71 1.09 0.82 –0.25 –0.08 0.35

10SSa –1.37 –0.81 0.80 –2.54 –2.32 0.54

11nEu 2.01 1.89 0.72 1.58 1.33 0.39

12CEu 0.84 0.63 0.74 –0.48 –0.84 0.54

13MED –0.66 –1.36 0.70 –1.25 –1.77 0.42

14SaH –11.54 –10.16 0.96 –4.10 –3.99 0.75

15WaF –1.06 –1.51 0.93 0.67 0.57 0.61

16EaF –5.15 –5.15 0.95 –1.39 –0.64 0.67

17SaF 1.73 1.34 0.66 0.72 0.75 0.51

18naS 0.58 0.38 0.79 1.61 1.50 0.57

19WaS –0.20 –0.05 0.58 0.12 1.93 0.63

20CaS 0.40 0.35 0.70 –3.86 –3.10 0.53

21TIB 0.54 0.76 0.64 –5.03 –4.86 0.65

22EaS –1.16 –1.15 0.86 0.23 0.68 0.73

23SaS –0.78 –0.66 0.68 –1.16 –0.50 0.55

24SEa 1.66 1.52 0.66 –2.14 –1.92 0.49

25nau 1.87 1.82 0.70 1.32 0.73 0.50

26Sau 1.58 1.11 0.62 –0.06 –0.29 0.35

27Car –0.59 –0.89 0.46 –2.60 –3.12 0.53

28nTP –2.43 –2.35 0.87 –1.49 –1.68 0.47

29STP 0.40 0.10 0.82 –0.28 –1.60 0.62

30anT 3.09 3.28 0.96 2.68 3.32 0.63

GLOBE 0.20 0.12 0.95
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CHART 13

Record Highs and Lows of Average Daily Precipitation

14SAH

17SAF 14SAH

Record highs and lows of average daily precipitation depth per year, standardized by 
the mean (upper panel; with marking of those being higher than 2 or lower than 0.5) 
and number thereof per decade (lower panel) for the 31 regions of the globe. The 
upper and lower 95 percent confidence limits, calculated from the binomial 
distribution assuming independence and identical distribution, are 8 and 1, 
respectively, for a decade, and 4 and 1, respectively, for the three-year period 
2020–2022; thus, only the record lows from 1960 to 1969 are too many, exceeding 
the upper confidence limit.
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respectively, for a decade and 4 and 1, respectively, for the three-year period 
from 2020 to 2022; thus, only the record lows from 1960 to 1969 are too 
many, exceeding the upper confidence limit.

Here, the standardized climatic difference method is applied on the 
annual time series assuming a climatic time scale k = 30 (years). As the avail-
able time series has length n = 73 (years) in this case, this model examines 
only two periods. The earlier period is selected to span from 1950 to 1979, 
and the later period to cover the years 1993 to 2022, thus the intermediate 
period has a length of l = 13. For each of the 31 time series, the mean as the 

CHART 14

Probabilistic Indices of Change in Annual Average Daily 
Precipitation

NON-EXCEEDENCE PROBABILITY

PERCENT CHANGE (%/DECADE)

Linear trend, 
empirical

Climatic di�erence, 
empirical

Climatic di�erence, 
theoretical, H=0.76

Climatic di�erence, 
theoretical, H=0.5
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14SAH

16EAF

Probability distribution of the indices of change in annual average daily precipitation 
(as percentages of the all-time averages) for the 31 regions of the globe. The 
theoretical curves are constructed assuming normal distribution of the climatic 
di�erence and a Hurst parameter equal to the average over all regions (H=0.76). For 
comparison, the case of a purely random climate (H=0.5) is also shown. The two 
cases di�ering substantially from theoretical expectations are marked with the area 
codes they refer to.
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MAXIMUM DAILY PRECIPITATION (mm/d)
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All-time maximum
207.2 mm (1957)

All-time minimum of maxima
94 mm (1950)

All-time average: 129.9 mm/d
Linear trend: –1.63 mm/d/decade
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Linear trend: –2.7 mm/d/decade

All-time maximum
343.2 mm (1951)

All-time minimum of maxima
145.8 mm (1968)

SOURCE: Appendix A.

