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Abstract. Historical in situ sub-daily rainfall observations are essential for the understanding of short-duration
rainfall extremes but records are typically not readily accessible and data are often subject to errors and inhomogeneities. Furthermore, these events are poorly quantified in projections of future climate change making
adaptation to the risk of flash flooding problematic. Consequently, knowledge of the processes contributing to
intense, short-duration rainfall is less complete compared with those on daily timescales. The INTENSE project
is addressing this global challenge by undertaking a data collection initiative that is coupled with advances in
high-resolution climate modelling to better understand key processes and likely future change. The project has so
far acquired data from over 23 000 rain gauges for its global sub-daily rainfall dataset (GSDR) and has provided
evidence of an intensification of hourly extremes over the US. Studies of these observations, combined with
model simulations, will continue to advance our understanding of the role of local-scale thermodynamics and
large-scale atmospheric circulation in the generation of these events and how these might change in the future.
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Introduction

Changes in short-duration, heavy rainfall events are an important fingerprint of anthropogenic climate change (Hegerl
et al., 2015) and are crucial to quantify as they are associated with flash flooding which poses a significant threat to
lives, infrastructure, and natural ecosystems. Quantified estimates of extreme rainfall intensities at sub-daily timescales
(down to a few minutes) and spatial scales of 1–10 km2 are
needed for urban drainage design (Arnbjerg-Nielsen et al.,
2013) and therefore for adaptation to future climate change.
Observations confirm basic physics predicting increased atmospheric moisture with warming, fuelling intensification
of heavy rainfall (Trenberth et al., 2003). However, understanding how changes to atmospheric moisture will combine
with changes in circulation dynamics in a warming world to
strengthen or weaken regional increases in intense rainfall remains a key challenge for climate change research (Pfahl et
al., 2017). Achieving this requires the improved availability
of high-quality, high-resolution rainfall observations (Westra, et al., 2014; Wilby et al., 2017), advances in climate modelling on convection-permitting scales (Westra et al., 2014;
Prein et al., 2015, 2017a) and an improved understanding
of atmospheric processes that contribute to intense rainfall
(O’Gorman, 2015; Lenderink and Fowler, 2017; Pfahl et al.,
2017).
This paper summarises how these challenges are being addressed by the INTENSE (INTElligent use of climate models for adaptatioN to non-Stationary hydrological Extremes)
project to provide new knowledge relevant to adapting to hydroclimatic risks under climate change.

2

The INTENSE project

INTENSE is the first major international effort to focus on
global sub-daily rainfall extremes, enabling substantial advances in quantifying observed historical changes and providing the physical understanding of processes necessary for
improved regional prediction of change. The project leads
the global research effort within the Global Energy and Water Exchanges (GEWEX) Hydroclimatology Panel CrossCutting project on sub-daily precipitation extremes, addressing the World Climate Research Programme “Grand Challenge” on extremes (Alexander et al., 2016). To develop a
more thorough understanding of the relationship between
large-scale warming, atmospheric circulation and sub-daily
extreme rainfall the project is addressing the research areas
set out by Westra et al. (2014) through the following aims:
– To undertake a unique, global-scale data collection effort of sub-daily rainfall data and apply a set of quality
control methods to construct a new, high-quality global
dataset (Sect. 2.1);
Adv. Sci. Res., 15, 117–126, 2018
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– To use this dataset to quantify the nature of global rainfall extremes across multiple timescales and, where possible, quantify recent change (Sect. 2.2);
– To provide new understanding of the influence of climate model resolution and structure on the simulation of rainfall extremes for different climate regimes
(Sect. 2.3);
– To combine models and observations to improve understanding of the drivers of rainfall extremes across
multiple timescales, examining the influence of local
thermodynamics and large-scale atmospheric circulation modes (Sect. 2.4); and
– To use this knowledge to (i) provide a better understanding of the likely responses to warming of rainfall extremes at different timescales and geographic locations,
and (ii) use information from climate models in a more
informed way to improve climate change adaptation decision making (Sect. 3).
The project structure, main data requirements and outputs
are summarised in Fig. 1. Subsequent sections in this paper provide a brief review of current understanding around
these themes, incorporating the contributions made by INTENSE researchers and partners (reflected in the authorship
of this paper) to this literature. More details of project outputs, including publications, may be found on the INTENSE
website1 and a summary is provided in Table 1.
2.1

