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Abstract

A typical question posed following an extreme precipitation event is: How does

this compare to past events? This question is being asked more frequently and

is of importance to climate monitoring services, such as the Copernicus Cli-

mate Change Service (C3S). Currently, the statistics extensively used for this

purpose are not generally understandable to the wider public, or they are not

tailored towards presenting extremes. To mitigate this situation, this article

uses a modified version of the Extreme Rain Multiplier (ERM), which was

developed for tropical cyclones, and applies it to precipitation events globally.

For daily precipitation considered herein, the ERM is calculated by dividing

the daily precipitation accumulation during an event by the mean historical

annual maxima of daily precipitation (RX1day), which is computed over 1991–
2020. Using the European Centre for Medium-Range Weather Forecasts ERA5

reanalysis, the calculation of the ERM is illustrated for six extreme events

around the world; these included convective systems, atmospheric rivers and

tropical cyclones. A maximum ERM of 4 was found during Storm Daniel, in

Greece, and in Tropical Cyclone Jasper in Australia, implying that four times

the mean RX1day precipitation occurred. The ERM will be useful in C3S

reporting activities because it can objectively identify extreme precipitation

events. Furthermore, after extracting the number of precipitation events per

year at each grid point that had an ERM exceeding 1, a trend analysis was

undertaken to ascertain if the frequency of extreme events had changed with

time. Results showed that the most widespread increasing trends in the ERM
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were in the tropics, but these trends are thought to be questionable in ERA5.

There were few clear trends in other regions. In conclusion, the ERM can com-

municate the level of extreme precipitation in a clear manner and can be used

in climate monitoring activities.
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communication, ERA5 precipitation, extreme events, extreme rain multiplier

1 | INTRODUCTION

After an extreme precipitation event, a common question
arises: How does this compare to past events? Journalists,
decision-makers, policymakers and responders are asking
this question with increasing frequency. This trend is
driven not only by a recent surge in severe weather events
but also by a growing recognition of the impact of climate
change on weather patterns. The topic is also of major
importance to climate monitoring services, such as the
Copernicus Climate Change Service (C3S; Buontempo
et al., 2022), due to the need for clear communication of
the Earth's changing climate to the media, decision-makers
and the public, and because of the large socio-economic
impacts of these events. In the climate monitoring activities
of C3S, in particular the monthly bulletins (https://climate.
copernicus.eu/climate-bulletins) and annual European
State of the Climate (ESOTC) report (https://climate.
copernicus.eu/ESOTC), it is usual for mean anomalies of
precipitation with respect to a historical reference period to
be presented, which can be used to identify extreme events
when they heavily influence the mean. However, these
products are not tailored towards presenting information
about extremes.

There are a few techniques currently used to commu-
nicate the climatological context of extremes, as outlined
below.

First, the return period—a statistic widely used in
engineering, including in dam construction—is
employed. It describes a certain event as having a proba-
bility of occurring or being exceeded in each year. For
example, a precipitation event with an annual exceed-
ance probability of 0.01, or a 1% chance of occurring in
any given year, is referred to as having a 1-in-100-year
return period. However, using the return period termi-
nology can be problematic for the communication of
extremes because it is often misinterpreted as an event
that happens exactly once every 100 years, which leads to
a false sense of security if an event happened a short time
ago, because it is anticipated to be a long time until the
next one. In turn, there is ineffective communication
about the nature and magnitude of the risks and poten-
tially inadequate preparation is made for such events

(Lave & Lave, 1991). Further issues with return periods
include their limited transferability to other nearby loca-
tions, uncertainties associated with their estimation, and
the assumption of stationarity which is no longer valid
due to changes in climate (e.g., Kim & Villarini, 2024;
Salas & Obeysekera, 2014) and the built environment.

The second technique used to describe extreme events
is the number of standard deviations from the mean
(Thompson et al., 2022; You et al., 2024). While this clas-
sification may be appropriate to a scientific audience, the
use of standard deviations is not readily understandable
to the wider public.