CHART 15

Annual Maximum Daily Precipitation for Four Areas (Page 1 of 2)
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CHART 15

Annual Maximum Daily Precipitation for Four Areas (Page 2 of 2)

All-time average: 368.4 mm/d
Linear trend: –4.26 mm/d/decade

All-time average: 326.6 mm/d
Linear trend: –7 mm/d/decade

All-time maximum
543.4 mm (1997)

All-time maximum
537.7 mm (1972)

All-time minimum of maxima
242.8 mm (2015)

All-time minimum of maxima
271.7 mm (1963)
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time average of the entire time series is estimated. Furthermore, the stan-
dardized variables xij/μj, with i= 1,…,73 and j = 1,…,31, are assumed to have 
the same variance for all 31 time series. Hence, to estimate the cumulative 
climacograms (Γ(k), etc.), an HK model is assumed with variance at scale 
1 equal to the variance of of all 31 time series taken together. The theoret-
ical curves in Chart 14 are constructed assuming normal distribution of 
the climatic difference and a Hurst parameter equal to the average over 
all regions (H=0.76). For comparison, the case of a purely random climate 
(H=0.5) is also shown. The two cases differing substantially from theoretical 
expectations are marked with the area codes they refer to.

Chart 14 shows a compliance with statistical expectation with no remark-
able pattern emerging other than the strong decrease of average daily 
precipitation in the Sahara and East Africa regions.

The same set of investigations is carried out for the annual maxima, 
starting by evaluating the plots of the maximum daily precipitation for the 
same regions as above (see Chart 15), 13MED (Mediterranean), 16EAF (East 
Africa), 23SAS (South Asia), and 24SEA (Southeast Asia). Fluctuations are 
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100

1,000

10,000

Empirical            Theoretical               Theoretical, adapted for bias             Purely random      
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CHART 16

Maximum Daily Rainfall for Regions 16EAF and 24SEA

Fitted Hurst 
parameter, H=0.67

Fitted Hurst 
parameter, H=0.50
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CHART 17

Annual Maximum Daily Precipitation Over the 31 Subdivisions

Plot of the time series of annual maximum daily precipitation over the 31 subdivisions 
covering the globe, after standardization with the all-time average of annual 
maximum precipitation of each of the subdivisions, also showing the high and low 
records, the climatic values (10-year averages), and the fitted linear trends.

evident again, as these are quantified by the respective H parameters, and 
shown for the regions of EAF and SEA in Chart 16. As previously discussed, 
long-term fluctuations are less pronounced for series of maxima compared 
to averages of rainfall, and this is also evident from comparing the respec-
tive H parameters.

The time series of annual maximum daily precipitation, standardized by 
each subdivision mean and extracted at the same year concurrently from 
all the 31 subdivisions, is also shown in Chart 17. This again does not concur 
with an intensification claim.

The highest record value (with respect to the regional mean) was 
recorded in region 27CAR (the Caribbean) in 1963, followed by the 
26SAU (South Australia/New Zealand) in 1974 (see Chart 18). The upper 
and lower 95 percent confidence limits, calculated from the binomial 
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RECORD VALUE STANDARDIZATION BY MEAN

NUMBER OF RECORDS PER DECADE

CHART 18

Record Highs of Maximum Daily Precipitation

27CAR

20CAS

26SAU

21TIB 28NTP

19WAS

22EAS

04CNA

Record highs of maximum daily precipitation depth per year, standardized by the 
mean (upper panel; with marking of those being higher than 2) and number thereof 
per decade (lower panel) for the 31 regions of the globe. The upper and lower 95 
percent confidence limits, calculated from the binomial distribution assuming 
independence and identical distribution, are 8 and 1, respectively, for a decade, and 4 
and 1, respectively, for the three-year period 2020–2022; thus, there are no record 
highs outside the confidence band.



January 9, 2025 | 37SPECIAL REPORT | no. 306
heritage.org

 

distribution assuming independence and identical distribution, are 8 and 
1, respectively, for a decade and 4 and 1, respectively, for the three-year 
period from 2020 to 2022; thus, there are no record high occurrences, 
shown in Chart 18 (lower panel), out of the confidence band. The globally 
highest number of occurrences is observed from 1960 to 1969, although 
the actual number lies within the estimated confidence bounds. It is also 
worth noting that the decade of 2000 to 2009, when examined on the 
global scale, does not exhibit a statistically significant number of high 
events, as the one observed in the investigation of the instrumental sta-
tions in the previous section.