Data collection and provision

In situ precipitation data at sub-daily timescales are needed
to quantify the characteristics of extreme events for important
research questions including the detection of change and for
practical applications such as urban drainage design. They
are also valuable for the validation of radar and satellite products (Hegerl et al., 2015) and the outputs from climate models (Prein et al., 2015). However, such data are not as extensive, either in time or space, as those for daily rainfall totals (Westra et al., 2014; Hegerl et al., 2015), are subject to a
range of sampling and instrument errors and inhomogeneities
(Blenkinsop et al., 2017; Westra, et al., 2014; Wilby et al.,
2017) and are less freely available compared with daily data
(Hegerl et al., 2015). Consequently, compared with extreme
rainfall on timescales of a day or longer, globally, sub-daily
events have been little studied.
The INTENSE project is therefore focussing on collecting sub-daily rain gauge records, which provide the most
accurate representation of the amount of water reaching the
ground at a given location. To date, the global sub-daily rainfall dataset (GSDR) we have compiled comprises data from
23 687 gauges (Lewis et al., 2018a), having an average record
1 https://research.ncl.ac.uk/intense/outputs/ (last access: 12 June
2018).
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Figure 1. INTENSE project research themes, information flows and outcomes. The collection of in situ sub-daily rain gauge data represents

a core project activity (blue arrows). Thermodynamic and atmospheric/ocean processes are considered independently (red and green arrows)
but also in an integrated manner (yellow arrows). These data and knowledge will be used to evaluate model simulations of extreme rainfall
across different timescales and locations. Model outputs will then be used for the development of process-based downscaling methods and
provide guidance on the use of projections (black arrow). Data in dashed boxes denotes externally produced data used in the project.

Table 1. Key outputs from the INTENSE project researchers and partners at time of publication.

Output

Summary

Global sub-daily rainfall dataset
(GSDR)

Hourly rainfall data collected from 23 countries (excluding ISD).

Globally applicable quality control
process

Applied to hourly rainfall accumulations. Will be open-source, and
freely available.

Definition of 13 sub-daily rainfall
indices

Consistent with ETCCDI daily indices but reflecting the intensity,
frequency and time of occurrence of sub-daily extremes. These will
be freely available to the international community and hosted on the
Deutscher Wetterdienst (DWD) GPCC website.

15 peer reviewed journal articles

Published research progressing understanding of observed change of
sub-daily extremes, thermo-dynamic and large-scale drivers, and the development and analysis of high resolution convection-permitting models. Includes continental scale analysis of historical US hourly rainfall.

Great Britain gridded 1 km hourly
rainfall data (CEH-GEAR1hr)

Hourly 1 km gridded rainfall dataset based on hourly gauge data and
daily gridded dataset. Will be hosted and periodically updated alongside the CEH-GEAR dataset by the Centre for Ecology and Hydrology
(CEH) in the UK.

www.adv-sci-res.net/15/117/2018/
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Figure 2. List of countries/data sources contributing at least 10 gauges with a minimum of 1 year of hourly data from the combined data

collection exercise and ISD database. Numbers denote the number of gauges. (Abbreviations: US – USA, AU – Australia; UK – United
Kingdom, JP – Japan, DE – Germany, NO – Norway, CH – Switzerland, IT – Italy, SE – Sweden, ES – Spain, MY – Malaysia, FR – France,
ISD – Non-allocated gauges from the ISD database, FI – Finland, PT – Portugal, BE – Belgium, BR – Brazil, CZ – Czechoslovakia, NL –
the Netherlands, SG – Singapore, IE – Republic of Ireland, RO – Romania, PA – Panama, CR – Costa Rica.

