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ABSTRACT
Flooding is one of the costliest hazards in the United Kingdom. A large part of the annual flood damage is
caused by surface water flooding that is a direct result of intense rainfall. Traditional catchment-based approaches to flood prediction are not applicable for surface water floods. However, given sufficiently accurate
forecasts of rainfall intensity, with sufficient lead time, actions can be taken to reduce their impact. These
actions require reliable information about severity and areas at risk that is clear and easily interpreted. The
accuracy requirements, in particular, are very challenging, as they relate to prediction of intensities that occur
only infrequently and that typically affect only small areas. In this paper, forecasts of intense rainfall from a
new convection-permitting ensemble prediction system are evaluated using radar observations of intense rain
and surface water flooding reports. An urban flooding case that occurred in Edinburgh in 2011 is first investigated and then a broader look is taken at performance through a 3-month period during the London
Olympic and Paralympic Games in 2012. Conclusions are drawn about the value of the ensemble and the
particular means of presenting the forecasts, and areas requiring further work are highlighted.

1. Introduction
Flooding is one of the costliest natural hazards in the
world today, with average annual losses being more than
$60 billion and average fatalities being more than 15 000
per annum [figures for flooding, excluding coastal flooding by storm surges, are from the Centre for Research
on the Epidemiology of Disasters (CRED) Emergency
Events Database (EM-DAT) for the period 1993–2012].
Recent high-impact events have included the Thailand
floods in August 2011, which cost $40 billion (Guha-Sapir
et al. 2012) and, in the United Kingdom, the 2007 floods,
which cost $8 billion (Scheuren et al. 2008; Pitt 2009).
* Current affiliation: Aspen Re, Zurich, Switzerland.
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Predictions of flooding from major rivers have become
much more accurate in recent years as a result of improved modeling of the weather and surface hydrology.
However, substantial damage and distress is also caused
by smaller weather systems that produce intense rainfall
lasting just a few hours. Where this exceeds the carrying
capacity of urban drainage systems (surface water and
sewer flooding) or where it collects rapidly into torrents
in steep terrain (flash flooding), it can cause considerable localized damage and loss of life. Recent examples
from the United Kingdom include Morpeth in 2009
(Wedawatta et al. 2014), Boscastle in 2004 (Golding
et al. 2005), and Ottery St Mary in 2009 (Clark 2011).
Pitt (2009) estimated that more than half of the insurance costs of floods in the United Kingdom are due
to surface water flooding. This problem is particularly
acute in urban areas where sealing of the ground surface
results in very rapid runoff of rainfall. Drainage networks are designed to carry excess rainfall away, but
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even when new, they are designed to deal with a limited
volume of water. In old systems the interconnection of
separately designed pipes, build-up of sediment and
debris, and damage from ground movement all lead to
reductions in carrying capacity. In England, Falconer
et al. (2009) showed that widespread surface water
flooding is generally associated with hourly to 6-hourly
rainfall accumulations with a return period exceeding
3% probability per year.

a. The nature of extreme convective precipitation in
the United Kingdom
Hand et al. (2004) classified extreme rainfall events in
the United Kingdom from three origins: fronts associated
with depressions, orographic uplift of warm conveyor
belts, and convective storms. The first two are the dominant causes of long-duration extremes that cause major
river flooding, while the last is the primary cause of surface
water floods. Convective storms are characterized by
strong vertical motions that lift large volumes of moisture
from the boundary layer to high altitudes, where the
moisture condenses and, in U.K. latitudes, freezes. The
microphysical processes within this dense mixture of ice
crystals, frozen raindrops, and cloud drops lead to the
formation of graupel and hail, and may generate lightning.
U.K. convection is strongly influenced by its maritime location. Boundary layer humidity tends to be high and
strong convective inhibition is rarely observed. Extreme
convective precipitation is frequently associated with surface airmass boundaries, such as fronts, and upper-level
dynamical features, such as potential vorticity anomalies
or filaments (Roberts 2000).