The third approach is to characterize an extreme pre-
cipitation event as the percentage of the expected annual,
seasonal or monthly total precipitation. This method of
using percentages can be seen occasionally in the broad-
cast media, in output from national meteorological ser-
vices (e.g., the UK Met Office; https://blog.metoffice.gov.
uk/2024/05/01/a-wet-and-dull-april/), and in the monthly
hydrological summaries of the UK National Hydrological
Monitoring Programme (NHMP; https://nrfa.ceh.ac.uk/
monthly-hydrological-summary-uk). A limitation of using
a percentage approach, however, is that it does not present
an event in the context of past extreme events.

A further metric specifically developed for characteriz-
ing tropical cyclone rainfall is the Extreme Rain Multiplier
(ERM; Bosma et al., 2020), which presents a rainfall event
as the ratio of the local climatological 2-year rainfall value.
The ERM was shown by Bosma et al. (2020) to produce
values corresponding to observed tropical cyclone impacts,
thus identifying hazardous events, and to afford the oppor-
tunity for people to relate the magnitude of precipitation
events to those typically experienced in a region. These
properties mean that the ERM could have strong potential
for communicating extreme precipitation events. The aim
of this article is to investigate further the ERM for commu-
nicating extreme precipitation by extending the reach of
the earlier findings of Bosma et al. (2020) by (1) applying a
modified version of the ERM to events around the globe
and not just to tropical cyclones in the United States,
(2) discussing possible applications for climate monitoring
activities, and (3) investigating trends in the ERM metric
over time around the world.
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2 | DATA AND METHODS

2.1 | The ERA5 reanalysis

The ERA5 reanalysis (Hersbach et al., 2020) from the
European Centre for Medium-Range Weather Forecasts
(ECMWF) was used for this study because it is widely
employed in C3S climate monitoring activities. ERA5
provides a comprehensive record of the global atmo-
sphere, land surface and ocean waves on a 31-km
(TL639) horizontal grid; and the system is based on the
ECMWF Integrated Forecasting System (IFS) Cy41r2.
Four daily ERA5 precipitation accumulations (0000 UTC
to 0000 UTC; 0600 UTC to 0600 UTC; 1200 UTC to 1200
UTC; and 1800 UTC to 1800 UTC) were extracted from
the ECMWF archive—and interpolated on to a regular
0.25� � 0.25� grid—from 1 January 1979 to 31 December
2023. These four overlapping daily, or 24-h, accumula-
tions were used to capture more of the entirety of daily
extreme precipitation events because using one non-
overlapping period, such as 0000 UTC to 0000 UTC,
would not capture all of the precipitation in an event that
straddled 0000 UTC. The 1979–2023 period was chosen
as there is more confidence in ERA5 precipitation during
the satellite era since 1979. The precipitation fields are
also available in the C3S Climate Data Store (https://cds.
climate.copernicus.eu). ERA5 precipitation is generally
more skillful in the Extratropics compared with the Tro-
pics, which is partly due to the difficulty ERA5 has in
resolving convective processes in the Tropics on its rela-
tively coarse model grid. In terms of extremes, the precip-
itation patterns from ERA5 and the observations broadly
agree, but ERA5 has issues capturing the highest
observed precipitation totals (e.g., Lavers et al., 2022).

2.2 | The extreme rain multiplier

To determine how extreme an event is we need to cal-
culate how different it is compared with climatological
conditions. The standard practice used to place current
climate conditions in their climatological context is to
apply a 30-year climate average or reference period;
currently, 1991–2020 is recommended by the World
Meteorological Organization. C3S uses the 1991–2020
reference period in its regular monitoring products,
and the ERM approach of Bosma et al. (2020) is also
built using a reference period; in their case, it was
1981–2010. We now define the ERM for daily
precipitation.

The ERM metric is calculated by dividing the 24-h
precipitation accumulation P during an event by the

mean historical annual maxima of 24-h precipitation
(RX1day) (Zhang et al., 2011) at a given location:

ERM¼ Pt

RXtday
ð1Þ

where t is the accumulation period (i.e., 24 h herein). To
calculate the mean RX1day, for each of the 30 years in
the 1991–2020 reference period, we extracted the maxi-
mum 24-h precipitation out of the four 24-h accumula-
tion periods (0000 UTC to 0000 UTC; 0600 UTC to 0600
UTC; 1200 UTC to 1200 UTC; and 1800 UTC to 1800
UTC), and then the mean of the 30 values was computed
at each grid point. This version of the ERM is modified
from Bosma et al. (2020) in two key ways. First, the
RX1day statistics are built using four overlapping daily
periods, rather than solely the 1200 UTC to 1200 UTC as
in Bosma et al. (2020), providing a more accurate and
hence robust estimate of the historical annual maxima.
Figure 1 illustrates this point by showing the mean
RX1day values gradually increasing with the inclusion of
additional daily periods, and this is noticeable, for exam-
ple, over Europe and the southern United States
(cf. Figure 1a,d). Second, the mean RX1day is used as
opposed to the median RX1day because the mean is con-
sidered more widely understood for communication
purposes. In Figure 2, the median historical annual
maxima (Figure 2a), the mean historical annual
maxima (Figure 2b) and the mean minus median values
(Figure 2c) are plotted. This shows that the largest differ-
ences between the two estimates are mostly confined to
tropical regions and especially ocean areas where tropical
cyclones occur (e.g., to the southeast of Florida), while
differences in the mid-latitudes are generally small. Note
that higher uncertainty exists in the estimate of the mean
in tropical regions, in part due to issues with ERA5 pre-
cipitation there, which is in line with the results of Lavers
et al. (2022) and Kumar et al. (2024). Arid regions, such
as areas in northern Africa, also have higher uncertainty
due to the few extreme events that occur.

The ERM is closely related to a technique employed
in the 2022 State of the Climate Report of the Bulletin of
the American Meteorological Society (Blunden
et al., 2023), but in that report, P was the RX1day precipi-
tation for 2022 as opposed to a particular event accumu-
lation and the resulting ratio was presented as a
percentage. Mazzoglio et al. (2020) proposed a similar
index, the Normalized Maximum Value, which compared
the maximum precipitation value at a station with the
mean annual precipitation (or local climatology). A simi-
lar method has also been used to normalize flood peaks
across river basins of varied sizes (Smith et al., 2018;

LAVERS ET AL. 3 of 12Meteorological Applications
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Villarini et al., 2014), but in those studies, the 10-year
flood was used as a benchmark and not the mean.

2.3 | Trend analysis with Poisson
regression

The identification of extreme precipitation events with
the ERM affords an opportunity to evaluate if their fre-
quency has changed across 1979–2023, or the satellite
era, a period when there is more confidence in ERA5 pre-
cipitation. To undertake this trend assessment, Poisson
regression is employed, which is a form of regression in
which the response variable is in the form of count data
and follows a Poisson distribution. Herein, the count
data are the number of precipitation events per year at
each grid point with an ERM >1 (i.e., values greater than
the mean RX1day), and these are modelled as a function
of time, or year, to determine whether there is a trend. If
Ni is the number of events in each year i for a particular
accumulation period (e.g., 0000 UTC to 0000 UTC), then
Ni is described by a conditional Poisson distribution with

parameter λi. The relationship between the parameter λi
and the covariate is assumed to be linear (via a log-link
function):

λi ¼ exp β0þβ1z1i½ � ð2Þ

where z1i is the ith year in a vector of years 1979–2023.
Increasing or decreasing trends in the number of extreme
events are identified at grid points where the p-value of
the β1 coefficient is <0.05.

3 | RESULTS

3.1 | ERM examples around the globe

Six extreme precipitation events are used to illustrate the
ERM. First, for three extreme events in Europe, Figure 3
shows the mean RX1day in the region affected in the left
column (Figure 3a,d,g), the daily ERA5 precipitation
accumulations in the middle column (Figure 3b,e,h), and
the ERM in the right column (Figure 3c,f,i), which is

(a) (b)

(d)(c)

FIGURE 1 The mean RX1day in ERA5 across 1991–2020 built using (a) the 0000 UTC to 0000 UTC 24-hour precipitation accumulation

period, (b) the 0000 UTC to 0000 UTC and 0600 UTC to 0600 UTC 24-hour precipitation accumulation periods, (c) the 0000 UTC to 0000

UTC, 0600 UTC to 0600 UTC, and the 1200 UTC to 1200 UTC 24-hour precipitation accumulation periods, and (d) 0000 UTC to 0000 UTC,

0600 UTC to 0600 UTC, 1200 UTC to 1200 UTC, and 1800 UTC to 1800 UTC 24-hour precipitation accumulation periods. White areas over

northeast Africa and Antarctica indicate areas with values below 1 mm.