length of 13 years at an hourly or multi-hourly resolution.
Most gauge records commence after 1990 with some continuing up to 2017 although there is a decrease in gauge
availability in recent years. Just under half of these are from
the Integrated Surface Database (ISD) (Smith et al., 2011),
with the remainder being provided by national meteorological and environmental agencies. Figure 2 identifies all those
countries contributing at least 10 gauges with a minimum of
1 year of hourly data. Sub-hourly resolution data has also
been obtained for the UK and Australia and similar resolution data will be collected for the US to quantify extremes
over shorter durations but also to improve estimates of hourly
extremes that may be underestimated due to temporal aggregation (Morbidelli et al., 2017).
The collection process revealed that even where data are
available they may not be adequate for the analysis of extreme events – for example, undocumented gauge breakdowns, hourly values accumulated as daily totals, or mechanical failure of the rain gauges may produce erroneous rainfall amounts (Blenkinsop et al., 2017). Furthermore, changes
such as gauge location, site characteristics or equipment type
may introduce inhomogeneities in climatic series (e.g. Barbero et al., 2017). We have therefore developed an automated
quality control process for sub-daily data based on methods
previously applied to the UK (Blenkinsop et al., 2017; Lewis
et al., 2018b) but here used to produce a high-quality global
dataset.
Whilst data licensing restrictions mean that the GSDR
dataset cannot immediately be made freely available, the data
collected will be used to produce a set of sub-daily extreme
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rainfall indices based on the ETCCDI indices already available for daily data (Peterson, 2005; Donat et al., 2013). These
new indices have been identified following discussions with
the climate observations and modelling communities and describe important attributes of sub-daily extremes, where possible, corresponding to existing daily ETCCDI indices. For
example, indices of monthly maxima of hourly and multihourly rainfall will be provided along with monthly counts
of threshold exceedances, as well as indices reflecting the diurnal cycle (e.g. monthly index of the wettest hour). These
indices are consistent with the naming and methodological
conventions of the ETCCDI daily indices for easy application by users and the data will be made freely accessible for
research purposes.
2.2

Quantifying the nature of extremes and observed
change

Analysis of this global dataset will help quantify the nature of extremes on multiple timescales, expanding regional
analyses (e.g. Blenkinsop et al., 2017; Darwish et al., 2018;
Forestieri et al., 2018a), and so improve understanding of
current patterns of extreme rainfall globally. This will include the spatial pattern of extreme intensities, their seasonality and diurnal cycles. Further, whilst existing studies of
long-term trends and variability in sub-daily extremes have
tended to cover relatively small spatial domains, INTENSE
has already made progress analysing changes at national to
continental scales, adding to the national scale studies of Sen
Roy (2009) and Westra and Sisson (2011). Whilst US hourly
www.adv-sci-res.net/15/117/2018/
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and daily seasonal maxima have increased, the percentage
of stations showing significant increasing annual maximum
precipitation trends was generally higher for daily compared
to hourly extremes (Barbero et al., 2017). Strong evidence
though points to more widespread increases in the magnitude and frequency of hourly extremes in winter compared
to daily extremes. Changes in hourly extremes over the UK
are currently difficult to detect as substantial natural climate
variability reduces the signal-to-noise ratio (Kendon et al.,
2018). Although a recent increase in the intensity of UK summer extremes has been observed, this is likely to be at least
partly related to the natural variability of atmospheric and
ocean modes.
Our results so far emphasise the importance of considering
relevant region-specific atmospheric processes in the assessment of change, and the need to examine sufficiently long
time periods and/or large enough datasets. The provision of
quality-controlled data means that INTENSE is providing the
opportunity to further extend these analyses using the GSDR
dataset; approximately 17 % of the gauges obtained so far
cover a period of over 30 years necessary for this type of
analysis (Lewis et al., 2018a) although this falls to ∼ 4.5 %
for periods of over 50 years.
2.3