b. Forecasting convective precipitation
Historically, rainfall predictions from NWP models have
not met the needs of real-time hydrological prediction.
For large river systems, short-range predictability was
obtained using upstream river and rainfall gauging,
while the rainfall variability needed for prediction in
smaller rivers and for surface water flooding was not
resolvable by NWP. Where NWP predictions were used,
they needed substantial calibration, as they could not
capture the intense local rainfall peaks that cause floods.
With the introduction of kilometer-scale limited-area
NWP models (LAMs), that situation has changed, and
it is now possible to provide useful predictions by directly feeding precipitation forecasts into hydrological
models for small river systems. For surface water flooding, the scale of interest is even finer, and it is the details
of local runoff and inundation that are of interest
(Falconer et al. 2009). The development of surface water
inundation forecasts depends on the potential capability
of kilometer-scale NWP models. Such models differ from
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current global models in being able to represent directly
the vertical air motions associated with convective rainstorms. Several studies have shown the benefits of this
(Done et al. 2004; Lean et al. 2009; Clark et al. 2009). The
location, timing, and character of the predicted rainstorms depend critically on larger-scale information imported from a global model through boundary conditions.
The use of convection-permitting models improves the
realism of simulations of quantitative precipitation forecasts (Weusthoff et al. 2010; Clark et al. 2012). Tang et al.
(2013) described the 1.5-km convection-permitting configuration of the Met Office Unified Model (MetUM)
now used as primary guidance for U.K. short-range
weather forecasts. It has been very successful, particularly in its prediction of the realistic structure of rain
systems that are either convectively generated or have
convection embedded (Lean et al. 2008). Similar operational forecasting systems have been implemented by the
weather services of France (Seity et al. 2011) using a
2.5-km configuration of the Applications of Research to
Operations at Mesoscale (AROME) model, Germany
(Steppeler et al. 2003; Baldauf et al. 2011) using a 2.8-km
configuration of the Consortium for Small-Scale Modeling
(COSMO) model, Japan (Hirahara et al. 2012) using a
2-km configuration of the Local Forecast Model (LFM),
and the United States using the 3-km High-Resolution
Rapid Refresh (HRRR) model (Ikeda et al. 2013).

c. Ensemble prediction systems
A single, deterministic forecast of the future state of
the atmosphere is unlikely to match reality because of
incompleteness of the initial state specification and because of biases in the representation of atmospheric
processes. For some purposes, the fact that the forecast
is usually near to reality will be sufficient. However,
when lives and property are at stake, potential consequences of different possible weather outcomes need to
be considered. An ensemble prediction system (EPS)
produces a range of forecast scenarios that, taken together,
can be used to assess the likelihood of particular hazardous
weather situations occurring or of hazardous thresholds
being surpassed. NWP ensembles were initially focused on
medium-range prediction of surface pressure and 500-hPa
height, relying on the predictability characteristics of low
Rossby number midlatitude weather systems (Tracton and
Kalnay 1993; Molteni et al. 1996). They have proved to
be a successful way of dealing with the inherent uncertainty of weather and climate forecasts (Buizza et al.
2005) and can now be considered a mature capability.
Requirements for tackling forecast uncertainty in shortrange forecasts of precipitation are very different from
those that formed the basis of medium-range EPSs. Bowler
et al. (2008) outlined the differences: in resolution, initial
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perturbations effective at short lead times, and representation of model uncertainties that impact on surface variables. High resolution implies nesting, which introduces
the complication of matching boundary perturbations.
NCEP’s Short-Range Ensemble Forecast (SREF) was
the pioneering short-range ensemble, based on research
combining two LAMs with boundary conditions taken
from the NCEP medium-range global ensemble (Tracton
et al. 1998; Stensrud et al. 1999). An international intercomparison of mesoscale EPSs was held in the World
Weather Research Programme (WWRP) Beijing Olympics 2008 Research and Development Project (Kunii et al.
2011; Duan et al. 2012). With the implementation of
kilometer-scale LAMs, research has turned to configuring
EPSs at this scale. The processes involved in convective
cloud systems are a challenge to initial perturbation
specification with much greater growth rates anticipated,
while many more model processes need to be explored as
potential sources of uncertainty, yet the large scales
continue to provide the environment for convective development and so remain important sources of uncertainty. Clark et al. (2009, 2011), using data from the
2007 NOAA Hazardous Weather Testbed Spring Experiment, discussed the factors influencing the growth of
ensemble spread. Leoncini et al. (2010) performed case
studies of an intense convecting storm using randomly
perturbed potential temperature fields with the aim of
identifying physical processes that lead to perturbation
growth on the convective sale. Hanley et al. (2011, 2013)
and Barrett et al. (2014) use ensemble case studies to
show the relationship between the predictability of convective rainfall and large-scale uncertainties. Several papers have investigated sensitivity to initial and boundary
conditions, including Walser et al. (2004), Kong et al.
(2007), Hohenegger et al. (2008), Vié et al. (2011, 2012),
Peralta et al. (2012), and Gebhardt et al. (2011). These
broadly support the hypothesis that, on average, initial
conditions dominate up to 6 h ahead while boundary
condition and model perturbations are more important
by 12 h ahead.