Probability distribution of the indices of change in annual maximum daily 
precipitation as percentages of the all-time averages for the 31 regions of the globe. 
The theoretical curves are constructed assuming normal distribution of the climatic 
di�erence and a Hurst parameter equal to the average over all regions (H=0.56).
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PERCENT CHANGE (% PER DECADE)

NON-EXCEEDANCE PROBABILITY

CHART 19

Probabilistic Indices of Change in Annual Maximum 
Daily Precipitation
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Finally, as shown in Chart 19, the probability distribution of the indices 
of change agrees with the one expected based on the estimated H parame-
ter (H=0.56; average over all regions), yet it shows more negative changes 
(decreases of extremes) in the recent period (1993 to 2022) than in the 
earlier one (1950 to 1979). Again, this is contrary to the intensification claim.

5. Discussion and Conclusions

Amid widespread concerns on intensification of the water cycle during 
a global warming period, rainfall dynamics and its extremes are receiv-
ing increased scientific attention. In this Special Report, the authors 
complement the literature on global rainfall trends by investigating and 
combining the advantages of two valuable sources of rainfall informa-
tion: rainfall stations with length over 150 years and rainfall re-analysis 
products covering the entire globe. Long-term rainfall stations enable 
inspection of past climatic regimes and insights into climate dynamics 
that are not possible to gain via analysis of usually available time series 
lengths; here, such information goes back to 1697. Rainfall re-analysis 
products having a homogenous spatial resolution allow robust investi-
gation of recent changes over the globe. The latter is vital, particularly 
in the search for global signals of change, since instrumental records, 
albeit longer in length, do not have sufficient global coverage (for example, 
typically Africa, South America, and large parts of Asia are not covered). 
Spatial correlation present in instrumental datasets also perplexes the 
search for significant trends. Here, to mitigate the issue of spatial cor-
relation, the 31 climatically homogeneous regions for rainfall extremes 
as delineated by the IPCC are also studied separately, aside from the 
investigation of globally averaged precipitation.

From the above investigations, this Special Report finds that rainfall 
exhibits substantial interannual variability, with climatic values fluctuating 
over the years and decades in no systematic manner. The strength of this 
dynamics exhibits regional differences, being higher in some stations and 
regions, and weaker in others, but diverges on average from that of a pure 
random process. This long-term variability is magnified when one investi-
gates rainfall aggregated on larger spatial scales as in re-analysis products. 
This is consistent with recent literature,42 showing that persistence 
increases with the spatial scale of averaging, as it is linked to large-scale 
modes of fluctuation in the climate system. Yet in all cases, these fluctuating 
dynamics do not support an association of precipitation changes with a 
single driver, such as rising carbon-dioxide emissions.43 Strong statistical 
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evidence of flood magnitudes increasing with increasing global mean car-
bon-dioxide concentration has not been found in the U.S., either.44

A collection of long rainfall stations, mostly distributed in the European 
region, suggests that the 20th-century annual total rainfall regime differed 
from that of the late 19th century in its first period, being drier, and returned 
to “expected” and wetter conditions in the recent decades. In terms of the 
extremes, the 20th-century rainfall regime differs from that of the 19th 
century, showing increases in the amount of annual daily maximum pre-
cipitation, both in its first period (prior to the 1970s) and continued to differ 
in the latter years. Yet, as the geographic distribution of the observed series 
is dominated by stations in Europe, these findings mostly reflect regional 
signals of change, which are not apparent worldwide.

Indeed, the investigation of ERA5 re-analysis confirms the existence of 
strong regional differences, with average daily rainfall exhibiting concur-
rent decreases in East Africa and increases in Southeast Asia. On the other 
hand, the Mediterranean region, considered a climate change “hotspot,” 
shows an impressive rainfall climatic stability, which is also in line with 
literature findings for the same region.45 Occurrences of extremes show 
irregular spatiotemporal dynamics as well, yet these are less pronounced 
than the ones observed for rainfall averages. The reported intensification 
of extreme events in Northern Europe (see also “2. A Brief Review of the 
Literature on Global Rainfall Trends”) is confirmed by the re-analysis inves-
tigation, although inspection of the long series revealed that these increases 
have been occurring since the early 20th century.