Improved modelling capabilities

Traditional approaches to obtaining projections of regional
precipitation change use an ensemble of regional climate
models (RCMs) but these typically only provide outputs at
a resolution of 10–50 km. Statistical downscaling methods,
which include temporal disaggregation approaches, may be
used to derive projections of change in sub-daily rainfall but
these rely on the assumption that the relationship between
rainfall at different timescales (e.g. daily to hourly) remains
constant in the future. The INTENSE project has applied
this statistical approach to produce projected future depthduration-frequency (DDF) relationships for Sicily, Italy, for
rainfall totals down to hourly durations (Forestieri et al.,
2018b). However, although state-of-the-art climate models
have a high degree of skill in simulating many features of our
climate (Flato et al., 2013) they also have a number of known
deficiencies. These include the simulation of intense rainfall
due to their relatively coarse resolution that cannot explicitly resolve convection which results in the consequent use
of convective parameterisation schemes (e.g., Mishra et al.,
2012; Mooney et al., 2017). The INTENSE project is linking
its observational analyses with the development of very high
resolution (< 5 km) convection-permitting models (CPMs)
which allow dynamical representation of convection. These
have been shown to better simulate sub-daily rainfall characteristics (Kendon et al., 2012; Chan et al., 2014a; Prein et al.,
2017b; Lind et al., 2016) including the relationship between
temperature and extreme rainfall (Chan et al., 2016a), and
produce different projections of change in rainfall intensity,
duration and extremes to those from standard coarse resoluwww.adv-sci-res.net/15/117/2018/
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tion models (Kendon et al., 2017). CPMs may also be necessary to provide improved quantification of other hazards including lightning, hail and wind gusts (Kendon et al., 2017;
Gadian et al., 2018).
The first study to look at changes in rainfall in long climate change simulations at convection-permitting scale was
carried out by the Met Office Hadley Centre (Kendon et
al., 2014). These simulations at a resolution of 1.5 km provided evidence that intense summer rainfall could become
heavier over the southern UK with almost five times more
events exceeding 28 mm in one hour (indicative of potential for surface water flooding in the UK) in the future than
in the current climate. These simulations have also now
been supplemented with corresponding data for the northern
half of the UK (Chan et al., 2018a). As part of INTENSE,
projected changes in rainfall extremes across timescales in
these CPM simulations have been explored alongside observed trends, with implications for detection and attribution
studies (Kendon et al., 2018). Data at sub-hourly timescales
from these CPMs have also been investigated, with similar
changes in summer 10 min rainfall over the southern UK projected as for hourly timescales (Chan et al., 2016b), but the
lack of observed data has precluded model validation to date.
The sub-hourly datasets collated in INTENSE will begin to
address this deficiency.
CPM climate change simulations are now becoming available across other parts of the globe. For example, using a
larger North American domain, Prein et al. (2017c) used
a 4 km resolution CPM to project increases in the maximum rainfall rate in mesoscale convective systems (MCS) in
the future. Although some consistent messages are emerging
from these studies a better understanding of the differences
between models is required, and it is therefore significant that
INTENSE is integrating with the main international effort to
produce a coordinated set of convection permitting climate
simulations through the CORDEX flagship pilot study “Convective phenomena at high resolution over Europe and the
Mediterranean”2 . This will maximise the utility of the GSDR
dataset and help to integrate knowledge on the key processes
and drivers of extreme sub-daily rainfall. This pilot study is
focused on Europe, with a number of different groups carrying out < 3 km resolution climate simulations spanning a
common Alpine domain plus, in some cases, additional European sub-domains.
2.4