d. Communication of weather information
The results presented in this paper depend on the
choice of user presentation formats as well as the prediction methodology. Probabilistic information is less
familiar to recipients than deterministic information and
requires different approaches to postprocessing and
presentation. The problems faced by meteorologists in
communicating the risk of flooding from intense rainfall
are similar to those studied by hydrologists dealing with
larger-scale flood risk (Twigger-Ross et al. 2008; Thrush
et al. 2005; Tapsell et al. 2005; Burningham et al. 2008),
by the medical profession in communicating the side
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effects of treatments (Paling 2003; Goldman et al. 2006),
and by emergency managers dealing with disasters
(Kloprogge et al. 2007). Extensive research in these fields
has shown that the interpretation placed on a warning is
dependent on a wide variety of factors, ranging from the
ability of the recipient to understand the words used (e.g.,
‘‘technical’’ words, such as probability or precipitation),
their meaning (e.g., does a 30% chance of rain mean it
will rain in 30% of places, for 30% of the time, or that
there is 30% confidence of any rain), relating the warning
to experience (e.g., a previous flood at this location), trust
(e.g., who issued the warning?, what do I think of their
track record?), and preparedness (e.g., what can I do
about it?). In recent years an extensive literature has
developed on the use and interpretation of probability
forecasts. Morss et al. (2008) and Joslyn and Savelli
(2010) showed that people interpret deterministic forecasts as uncertain, but that the inferred uncertainty may
not be consistent with expert opinion, and that recipients
would prefer that it was made explicit. Controlled experiments reported by Roulston et al. (2006), Joslyn et al.
(2007), Roulston and Kaplan (2009), Stephens et al.
(2011), and Peachey et al. (2013) support the hypothesis
that appropriately presented probabilistic forecasts lead
to better decisions. However, there are also many examples (Murphy et al. 1980; Joslyn et al. 2009; Gigerenzer
et al. 2005; Morss et al. 2008; Joslyn and Savelli 2010; Bell
and Tobin 2007) suggesting that people often misunderstand the nature of probability forecasts. Gigerenzer et al.
(2005) found improved understanding when the definition of probability was stated explicitly: for example, ‘‘on
days like today, rain occurs at X on 3 occasions in 10.’’
Studies in medicine (Edwards et al. 2002; Yamagishi
1997; Waters et al. 2006; Dolan and Iadarola 2008; Knapp
et al. 2004; Kurz-Milcke et al. 2008) have found that
multiple representations of the same evidence may be
needed to successfully convey information, especially for
small probabilities. Further, Gill (2008), Schirillo and
Stone (2005), Faulkner et al. (2007), Edwards et al.
(2002), Price et al. (2007), Peters et al. (2008), and Stone
et al. (1997) all emphasize the benefits of using combinations of text, numbers, and graphics to communicate
risk information.
In this paper we present the rationale and results of a
trial of rainfall probability products from a new
kilometer-scale EPS covering the United Kingdom. The
trial was part of a broader experiment (Golding et al.
2014) carried out during the 2012 Olympic and Paralympic Games. The trial described in this paper used a
simple rainfall threshold expressed in language designed
to make the connection with people’s experience as direct as possible. Raw outputs of the system have also
been coupled to a 1-km grid rainfall–runoff model of
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England and Wales (Price et al. 2012). Use of this coupled system as a proof of concept in support of the
Glasgow Commonwealth Games in 2014 is the subject
of a separate paper (Moore et al. 2015). Section 2 describes the structure of the ensemble prediction system.
Section 3 presents results from a single case study of
surface water flooding in Edinburgh, Scotland, which
was used to guide the design of the trial. In section 4 we
assess the probability outputs for several heavy rainfall
events during the 2012 trial period. In section 5 we discuss some of the lessons from the trial, and in section 6
we draw some overall conclusions.