Intense drought periods are also found to be more likely than wet periods; 
a fact well known in the water resources sector since antiquity.46 Overall, 
these changes are found to be consistent with statistical expectations. More-
over, the re-analysis data of average daily rainfall do not show a pattern of 
systematic change when aggregated globally. Globally, the average change 
metric in the extremes for the recent period (1993 to 2022) as compared 
to the earlier one (1950 to 1979) is negative (that is, it deviates toward 
decreases in the extremes). In addition, the past two decades exhibit a lower 
number of record highs than the previous ones, and, overall, no decade 
shows a statistically significant number when examined on a global scale.

Rainfall linear trends, which are herein also adopted as an exploratory 
index of change, have poor predictive capacity, even inferior to the one 
attained by climatic extrapolation of simpler local mean models.47 This 
is because long-term rainfall data show fluctuations on all time scales, 
with little evidence of trending behavior over hundreds of years. Trends 
computed on shorter time scales than, say, 100 years, are prone to high 
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prediction errors as they may abruptly shift in magnitude and sign in 
the future. Of course, adopting a stochastic description of future climate, 
informed by history, is a far more reliable way to design for the future than 
extrapolating trends, let alone applying projections of climate models, 
which underestimate natural variability.48 Thus, the reliance on rainfall 
trends attributed to global warming neglects the large role of natural vari-
ability, and evidence for such monotonic trends predicted by climate models, 
as shown above, is weak to non-existent.

Hence, this Special Report concludes that rainfall rises and falls irreg-
ularly, exhibiting pronounced temporal fluctuations and even more 
pronounced regional differences. As this dynamics is inherently unpredict-
able, it is better modeled with stochastic approaches. Notwithstanding the 
importance of local and regional changes for the operational water resources 
management and risk preparedness, such changes do not currently concur 
with the speculative hypothesis of a global systematic change in rainfall, nor 
with a worldwide intensification of its extremes that could be attributed to 
a single driver, such as anthropogenic greenhouse gas emissions.
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SOURCE: European Climate Assessment & Dataset, http://www.ecad.eu (accessed September 27, 2024).

APPENDIX TABLE 1

Properties of the 22 Stations with at Least 200 Years of Records Retrieved 
from the European Climate Assessment & Dataset

Name Country Latitude Longitude Start End Length
Missing 
Year %

Bombay (Colaba) India 18.90 72.80 1817 2018 202 1.49

Boston u.S. 42.40 –71.10 1818 2018 201 0.50

Edinburgh obs./Blackuk u.K. 55.92 –3.18 1785 1999 215 2.79

Hoofdorp netherlands 52.30 4.70 1735 1973 239 0.00

Kew Gardens u.K. 51.50 –0.30 1697 1999 303 0.00

Klagenfurt airport austria 46.70 14.30 1813 2018 206 1.46

Lille France 50.60 3.10 1784 2014 231 6.06

Lund Sweden 55.70 13.20 1748 2001 254 0.79

Madras/Minambakkam India 13.00 80.20 1813 2018 206 2.91

Manchester ringway u.K. 53.40 –2.30 1786 2004 219 0.46

Marseille/Marignane France 43.30 5.40 1749 2018 270 1.48

Milano Linate Italy 45.50 9.30 1764 2000 237 5.91

Oxford u.K. 51.70 –1.20 1767 1999 233 0.86

Padua Italy 45.40 12.00 1725 1974 250 0.00

Paris/Le Bourget France 48.80 2.50 1770 2004 235 1.70

Podehole no.3 u.K. 52.80 –0.10 1726 1994 269 0.00

Praha/ruzyne Czech republic 50.10 14.30 1805 2018 214 1.87

Seoul republic of 
Korea

37.57 126.97 1770 2018 249 3.21

Strasbourg/Entzheim France 48.60 7.60 1802 2018 217 3.23

Toulouse/Blagnac France 43.60 1.40 1809 2018 210 1.43

uppsala airport Sweden 59.90 17.60 1774 2001 228 0.00

Zurich Switzerland 47.40 8.60 1708 2018 311 29.90

Sr306  A  heritage.org
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Name (Country) Source Latitude Longitude Start End Length
Missing 