4 of 12 LAVERS ET AL.Meteorological Applications
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computed by dividing the fields in the middle column by
those in the left column. For 14 July 2021—an event that
led to devasting flooding and more than 200 fatalities in
parts of Belgium, Germany, and surrounding countries—
it is shown that an ERM of 3 occurred over northwest
Germany (Figure 3c), which implies that the daily precip-
itation accumulation of around 100 mm was at least

three times the mean RX1day. In Scandinavia on
13 January 2022, an atmospheric river (Ralph et al., 2018)
led to widespread precipitation values of between 50 and
75 mm and resulted in an ERM of around 1.5 in parts of
Norway and Sweden (Figure 3f); this indicates that values
above the mean RX1day occurred. Lastly, from 5 to
6 September 2023, Storm Daniel caused precipitation

(a)

(b)

(c)

FIGURE 2 The (a) median and (b) mean

RX1day in ERA5 across 1991–2020 built using
the 0000 UTC to 0000 UTC, 0600 UTC to 0600

UTC, 1200 UTC to 1200 UTC, and 1800 UTC to

1800 UTC 24-hour precipitation accumulation

periods. White areas over northeast Africa and

Antarctica indicate areas with values below

1 mm. (c) The difference between the mean and

median RX1day.

LAVERS ET AL. 5 of 12Meteorological Applications
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values between 100 and 200 mm across the Thessalian
Plain in Greece, which translated into an ERM of 4 at
one grid point, or at least four times the mean RX1day
over a part of Greece (Figure 3i).

Second, three global events are presented in terms of
the ERM in Figure 4: (1) Hurricane Ian over Florida on
28 September 2022 (Figure 4a–c), which was located in

the same domain as assessed by Bosma et al. (2020);
(2) Tropical Cyclone Jasper over Australia from 16 to
17 December 2023 (Figure 4d–f); and (3) an atmospheric
river across California on 5 February 2024 (Figure 4g–i).
For Hurricane Ian and Tropical Cyclone Jasper, precipi-
tation accumulations of over 150 mm were estimated,
which corresponded to ERMs of 3 and 4 at a few grid

FIGURE 3 Examples of the Extreme Rain Multiplier (ERM) across Europe. (a, d, g) The mean RX1day in ERA5 across 1991–2020. (b, e,
h) Daily precipitation accumulations in ERA5 from 0000 UTC 14 July 2021 to 0000 UTC 15 July 2021, from 0000 UTC 13 January 2022 to

0000 UTC 14 January 2022, and from 1800 UTC 5 September 2023 to 1800 UTC 6 September 2023. (c, f, i) The ERM for presenting the

historical context of the extreme precipitation in the three events. Note that white colours in the middle column (b, e, h) indicate areas with

precipitation below 1 mm.
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points or three and four times the mean RX1day precipi-
tation, respectively. The final event that chiefly affected
the Transverse Ranges in California was between 75 and
100 mm, with many grid points having an ERM greater
than 1, or values exceeding the mean RX1day
precipitation.

A comparison is now made between the revised ERM
in Figures 3 and 4 and the original Bosma et al. (2020)
method. Building the RX1day statistics with only the
1200 UTC to 1200 UTC 24-h accumulation period and
computing the median RX1day, rather than the mean

RX1day, Figures S1 and S2 present the six extreme pre-
cipitation events with the Bosma et al. (2020) approach.
Two notable differences can be seen. Larger climatologi-
cal RX1day precipitation values are found, which arise in
part from the use of four overlapping periods
(cf. Figure 3a,d,g with Figure S1a,d,g; Figure 4a,d,g with
Figure S2a,d,g). This suggests that the historical annual
maxima are better sampled with the revised ERM applied
herein. The use of the mean also leads, in most places, to
larger values because precipitation tends to have a
skewed distribution. Moreover, this comparison indicates

FIGURE 4 Examples of the Extreme Rain Multiplier (ERM) across the globe. (a, d, g) The mean RX1day in ERA5 across 1991–2020. (b,
e, h) Daily precipitation accumulations in ERA5 from 0000 UTC 28 September 2022 to 0000 UTC 29 September 2022, from 1800UTC

16 December 2023 to 1800UTC 17 December 2023, and from 0000 UTC 5 February 2024 to 0000 UTC 6 February 2024. (c, f, i) The ERM for

presenting the historical context of the extreme precipitation in the three events. Note that white colours in the middle column (b, e, h)

indicate areas with precipitation below 1 mm.