2. The forecasting approach
The NWP model used for this study was the MetUM,
which solves the equations of atmospheric motion using
the integration scheme of Davies et al. (2005). Representations of other physical processes include radiation
(Edwards and Slingo 1996), mixing in the lower part of
the atmosphere (Lock et al. 2000; Lock 2001), clouds
and precipitation (Wilson and Ballard 1999), and (in the
global and regional configurations) convection (Gregory
and Rowntree 1990). The Met Office Surface Exchange
Scheme (MOSES) is used to model the exchanges of heat,
moisture, and momentum between the surface and atmosphere (Essery et al. 2003). Performance at convectionpermitting resolutions has been investigated by Lean et al.
(2008) and Tang et al. (2013). In this configuration, clouds
are represented as interacting mixtures of cloud drops,
snow, ice crystals, graupel, and rain.
The Met Office Global and Regional Ensemble Prediction System (MOGREPS) used in this research consisted of a three-level cascade: MOGREPS-G (Tennant
and Beare 2014), with a global 60-km grid; MOGREPS-R,
with a regional 18-km grid; and MOGREPS-UK
(Tennant 2015), with a local 2.2-km grid (note that,
subsequent to this research, MOGREPS-UK is now
nested directly inside a 33-km grid MOGREPS-G).
MOGREPS-G was initialized using the Met Office
four-dimensional variational data assimilation (4DVar) system (Lorenc et al. 2000) and used the local ensemble transform Kalman filter (LETKF) perturbation
technique of Bowler et al. (2009) to generate its initial
perturbations. MOGREPS-R used a regional 4D-Var
initialization with perturbations downscaled from
MOGREPS-G. MOGREPS-UK used both initial state
and perturbations downscaled from MOGREPS-R. The
use of downscaled perturbations avoids disturbances due
to mismatched boundary conditions.
The Edinburgh case study described in section 3 was
run using the MOGREPS-UK 2.2-km ensemble in offline, experimental mode. It was initialized from the 3-h
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forecast of the 1500 UTC operational MOGREPS-R
ensemble run, the day before the flood. A control and 11
perturbed members were run.
The 2012 trial described in section 4 was run using the
MOGREPS-UK 2.2-km ensemble running a 6-hourly
cycle as part of the real-time operational schedule and
using initial conditions from the 3-h MOGREPS-R
forecast, but without operational use of the products. A
control and 11 perturbed members were run in
each cycle.
Bearing in mind the lack of high-resolution data assimilation, forecasts were only presented for lead times
of 6 h or more to avoid the spinup period for convectivescale motions. Forecast products were generated from
the ensemble outputs according to an assessment of the
information that might be of most use to the intended
audience. The Edinburgh case study was aimed at professional users in flood management. For this audience, a
rainfall accumulation threshold with specific relevance to
surface water flooding was selected. As will be discussed
in section 3, presentation of the probabilities of intense
rainfall evolved in response to the findings of this case.
The choice of a presentation that represented occurrence
of intense rainfall within a radius of any point was guided
by the areal responsibilities of the managers. When taking
these lessons into the 2012 trial, choices needed to be
adjusted for a public audience. In this case, the intense
rain products formed part of a portfolio of probability
products designed to answer common questions that had
been recorded during a variety of public engagement exercises [e.g., during the work described in Stephens et al.
(2011)] and provided by other public authorities (e.g.,
during four roadshows on public requirements for surface
water flood alerts in early 2012; Environment Agency
2012, unpublished report). These indicated that recipients
would be largely concerned with what happened in their
street, but over a range of time scales from an hour up to
the period of daylight.
Verification of the precipitation forecasts is carried
out using observations from the U.K. network of C-band
radars. Over most of England and Wales the density of
radars ensures that any location lies within 100 km of a
radar (at which range, the median beam height is about
1 km above ground level), minimizing the impact of the
bright band and low-level modification of the rain rate
(e.g., from evaporation). Following signal processing for
clutter removal, the radar returns are processed for
spurious echo removal, range correction, and vertical
profile correction (including brightband removal) and
are calibrated using time series comparison with nearby
rain gauges (Kitchen et al. 1994; Harrison et al. 2014).
The resulting single-site precipitation estimates are
composited onto a 1-km U.K. grid, using the lowest
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FIG. 1. Rainfall accumulations from 0900 to 2100 UTC 8 Jul 2011 from the Met Office
composite radar network.

beam at each grid location. The 5-min corrected radar
rate estimates are aggregated to hourly 2-km gridded
values for comparison with the model predictions. These
2-km gridded rainfall estimates are compared routinely
with rain gauges lying within 100 km of each radar. The
root-mean-square difference during summer 2012 was
1.02 mm in 68 247 nonzero hourly rainfall comparisons.
A significant part of that difference is attributable to
differences in spatial and temporal sampling.
While rainfall verification is important in checking
whether the rainfall forecast is accurate, it does not address the issue of why a member of the public would
want to know about rainfall of this intensity, which is
mainly for surface water flooding leading to impassable
roads and flooded homes. The joint Flood Forecasting
Centre (FFC) of the Environment Agency (EA) and the
Met Office (FFC 2015) is responsible for the issue of
flood alerts for England and Wales. One of their responsibilities is routine real-time verification, including
for surface water flooding. Flood data are gathered by
FFC staff from a variety of sources: primarily the Internet, using Google to search for news items mentioning flooding, but also social media using Hootsuite
(Wikipedia 2015) to retrieve tweets that mention

flooding and associated words, and internal (EA) reporting. Data gathering is the responsibility of the duty
hydrometeorologist but is delegated to other members
of the team as the operational workload increases during
an event. Responsibility is not just to gather information
but to assess its veracity (e.g., exaggerated local press
report or perhaps a burst water main) and classify the
observation with a severity and flood source. The system
has developed over time. Summer 2012 fell midway
through this process of maturing.