Values %

aalsmeer (nL) ECa:2351 52.27 4.77 1866 2018 153 1.25

anna Paulowna (nL) ECa:521 52.87 4.83 1850 2018 169 1.13

armagh (uK) GHCnD:uK000047811 54.35 -6.65 1838 2001 164 0.26

athens (Gr) national Observatory of 
athens

37.97 23.72 1863 2014 152 0.66

Bologna (IT) GHCnD:ITE00100550 and 
Dext3r of arPa Emilia 
romagna, rete di moni-
toraggio rIrEr (http://
www.smr.arpa.emr.it/
dext3r/)

44.50 11.35 1813 2018* 206 0.00

Breskens (nL) ECa:2377 51.40 3.55 1854 2018 165 1.16

Callantsoog (nL) ECa:2382 52.85 4.70 1850 2018 169 1.13

Chuk-woo-kee,
Seoul (Kr)

Jhun and Moona and 
Korea Meteorological 
agency

37.53 127.02 1777 2017* 241 0.00

De Kooy (nL) ECa:145 52.92 4.78 1850 2018 169 1.13

Den Helder (nL) ECa:146 52.93 4.75 1850 2018 169 1.13

Deniliquin Wilkinson 
St (aS)

GHCnD:aSn00074128 -35.53 144.95 1858 2014 157 1.37

Eelde (nL) ECa:164 53.12 6.58 1846 2018 173 1.10

Elspeet (nL) ECa:2404 52.28 5.78 1867 2018 152 0.75

Falun (SE) GHCnD:SW000010537 60.62 15.62 1860 2018 159 0.89

Florence (IT) regional Hydrologic 
Service of the Tuscany 
region

43.80 11.20 1822 1979 158 2.00

Gabo Island Light-
house (aS)

GHCnD:aSn00084016 -37.57 149.92 1864 2018 155 3.36

Genoa (IT) GHCnD:ITE00100552 44.41 8.93 1833 2008 176 0.00

Groningen (nL) ECa:147 53.18 6.60 1846 2018 173 1.10

Grycksbo (SE) ECa:6456 60.69 15.49 1860 2018 159 0.62

Heemstede (nL) ECa:2430 52.35 4.63 1866 2018 153 1.25

Helsinki (FI) Finnish Meteorological 
Institute

60.17 24.93 1845 2015 171 0.33

Hohenpeissenberg 
(DE)

ECa: 48 47.80 11.01 1781 2017 237 25.56

Hoofddorp (nL) ECa:151 52.32 4.70 1866 2018 153 1.25

Hvar (Hr) ECa:1686 43.17 16.45 1857 2018 162 7.74

APPENDIX TABLE 2

Properties of the 60 Longest Stations Used in the Analysis (Page 1 of 3)

Sr306  A  heritage.org* Data continued from second source.
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Name (Country) Source Latitude Longitude Start End Length
Missing 

Values %

Jena Sternwarte GM 
(DE)

GHCnD:GM000004204 50.93 11.58 1826 2015 190 5.47

Lijnden (nL) ECa:2466 52.35 4.75 1866 2018 153 1.25

Lisbon (PT) Kutiel and Trigob 39.20 -9.25 1863 2013 151 1.06

Lisse (nL) ECa:2467 52.27 4.55 1866 2018 153 1.29

Mantova (IT) GHCnD:ITE00100553 45.16 10.80 1840 2008 169 5.75

Melbourne regional 
Offi  ce (aS)

GHCnD:aSn00086071 -37.81 144.97 1855 2015 161 1.29

Middelburg (nL) ECa:2474 51.48 3.60 1854 2018 165 1.16

Milan (IT) GHCnD:ITE00100554 45.47 9.19 1858 2008 151 0.12

new york (uS) GHCnD: uSW00094728 40.78 -73.97 1869 2018 150 0.51

newcastle nobbys 
Signal Station (aS)

GHCnD:aSn00061055 -32.92 151.80 1862 2015 154 2.55

nijkerk (nL) ECa:2484 52.23 5.47 1867 2018 152 0.75

Onnen (nL) ECa :2491 53.15 6.67 1846 2018 173 1.10

Overveen (nL) ECa:2497 52.40 4.60 1866 2018 153 1.25

Oxford (uK) GHCnD:uK000056225 51.77 -1.27 1853 2015 163 0.42

Padova (IT) Marani and Zanettic 45.87 11.53 1725 2013 289 5.04

Palermo (IT) GHCnD:ITE00105250 38.11 13.35 1797 2008 212 17.16

Prague (CZ) Czech Hydrometeorologi-
cal Institute

50.05 14.25 1804 2014 211 0.20

Putten (nL) ECa: 551 5.62 14.00 1867 2018 152 0.75

radcliff e (uK) radcliff e Meteorological 
Station (Burt and How-
dend)