LAVERS ET AL. 7 of 12Meteorological Applications
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SummerSpring AutumnWinter

European regions where two or more days exceeded
an Extreme Rain Multiplier (ERM) of one in 2023

May 2023 (northern Italy)

August 2023, Storm Hans (Scandinavia)

September 2023, Storm Daniel (Greece)

1

2

3

1

2

3

FIGURE 5 European regions where two or more days (using the 0000 UTC to 0000 UTC accumulation period) exceeded an Extreme

Rain Multiplier (ERM) of one in winter (December, January and February), spring (March, April and May), summer (June, July and

August), and autumn (September, October and November) 2023. Winter relates to December 2022–February 2023. Three extreme

precipitation (and flooding) events are highlighted.
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that the revised ERM is more able to isolate the actual
areas affected by extreme precipitation, and this is seen
by the smaller ERM areas identified in the examples pre-
sented (cf. Figure 3c,f,i with Figure S1c,f,i; Figure 4c,f,i
with Figure S2c,f,i).

The ERM maps in Figures 3 and 4 highlight the loca-
tion and signify the extreme nature of the precipitation
events which may help to communicate more clearly the
level of extreme precipitation to the media and the pub-
lic. One aspect to note with the ERA5 precipitation
herein is that the precipitation values are likely to be less
than those observed, in part owing to the coarse IFS
model grid used in ERA5. A preliminary investigation,
however, using RX1day precipitation from a previous
study (Lavers et al., 2022) suggests that the general low
bias of ERA5 extreme precipitation is removed when
viewed as the ERM.

3.2 | Application of the ERM for climate
monitoring activities

As well as conveying the extreme nature of events, the
ERM could also have further uses in climate monitoring
activities, such as in the annual C3S ESOTC report. For
example, by counting and then visualizing the number of

precipitation events exceeding a certain ERM threshold,
it is possible to identify extreme events objectively, rather
than subjectively based on, for instance, media reports.
This would then allow for further investigation of events
of particular interest. Figure 5 illustrates how these data
could be visualized by showing regions where two or
more (not necessarily consecutive) days in each season in
2023 exceeded an ERM of one. This graphic clearly iden-
tifies areas affected by extreme precipitation, and three
known events are highlighted: (1) a wet period in Italy
during the first half of May 2023; (2) Storm Hans in Scan-
dinavia in August 2023; and (3) Storm Daniel in Greece
in September 2023 (see also Figure 3g–i). These events
were discussed in the 2023 ESOTC report (https://
climate.copernicus.eu/esotc/2023). It is also possible that
such a graphic as shown in Figure 5 could be used to
determine, at least qualitatively, if extreme events were
more numerous and/or widespread than in previous
years, as discussed quantitatively in the next section.

3.3 | Trend analysis with Poisson
regression

The identification of extreme events with the ERM pre-
sents an opportunity to evaluate if the frequency of

FIGURE 6 Grid points where the Poisson regression coefficients have a p-value <0.05 for the 0000 UTC to 0000 UTC accumulation

period. Blue areas indicate an increasing trend in the number of extreme events (ERM >1), while red areas indicate a decreasing trend in the

number of extreme events (ERM >1) from 1979 to 2023.