Drivers of changes in intense rainfall in a changing
climate

It has been recognised that analyses of observed changes
are more powerful if they make use of and diagnose physical mechanisms that are, or may be, responsible for change
(Hegerl et al., 2015). INTENSE is therefore investigating the
2 http://www.cordex.org/blog/2018/01/26/endorsed-flagshippilot-studies/ (last access: 8 June 2018).
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role of local thermodynamics and large-scale atmosphereocean modes as drivers of changes in intense rainfall through
linking observational analyses with those based on CPMs.
Observational evidence and climate models suggest that
rainfall will intensify with temperature according to the
Clausius–Clapeyron (CC) relation (a rate of ∼ 6–7 % ◦ C−1 )
(Trenberth et al., 2003; Allen and Ingram, 2002; Allan et al.,
2010; Pall et al., 2007) representing an important component of change in the global water cycle (Hegerl et al., 2015).
However, larger-scale modes of atmospheric and ocean variability such as the El Niño–Southern Oscillation (ENSO),
North Atlantic Oscillation (NAO) and monsoon systems are
also important drivers of regional precipitation and extremes,
whilst moisture transport features such as atmospheric rivers
have been associated with winter flooding in many regions
(e.g. Lavers and Villarini, 2013a, b). However, the interaction between these large-scale and thermodynamic processes
and their effect on extreme precipitation is not yet well understood.
Our work is using the new observational dataset and modelling capabilities to examine how rainfall extremes respond
to increasing temperature and moisture availability globally.
Kendon et al. (2018) used a CPM simulation over the southern UK to identify the earlier emergence of future changes in
hourly extremes compared with daily extremes which might
be expected from enhanced scaling at shorter durations. Such
super-CC scaling at hourly timescales has been demonstrated
in some regions (e.g. Lenderink and van Meijgaard, 2008)
however, CC scaling identified in US daily annual maxima
contrasts with lower scaling during most seasons for hourly
extremes (Barbero et al., 2017). In the UK, CC scaling is only
observed for hourly extremes in summer (Blenkinsop et al.,
2015) with lower scaling at other times of the year. To date,
most of such studies have examined the rainfall relationship with temperature, but dew point temperature is emerging as a more appropriate variable to use in scaling studies
as it provides a direct measure of humidity (Lenderink et al.,
2017), enabling a better physical understanding of the scaling relationship (e.g. Lochbihler et al., 2017; Barbero et al.,
2018a). INTENSE is taking advantage of global scale observed datasets such as HadISD (Dunn et al., 2016) to perform such analyses more widely.
It is becoming increasingly clear however that future rainfall extremes cannot be simply extrapolated from present day
scaling relationships and that multiple other factors – land
surface characteristics, temperature range, atmospheric dynamics, large scale circulation and moisture availability – all
play key roles (Lenderink and Fowler, 2017; Lochbihler et
al., 2017; Prein et al., 2017d; Ali and Mishra, 2017; Bao
et al., 2017; Barbero et al., 2018a). Barbero et al. (2018b)
found that, apart from in summer, mid-latitude synoptic patterns (including the jet stream and cutoff lows) are major
contributors to hourly annual maxima across the western US.
Lenderink et al. (2017) also identified the prominent role of
circulation features over the Netherlands as measured by the
Adv. Sci. Res., 15, 117–126, 2018
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large-scale vertical velocity; the most intense events were
typically associated with high vertical velocities which cause
a convergence of moist air at a scale of hundreds of kilometers. The use of CPMs is also increasingly offering the potential to contribute to such process understanding; Chan et
al. (2018b) used simulations over the southern UK to show
that stability, and to a lesser degree relative vorticity and
mean sea level pressure, displayed some skill as predictors of
hourly extremes. Prein et al. (2017c) showed that the maximum rainfall rate in MCS over North America is increasing in line with CC but the response in rainfall volume over
mesoscale catchments is increasing by up to two times CC
rates due to the spread of heavy rainfall areas in future MCS.
This is due to changes in the MCS cloud physics and internal
dynamics (e.g. vertical mass fluxes).
We think that the key challenge to provide improved projections of future change in sub-daily extremes will be using
both the global observation datasets and climate models to
understand the contributions from (and interactions between)
large-scale circulation and local thermodynamics (Barbero et
al., 2018b). As the project progresses, the increasing availability of quality-controlled observations from different climate regimes, particularly in tropical regions, and the increasing modelling capability with mesoscale atmospheric
climate models is strengthening our ability to meet this challenge.