3. Preliminary case study
Following a very dry spring of 2011, soil moisture
deficits in Scotland had recovered somewhat during a
moderately wet June (CEH 2011). A brief anticyclonic
spell in early July was replaced from 6 July by a cutoff
low that moved slowly northeastward with regions of
convective instability circulating around it. On 8 July
2011, parts of Edinburgh experienced flooding from
heavy downpours associated with slow-moving thunderstorms. Daily gauges in the area reported up to
43.6 mm. Radiosonde ascents from close to the region of
interest (not shown) indicated the possibility of slow-moving
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FIG. 2. Rainfall accumulations from 0900 to 2100 UTC from (a) the 12 regional 18-km ensemble forecasts and
(b) the 12 U.K. 2.2-km ensemble forecasts. Ensemble member numbers are marked in the upper left corner of
each map.
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FIG. 3. (a) Bar chart of maximum 3-h rainfall accumulations from the 12 ensemble members in the period 0900–
2400 UTC 8 Jul 2011 within 10 (black) and 25 km (gray) of Edinburgh. (b) Ensemble forecasts of the probability of
exceeding 40 mm of rain in any 3-h period between 0900 and 2400 UTC 8 Jul 2011: green and red pixels show probabilities
estimated from the fraction of exceedances in each grid square. (c) Ensemble forecasts of the probability of exceeding
40 mm of rain in any 3-h period between 0900 and 2400 UTC 8 Jul 2011: colored shading indicates probabilities estimated
from the mean fraction of exceedances within 25 km of each grid square using neighborhood processing. Crosses in
(b) and (c) are radar-derived observations. The black square has width 25 km and is centered over Edinburgh.
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heavy storms, supported by model profiles. Figure 1 shows
the accumulated rainfall for the daytime period observed by
the radar network.
The global ensemble from 1200 UTC 7 July was used
to initialize a regional ensemble from 1500 UTC and
then the high-resolution U.K. ensemble from 1800 UTC,
providing a forecast that would have been available for
planning decisions prior to the day of the flood. The
control run of the regional ensemble described the largescale meteorological conditions well. However, both
the control run and the individual ensemble members
simulated the precipitation rather poorly (Fig. 2a)—
precipitation was too widespread over land and the
highest accumulations were significantly underestimated.
Furthermore, too much rain was forecast on the upwind
(southeast) slope of the mountains. This behavior is
typical of a model that uses a parameterization scheme
to represent convective clouds.
The 2.2-km ensemble members were more realistic
(Fig. 2b). Rainfall totals are much closer to observations
and the patterns more realistic. The upwind side of mountains had less precipitation in some members, including the
control. Most of the forecasts show widespread showers
being blown onto the east coast and intensifying over high
ground. However, the relative intensities over the North
Sea and over land vary from member 1, with no rain over
the sea, to member 6, with widespread rain over the sea.
Comparing Fig. 2b with Fig. 1, it is evident that a majority of
the ensemble members have storms over the high ground
that exceed the intensity of any observed storm in that area.
On the other hand, the storms forecast in the lowland area
around and to the west of Edinburgh have accumulations
that are similar to or rather less than those observed. The
difference is most likely linked to differences in the model
responses to strong topographic forcing over the mountains as opposed to the weaker forcing farther south.
Looking at the Edinburgh area (see Fig. 3b for its
location), Fig. 3a shows the maximum 3-h rainfall within
10 and 25 km of the city from each ensemble member.
The upper dashed line marks the ‘‘40 mm in 3 h’’
threshold for ‘‘extreme’’ rainfall alerts to emergency
responders for surface water flooding. The graph shows
that 4 out of 12 members exceeded the alert threshold
for a flood-generating storm within 25 km, with two near
misses exceeding a lower threshold of 30 mm. Within
10 km, there were just two near misses. In this case, a
25-km-wide averaging domain appears to be needed to
provide an actionable signal.
More widely across Scotland, Fig. 3b shows just a
scattering of grid squares with one or more members
(i.e., $8% probability) exceeding the 40 mm in 3 h
threshold, suggesting discrete, disconnected locations at
risk of intense rainfall. This is clearly misleading—the
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FIG. 4. Map of locations referred to in the descriptions of the case
studies.

precise locations are unpredictable and we would expect
probability to vary smoothly—and is due to the ensemble being too small. Inspection shows that only
about 1% of pixels in Fig. 3b have nonzero probability.
Given that all pixels should have nonzero probability, it
would appear that at least 100 times as many ensemble
members are needed, giving a number that is impractically large with current computers. Instead, we use
postprocessing to generate a smooth probability field
that more realistically indicates the likelihood of extreme rainfall (Fig. 3b). First, for each pixel and ensemble member, we note whether a nearby pixel, within
25 km, exceeded the threshold (40 mm in 3 h). If so, the
pixel was set to 1 to indicate that an event happened
nearby; otherwise it was set to 0. This spreads the high
probability pixels to a circle of radius 12 pixels on the
2-km grid. The probabilities displayed are then the fraction of those pixels with a value of 1 within 25 km of each
pixel. In other words, it gives the probability of at least
one extreme occurrence within 25 km of a location
given a spatial uncertainty of 25 km in the forecasts. This
is a variation on neighborhood approaches described by
Germann and Zawadzki (2004) and Theis et al. (2005)
for forecasting and by Roberts and Lean (2008) for
verification. To the extent that the residual uncertainty is
spatial, it effectively increases the ensemble size by a
factor of 169. The resulting probability distribution in
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FIG. 5. (a) The 0600–2100 UTC 5 Jul 2012 pointwise maximum of the hourly radar accumulations and (b) 1400–
1500 UTC 5 Jul 2012 hourly radar accumulation. (c) The 15-h probabilities of intense rain sometime during
0600–2100 UTC 5 Jul 2012 from the 1500 UTC run; (d) the 1-h probabilities of intense rain sometime during
1400–1500 UTC 5 Jul 2012 from the 0300 UTC run. Locations of reported surface water flooding are indicated
in (a) and (c) by double wavy lines.