LAVERS ET AL. 9 of 12Meteorological Applications
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extremes has changed from 1979 to 2023. This is an
important question to pose, as it is frequently heard—
especially in the media—that the number of extremes is
increasing. Figure 6 shows a map of the grid points for
the 0000 UTC to 0000 UTC accumulation period where
the positive or negative β1 coefficients in the Poisson
regression models have a p-value <0.05. The most strik-
ing consistent increasing trend is found across the major-
ity of tropical areas between 20� N and 20� S. These
trends are hypothesized to be questionable because ERA5
precipitation in these regions increases over time due to
the assimilation of increasing amounts of microwave
imager data (Soci et al., 2024). Increasing trends are also
found scattered elsewhere. In terms of decreasing trends,
there are two notable regions, one in the northeast Pacific
(off Baja California) and a band in the southeast
Pacific from approximately 10� S 155� W to the coast of
Chile. These may relate to regions of high pressure or
subsidence. Two further areas, over the southern Arabian
Peninsula and southeast Asia, also had decreasing trends.
Across Europe where most of the C3S activities are
undertaken, there are, in general, more grid points with
an increasing trend, but it is not possible to draw a firm
conclusion on trends in extreme precipitation events in
Europe based on this evaluation. Similar trend results
were found for the 0600 UTC to 0600 UTC, 1200 UTC to
1200 UTC, and 1800 UTC to 1800 UTC accumulation
periods.

4 | CONCLUSIONS

The aim of this article was to investigate further the ERM
(Bosma et al., 2020) for communicating extreme precipi-
tation by applying a modified version of the ERM to char-
acterize extreme precipitation events around the globe in
their climatological context. Using six case studies, which
included convective systems, atmospheric rivers and trop-
ical cyclones, the calculation of the ERM is illustrated
and its meaning discussed. In the examples presented, a
maximum ERM of 4 was found during Storm Daniel in
Greece and in Tropical Cyclone Jasper in Australia,
which implies that four times the mean historical
RX1day precipitation (computed over 1991–2020)
occurred. The identification of extreme precipitation
events with the ERM has also been shown to have uses
in climate monitoring activities by objectively identifying
extreme events, which could prove useful for products
such as the annual C3S ESOTC report. Furthermore,
after extracting the number of extreme precipitation
events with an ERM >1 per year at each grid point, a
trend analysis was undertaken with Poisson regression to
determine if the number of extreme events was

increasing or decreasing with time. Results showed that
the most widespread increasing trends occurred in the
tropics, trends which are, however, considered question-
able (Soci et al., 2024) and across the oceans, at least,
arise from the assimilation of increasing amounts of
microwave imager data. Conversely, decreasing trends
were shown over the eastern Pacific Ocean and across
southern parts of the Arabian Peninsula and southeast
Asia. For Europe, there were more grid points exhibiting
an increasing trend, but a firm conclusion on trends in
extreme precipitation events cannot be drawn based on
this evaluation.

It is hypothesized that the ERM could help more eas-
ily convey the extreme nature of a precipitation event to
journalists and decision-makers and policymakers, rather
than using return periods, standard deviations from the
mean, or percentages of expected precipitation, as has
been done in the past. In the future, there are many
potential applications for the ERM, and four of these are
outlined below. First, the ERM could be employed in
diagnostic or evaluation studies of the ECMWF IFS and
Artificial Intelligence/Integrated Forecasting System
(AIFS), for example, to visualize weather forecasts in a
climate context. A forecast example was presented for
Hurricane Florence in 2018 in Bosma et al. (2020). This
type of forecast information is of increasing relevance
and interest to forecasters because of the severe impacts
associated with extreme precipitation events. Research
would be required though on how best to build a climate
reference with model reforecasts that, for the IFS for
instance, only exist on certain dates over the last 20 years.
Furthermore, there is scope for the ERM to be applied to
the IFS ensemble, such as by calculating the ensemble
probability to have an ERM >1. Second, the temporal
definition for an event across which the ERM is calcu-
lated could be extended from 24-h accumulation events
to multi-day accumulations to capture longer-duration
precipitation episodes (e.g., RX3day or RX5day) as in
Bosma et al. (2020), or to different daily periods than the
0000 UTC to 0000 UTC, 0600 UTC to 0600 UTC, 1200
UTC to 1200 UTC, and 1800 UTC to 1800 UTC consid-
ered herein. Third, the ERM could be applied to other
precipitation datasets, such as the Integrated Multi-
satellitE Retrievals for the Global Precipitation Measure-
ment (GPM) mission (IMERG; Huffman et al. (2020)), to
compare and contrast with the trends found herein in
ERA5. Lastly, it is also possible that the ERM could be
applied to other variables like river discharge to charac-
terize flooding severity. With the changes in extremes
expected in a warming climate, the topic of effectively
communicating extreme events will become of ever more
importance, and the ERM will help to answer questions
about how bad these events really are.
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