51.76 -1.26 1827 2014 188 0.05

ritthem (nL) ECa:2503 51.47 3.62 1854 2018 165 1.16

robe Comparison 
(aS)

GHCnD:aSn00026026 -37.16 139.76 1860 2015 156 3.66

roden (nL) ECa:516 53.15 6.43 1846 2018 173 1.10

roelofarendsveen 
(nL)

ECa:540 52.22 4.62 1866 2018 153 1.29

’s-Heerenhoek (nL) ECa:2350 51.47 3.77 1854 2018 165 1.16

Sappemeer (nL) ECa:2507 53.17 6.73 1846 2018 173 1.10

Schiphol (nL) ECa:593 52.32 4.79 1866 2018 153 1.25

Schoondijke (nL) ECa:572 51.35 3.55 1854 2018 165 1.16

Stykkisholmur (IS) Icelandic Meteorological 
Offi  ce

65.08 -22.73 1856 2015 160 1.00

APPENDIX TABLE 2
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Name (Country) Source Latitude Longitude Start End Length
Missing 

Values %

Sydney Observatory 
Hill (aS)

GHCnD:aSn00066062 -33.86 151.21 1858 2015 158 0.48

Toronto (Ca) GHCnD:Ca006158350 43.67 -79.40 1840 2015 176 5.97

uppsala (SE) Department of Earth 
Sciences of the uppsala 
university

59.86 17.63 1836 2014 179 0.02

Vaexjoe (SE) GHCnD:SWE00100003 56.87 14.80 1860 2018 159 4.13

Vlissingen (nL) ECa:166 51.44 3.60 1854 2018 165 1.16

Voorthuizen (nL) ECa:2542 52.18 5.62 1867 2018 152 0.75

Woltersum (nL) ECa:2553 53.27 6.72 1846 2018 173 1.14

Zagreb Gric (Hr) GHCnD:Hr000142360 45.82 15.98 1860 2015 156 1.54

NOTES: AS—Australia, CA—Canada, CZ—Czech Republic, DE—Germany, FI—Finland, GR—Greece, HR—Croatia, IS—Iceland, IT—Italy, KR—South Korea, NL—
Netherlands, PT—Portugal, SE—Sweden, UK—United Kingdom, US—United States
SOURCES:
a J. G. Jhun and B. K. Moon, “Restorations and Analyses of Rainfall Amount Observed by Chukwookee,” Journal of Korean Meteorological Society, Vol. 33 

(1997), pp. 691–707.
b H. Kutiel and R. M. Trigo, “The Rainfall Regime in Lisbon in the Last 150 Years,” Theoretical and Applied Climatology, Vol. 118 (2014), pp. 387–403.
c M. Marani and S. Zanetti, “Long-Term Oscillations in Rainfall Extremes in a 268 Year Daily Time Series,” Water Resources Research, Vol. 51, No. 1 (2015), pp. 

639–647.
d T. P. Burt and N. J. K. Howden, “A Homogenous Daily Rainfall Record for the Radcliff e Observatory, Oxford, from the 1820s,” Water Resources Research, 

Vol. 47, No. 9 (2011).
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Appendix B 

Sources for Data Graphics

Sources for all data graphics:

• Royal Netherlands Meteorological Institute (KNMI) “European Climate Assessment & Dataset Project,” updated August 31, 2024, https://www.ecad.eu/ 
(accessed October 3, 2024).

• Royal Netherlands Meteorological Institute (KNMI), “Climate Explorer,” updated September 30, 2024, https://climexp.knmi.nl/ (accessed 
October 3, 2024).

• European Climate Assessment & Dataset (Stations Location Dataset), https://knmi-ecad-assets-prd.s3.amazonaws.com/download/stations.txt 
(accessed October 3, 2024).

• Royal Netherlands Meteorological Institute (KNMI), “Climate Explorer,” updated September 30, 2024, ERA5 Field Dataset, https://climexp.knmi.nl/
select.cgi?era5_tp (accessed October 3, 2024).