Fig. 3c compares well with the locations of observed
3-hourly rainfall totals exceeding 30 and 40 mm. Highest
probabilities are forecast over the mountains to the north
of Edinburgh, where several storms of near to the
threshold intensity were observed. Farther south, over

Edinburgh, a probability of 30%–40% of exceeding the
threshold within 25 km is predicted.
The fact that the most intense storm did not occur in the
region of highest probability is not necessarily inconsistent. Indeed, given suitable conditions of convective

Unauthenticated | Downloaded 01/09/23 07:41 AM UTC

1392

JOURNAL OF HYDROMETEOROLOGY

VOLUME 17

TABLE 1. Flooding reports on 5 Jul 2012.
Location

Area on map

Impact

Source

Seascale in Cumbria
Goole
Barnard Castle in Durham
Durham
Durham
Durham
Alnwick
Chalfont St Peter in
Buckinghamshire

Northwest
Northeast
Northeast
Northeast
Northeast
Northeast
Northeast
London

Fire crews pumped out several homes
Several homes flooded
Car swept off road
Several homes and businesses flooded
95 requests for sandbags
Several road closures
2-ft flood in town center from 30 min of rain
Two roads flooded, no homes

Fire and rescue (F&R)
East Yorkshire Council
Press/picture
Press
County council
Press
Press/picture
Press

instability and inhibition, it is to be expected that convective storms will be less probable, but more intense, in
an area of weaker surface forcing. On the other hand, the
overprediction of rainfall, noted earlier in the area of
strong surface forcing over the mountains, has resulted in
erroneously raised probabilities in that area relative to
those farther south. Nevertheless, taking account of the
vulnerability of the urban fabric to rainfall of this intensity, the forecast risk (taken as the product of probability and vulnerability) was clearly highest in Edinburgh,
and a probability of 30%–40% would certainly be sufficient to alert emergency responders to the risk of surface
water flooding impacts in the city.
Results from this case study support the principle of
using a convective-scale ensemble to predict a range of
scenarios that could be expected to include storms
similar in magnitude and location to those observed.
However, if the output of an affordable ensemble is to
provide useful information to surface water flood managers, it is clear that great care will be needed in postprocessing and presenting the results.

4. The 2012 trial
During the Olympic and Paralympic Games in July–
September 2012, an ensemble configuration similar to
that used for the Edinburgh case study was trialed in real
time. Probabilistic products were used by forecasters
and made available to the public on a research website
set up for the purpose (Golding et al. 2014). Several
rainfall rate thresholds were used (0.2, 4, 8, and
16 mm h21) described as light, heavy, very heavy, and
intense rainfall. The upper rain-rate threshold was selected on the basis that it approximated to the thresholds
of 30 mm in 1 h, 40 mm in 3 h, and 50 mm in 6 h found by
Falconer et al. (2009) to produce widespread surface
water flooding in urban areas of lowland England. They
represent average 30-yr return periods in this area. We
presented maps of the probability of exceeding each
threshold at some time in a period, either in 1 h or in the

entire daytime period (taken as 0600–2100 UTC). Thus,
we provided information on the likelihood of rain occurring that would be intense enough to cause localized
flooding, both at some time during the following day, to
enable forward decisions to be made about staffing and
equipment availability, and at some time during each
hour of the current day, to enable more focused decisions on readiness of response teams. Shades of gray
were chosen for the maps so as to provide the same
visual relation of increasing density to increasing probability, regardless of the color vision of the user. Explanatory material was provided on the website to help
members of the public interpret the maps.
In designing the trial, a key decision was the form of
the postprocessing to be undertaken on the ensemble
probabilities, bearing in mind the conclusions of the
Edinburgh case study, the fact that the audience was the
public rather than flood forecasters, and the wider range
of variables and thresholds that were being presented. In
the light of previous interaction with the public and with
emergency managers who deal with the public, it was
concluded that maps of rainfall probabilities for an area
around each location would be confusing and that the
meaning of site-specific probabilities was more likely to
be understood by members of the public. At the same
time, the length scale of the neighborhood processing
was reduced from 25 to 15 km in the light of preliminary
(unpublished) verification results.
Initial implementation of the ensemble took place
in early June 2012, but full product generation and
archiving commenced on 5 July. Nine days of data were
missed in the first 2 weeks because of archive malfunctions, and a further 6 days are missing through the rest of
the trial, which completed on 30 September. A total of
77 days of data are available for analysis.
Following a dry start to the year, summer 2012 was
notably wet in the United Kingdom. From June to early
August, Atlantic depressions repeatedly approached the
United Kingdom from the west, becoming slow moving with
active, often intense, convection over the United Kingdom,
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FIG. 6. (a) The 0600–2100 UTC 29 Jul 2012 pointwise maximum of the hourly radar accumulations and (b) 1300–
1400 UTC 29 Jul 2012 hourly radar accumulation. (c) The 15-h probabilities of intense rain during 0600–2100 UTC 29
Jul 2012 from the 1500 UTC run; (d) the 1-h probabilities of intense rain during 1300–1400 UTC 29 Jul 2012 from the
0300 UTC run.