3

Summary and outlook

The INTENSE project is increasing our understanding of extreme short-duration rainfall events worldwide, linking observations and models to better understand the mechanisms
associated with extreme rainfall that can lead to flash flooding. This is partly derived from a data collection initiative that
has currently yielded 23 687 stations to produce the global
sub-daily rainfall dataset (GSDR) which is being used to
characterise current extremes and, by linking with the latest CPM simulations, better understand drivers of change.
Data collection is ongoing and the project is actively seeking additional contributions to extend coverage (see Lewis
et al., 2018a for dataset coverage). We have used the gauge
data to produce a 1 km resolution gridded dataset of historical hourly rainfall for Great Britain which will be freely
available to hydrologists, climate modellers and other practitioners (Lewis et al., 2018b). INTENSE will further explore
options for combining gauge, radar and satellite data into
gridded sub-daily products to add to existing merged products as a key resource for the climate modelling community
to validate model outputs (Prein et al., 2015, 2017d). This
will help to address problems with the representativeness of
rain gauges, as networks are insufficiently dense to capture
local-scale convective storms. In the future, model outputs
could also be incorporated to provide valuable information
in areas with low observational coverage such as mountainwww.adv-sci-res.net/15/117/2018/
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ous regions. These INTENSE datasets provide a significant
platform for future development by the wider scientific community and efforts are underway to identify a mechanism for
their ongoing maintenance and updating to ensure a longterm legacy of the project. The gauge data and new, derived
dataset of global sub-daily extreme indices will be hosted by
the German meteorological service (Deutscher Wetterdienst
– DWD) though the availability of the former will be limited
due to licensing arrangements. An improved international capacity to both monitor change and share data therefore remains a significant challenge (Hegerl et al., 2015).
A continental-scale analysis using the sub-daily dataset
has not provided evidence of super-CC scaling over the US
(Barbero et al., 2017). This may in part be indicative of difficulties associated with capturing changes in localised convective storms (Barbero et al., 2017; Kendon et al., 2018)
but also emphasises the need to assess the role of largescale circulation patterns and their relationship with local
thermodynamic drivers (Lenderink and Fowler, 2017; Barbero et al., 2018b). This interaction between drivers remains
one of the fundamental challenges to be addressed by INTENSE but the global extent of the project also enables it
to address, new, emerging questions, for example, ongoing
work in the project is examining the contrasting behaviour of
extreme rainfall over urban and rural areas, linking observational analyses with simulations from CPMs.
Pioneering work to gain understanding of the benefits of
CPMs in representing extreme rainfall on climate timescales
by the Met Office Hadley Centre, in collaboration with INTENSE researchers, has led to the inclusion of CPM ensemble simulations (consisting of 10+ members at 2.2 km resolution spanning the UK) in the UK’s next set of official
climate change projections (UKCP, 2016) to be released in
2018. This work at the Met Office Hadley Centre also now
includes extensions to examine larger model domains, including the recent completion of a 2.2 km resolution European domain simulation. Analysis of these simulations in INTENSE, along with comparison of results with those from
other international modelling centres across Europe, Australia and the US (e.g. Ban et al., 2015; Argueso et al., 2014;
Rasmussen et al., 2014), including CORDEX, will lead to a
better understanding of how results from CPMs differ from
coarser resolution models more generally (Kendon et al.,
2017) to offer robust guidance on their use.
One of the key challenges limiting the application of
CPMs is still the computational demand and consequent financial cost they impose. This will in part be addressed by
continued advances in computing capabilities but a more intelligent use of these models, aided by novel statistical approaches is necessary for the foreseeable future (Benestad et
al., 2017). Chan et al. (2018b) identified large-scale predictors that have some skill in predicting when dynamical downscaling using a CPM is needed. This could potentially allow
the targeting of high-resolution models to simulate only periods with a high likelihood of extremes, thus making larger
www.adv-sci-res.net/15/117/2018/
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ensembles of CPM simulations more feasible. Even when
ensemble large-domain CPM simulations become commonplace, biases will still remain which will require correction
with statistical downscaling methods.
A significant area of focus should also include strengthening the link between climate science and impact science
(Westra et al., 2014) and the wider impact community. Central to this is the relationship between extreme rainfall and
flood risk. Changes in future rainfall intensity can impact
on the flooding of urban drainage systems and pollution of
coastal waters, for example, in the UK through combined
sewer overflow (CSO) spills. Our high-resolution observations and the UK Met Office CPM simulations have been
used to demonstrate the need for improved guidance on estimates of change in rainfall intensity (uplifts) for UK water
and sewerage companies and the effect of future increases in
intensity on increased spills (Dale et al., 2017).
INTENSE outputs could also be used to better understand
how river catchments respond to intense rainfall, however,
initial work applying uncorrected CPM simulations to the
estimation of river flows across catchments in the southern
UK indicates greater biases than those from coarser climate
models and clear differences in projected flood peaks (Kay
et al., 2015). This demonstrates the need for further work
investigating the application of new knowledge and tools developed in INTENSE for the assessment of future risks associated with hydrological hazards. INTENSE will provide
stakeholders with up-to-date and reliable return period estimates for different rainfall durations (e.g. Forestieri et al.,
2018a; Darwish et al., 2018) and so contribute to a better
understanding of current flood risk. Combining this type of
information with CPM simulations of future projections (e.g.
Chan et al., 2014b) will help to make societies more resilient
to flooding from intense rainfall.
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