• Royal Netherlands Meteorological Institute (KNMI), “Climate Explorer,” updated September 30, 2024, SREX Regions, https://climexp.knmi.nl/download_
masks.cgi?id=22e6401644676bc62a88f1180873b38b&field=nprate_daily&set=SREX (accessed October 3, 2024).

• Theano Iliopoulou and Demetris Koutsoyiannis, “Projecting the Future of Rainfall Extremes: Better Classic than Trendy,” Journal of Hydrology, Vol. 588 
(September 2020), p. 125005, https://www.sciencedirect.com/science/article/pii/S0022169420304650#s0010 (accessed October 3, 2024).

Additional sources for specific data graphics:

Appendix Table 1: Metadata of monthly timeseries from European Climate Assessment & Dataset, https://www.ecad.eu (accessed December 4, 2024), 
and the KNMI Climate Explorer tool at Climate Explorer, “Starting Point,” https://climexp.knmi.nl/ (accessed December 4, 2024).

Appendix Table 2: Metadata collected from Iliopoulou and Koutsoyiannis (2020).

Charts 1–5: Authors’ calculations based on monthly timeseries from European Climate Assessment & Datatset and the KNMI Climate Explorer tool.

Charts 6–9: Authors’ calculations based on daily timeseries collected from Iliopoulou and Koutsoyiannis (2020) with individual sources listed in 
Appendix Table 2.

Charts 10–19: Authors’ calculations based on the ERA5 dataset available from European Climate Assessment & Datatset and the KNMI Climate 
Explorer tool.

Table 1: Authors’ calculations based on monthly time series data from European Climate Assessment & Datatset and the KNMI Climate Explorer tool.

Table 2: Authors’ calculations based on daily timeseries collected from Iliopoulou and Koutsoyiannis (2020) with individual sources listed in 
Appendix Table 2.

Table 3: SREX regions as defined in Intergovernmental Panel on Climate Change, Managing the Risks of Extreme Events and Disasters to Advance 
Climate Change Adaptation: Special Report of the Intergovernmental Panel on Climate Change (Cambridge: Cambridge University Press, 2012), https://
www.ipcc.ch/report/managing-the-risks-of-extreme-events-and-disasters-to-advance-climate-change-adaptation/ (accessed December 4, 2024, and 
Intergovernmental Panel on Climate Change, Climate Change 2013: The Physical Science Basis, (Cambridge: Cambridge University Press, 2013), https://
www.ipcc.ch/report/ar5/wg1/ (accessed December 4, 2024).

Map 1: Authors’ compilations based on monthly timeseries from European Climate Assessment & Datatset and the KNMI Climate Explorer tool.

Map 2: Authors’ compilations based on daily timeseries collected from Iliopoulou and Koutsoyiannis (2020) with individual sources listed in 
Appendix Table 2.

Map 3: SREX regions as defined in Intergovernmental Panel on Climate Change, Managing the Risks of Extreme Events and Disasters to Advance Climate 
Change Adaptation, and Intergovernmental Panel on Climate Change, Climate Change 2013: The Physical Science Basis. Coordinates are also available at 
the KNMI Climate Explorer tool.

https://www.ecad.eu/
https://climexp.knmi.nl/
https://knmi-ecad-assets-prd.s3.amazonaws.com/download/stations.txt
https://climexp.knmi.nl/select.cgi?era5_tp
https://climexp.knmi.nl/select.cgi?era5_tp
https://climexp.knmi.nl/download_masks.cgi?id=22e6401644676bc62a88f1180873b38b&field=nprate_daily&set=SREX
https://climexp.knmi.nl/download_masks.cgi?id=22e6401644676bc62a88f1180873b38b&field=nprate_daily&set=SREX
https://www.sciencedirect.com/science/article/pii/S0022169420304650#s0010
https://www.ecad.eu
https://climexp.knmi.nl/
https://www.ipcc.ch/report/managing-the-risks-of-extreme-events-and-disasters-to-advance-climate-change-adaptation/
https://www.ipcc.ch/report/managing-the-risks-of-extreme-events-and-disasters-to-advance-climate-change-adaptation/
https://www.ipcc.ch/report/ar5/wg1/
https://www.ipcc.ch/report/ar5/wg1/
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