leading to frequent localized surface water flooding. From
the middle of August, the depressions became less frequent
and the precipitation more stratiform. September was initially dry, but heavy rainfall returned later.
Initial inspection of the radar observations and forecast probabilities indicated that a direct comparison

might not provide a good match to the perceptions of
forecast users. It was evident from comparing the area
over which the observed radar rate exceeded 16 mm h21
sometime during an hour with the area over which the
hourly observed radar accumulation exceeded 16 mm
that the former greatly overstated the extent of observed
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FIG. 7. (a) The 0600–2100 UTC 9 Jul 2012 pointwise maximum of the hourly radar accumulations and (b) 1300–
1400 UTC 9 Jul 2012 hourly radar accumulation. (c) The 15-h probabilities of intense rain sometime during
0600–2100 UTC 9 Jul 2012 from the 1500 UTC run; (d) the 1-h probabilities of intense rain sometime during
1300–1400 UTC 9 Jul 2012 from the 0300 UTC run. Locations of reported surface water flooding are indicated in (a) and
(c) by double wavy lines.

disruption from flooding. We chose to focus on the
surface water flood impact, and hence to use the 16-mm
threshold hourly accumulation area as the verifying
observation, accepting that this implies a recalibration
of the MOGREPS-UK products.

Although forecasts were generated and presented
for the whole United Kingdom, the quality of the radar
observations is much reduced over the complex terrain
of Scotland, and we only have a record of surface
flooding for England and Wales. We have therefore
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TABLE 2. Flooding reports on 9 Jul 2012.

Location

Area on map

Hebden Bridge in Yorkshire

Northeast

Hebden Bridge in Yorkshire

Northeast

Saxilby
Llandre in Ceredigion
Talybont in Ceredigion
Wimborne, Wareham,
Stoborough
Sandown

Lincolnshire
Wales
Wales
Dorset
Isle of Wight

Impact

Source

40 mm in 3 h; train station closed,
homes flooded, library evacuated
500 tons of sediment removed from roads
Trains disrupted by landslip caused by rain
43 people rescued from flooded caravan park
25 homes evacuated
Rivers overflowed, extensive flooding;
people rescued from trapped cars
Caravans flooded

chosen to restrict the analysis presented here to England and Wales.
From the 77 cases for which both radar data and ensemble forecasts were available, we selected seven cases
that illustrate characteristic strengths and weaknesses of
the forecasts. For each case, we present the maximum
hourly rainfall accumulation though the 15-h period 0600–
2100 UTC, the selected hourly rainfall accumulation when
the rainfall was at its most intense (usually shortly after
midday), the forecast probability of intense rain sometime
during the 15-h period 0600–2100 UTC of the next day
from the 1500 UTC forecast run, and the forecast probability of intense rain during the selected hour from the 0300
UTC run on the same day. The forecasts were selected,
taking account of information gained from the four roadshows on public requirements for surface water flood alerts
held in early 2012 (Environment Agency 2012, unpublished
report). These indicated a need for an evening alert, to be
used in deciding on the following day’s activities, updated
with more detail in the early morning for planning prior to
their start. Consistent with this, the 0300 UTC forecast
usually provides more reliable detail at smaller space and
time scales than the previous day’s 1500 UTC forecast
run. Locations referred to in the text are shown in Fig. 4.

a. Case 1: 5 July 2012
Widespread heavy showers associated with a deep
cutoff low centered to the southwest of the United
Kingdom were mostly focused along an old cold front
lying north-northwest–south-southeast from western
Scotland to eastern England (Fig. 5a). Hourly radar
accumulations show that several storms produced
hourly totals in excess of 16 mm, with isolated hourly
accumulations of over 32 mm. The first storm developed
over the hills of northern England at 1000 UTC and was
succeeded from noon by areas of storms in southwestern
Scotland and eastern England (Fig. 5b). From 1700 UTC
a new area of storms developed in northwestern
England, lasting into the evening. Flooding was reported

Tweets/photos
British Broadcasting
Corporation (BBC)
BBC
BBC/tweets/ photos
BBC
BBC
EA

in northwestern and northeastern England and also
to the north of London (see Table 1). The forecast
probability of intense rainfall from 1500 UTC for 0600–
2100 UTC (Fig. 5c) captured extremely well the general
areas at risk of these large hourly rain accumulations,
though with no areas exceeding a 60% probability. The
hourly probability maps depend much more on temporal
forecast accuracy and are therefore more susceptible to
small-scale forecast errors. Hourly probabilities from the
0300 UTC run (Fig. 5d) missed an early storm. Otherwise,
the general patterns were quite well picked out at the
10%–20% probability level, though with a tendency for
probabilities to increase 1–2 h after the storms actually
reached the threshold intensity.

b. Case 2: 29 July 2012
A vigorous depression was centered over northeastern
Scotland with showers covering the whole of the United
Kingdom (Fig. 6a). From 1100 UTC, heavy showers developed over central and eastern England, associated with
passage of a trough. Some of these showers developed into
bands that propagated downwind. The heaviest showers
($32 mm) were in East Anglia from 1300 to 1500 UTC
(Fig. 6b). Despite the intensity of the observed showers,
there was no flooding reported on this day (Flood Forecasting Centre 2012, unpublished report). The 1500 UTC
forecast from the previous afternoon (Fig. 6c) correctly
picked out the southern Hampshire to Essex track as the
most intense, with a core probability of over 60% in the
London area. It also had areas of 40% probability over
northern Norfolk, matching the observed precipitation
there, but additional 40% areas in northwestern England
were not matched by observed storms. The 2100 UTC
forecast had an even better match (not shown). The
0300 UTC forecast (not shown) was slightly less well
oriented over southern England, but still picked up the
southern Hampshire maximum at 60% and the area of
intensification over East Anglia at 60%. All of the forecasts highlighted early development over the north coast

Unauthenticated | Downloaded 01/09/23 07:41 AM UTC

1396

JOURNAL OF HYDROMETEOROLOGY

VOLUME 17

FIG. 8. (a) The 0600–2100 UTC 13 Jul 2012 pointwise maximum of the hourly radar accumulations and (b) 1700–
1800 UTC 13 Jul 2012 hourly radar accumulation. (c) The 15-h probabilities of intense rain sometime during 0600–
2100 UTC 13 Jul 2012 from the 1500 UTC run; (d) the 1-h probabilities of intense rain sometime during 1700–
1800 UTC 13 Jul 2012 from the 0300 UTC run. Locations of reported surface water flooding are indicated in (a) and (c) by
double wavy lines.

of Cornwall and Devon during the morning, but it was the
0300 UTC run that correctly timed this as it moved east
and then developed into the southern Hampshire to Essex band, with peak hourly probabilities of 40% over
southern Hampshire from 1300 to 1400 UTC (Fig. 6d).

c. Case 3: 9 July 2012
From 1200 to 2000 UTC, an isolated band of small intense showers developed along a quasi-stationary warm
front lying across the northerly airstream associated with a
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TABLE 3. Flooding reports on 13 Jul 2012.
Location

Area on map

Impact

Source

Kerry, Knighton, Forden in Powys
Holywell in Flintshire
Ludlow
Cleobury Mortimer in Shropshire
Cambridgeshire
Cogenhoe in Northamptonshire

Wales
Wales
Cheshire
Cheshire
East Anglia
Midlands

BBC
BBC
Local press
Local website
EA
EA

Langham in Rutland

Midlands

Flash flooding affecting homes
Flooded road
Highway closed by flooding
Homes flooded
Freeway and other roads flooded
Caravan park evacuated because of
overtopping river
Road closed for 1 h because of flooding

depression over southern Scandinavia. The most intense
showers were in Lancashire and local totals of $32 mm
were recorded from 1300 to 1400 UTC (Fig. 7b). Serious
surface water flooding was reported in parts of Yorkshire.
Flooding was also reported in Wales and Dorset, but this
was most likely due to fluvial flooding from earlier rainfall
(see Table 2). The 1500 UTC forecast (Fig. 7c) had no area
of probability exceeding 5% for this day, and only the
0300 UTC forecast (not shown) gave any indication of this
development in the daily probabilities (at a probability of
10%). The hourly probabilities from the 0300 UTC run
(Fig. 7d) indicated just a 5% likelihood in the vicinity of
the observed location.

d. Case 4: 13 July 2012
A bent back occlusion in a broad trough was analyzed
through the Midlands and Wales from a weak depression
crossing southeastern England. A band of rain through
northern Wales and the Midlands produced rain
throughout the day without any intense cells. Around
noon, a line of storms started to develop in southern
Wales and then another in mid-Wales, possibly on the sea
breeze. The mid-Wales storms quickly became intense,
with peak hourly accumulations of more than 32 mm, and
took on the character of a squall line (Figs. 8a,b).
Flooding was reported widely across Cheshire, midWales, and East Anglia (Table 3). The 15-h probabilities from the 1500 UTC run were low (Fig. 8c), generally
having peak values of 20% across southern Wales, the
southern Midlands, central southern England, and East
Anglia. The 0300 UTC run (not shown) picked out the
correct area of southern Wales for a local maximum
probability, but without the extension northward into
northern Wales, and still of only 20%. It also had another
area of 40% probability in central southern England,
where the showers did not intensify to the same extent.
The hourly maps (Fig. 8d) show only the weakest of indications, at 5%–10% of the developments in Wales. The
0300 UTC run had the best attempt at the mid-Wales
storms in the hourly maps for 1800–1900 UTC, but only at
the 5% probability level. There was more consistency for

Local press

the southern England band, which, however, was only
observed to develop 8-mm hourly accumulations.

e. Case 5: 5 August 2012
A depression initially centered over the western part
of the English Channel moved northeast during the day.
Initially, storms developed in southern Scotland, with
hourly totals in excess of 32 mm, associated with a
trough moving north (Figs. 9a,b). Later storms on the
tail of this trough over northeastern England also
had $32 mm hourly totals. Farther south, storms developed in central southern and southwestern England
that then propagated northeast, reaching $16 mm, with
an isolated storm reaching $32 mm over Norfolk. An
intense storm ($32 mm) also developed in Cheshire
near the Welsh border and moved northeast before
decaying. A mix of surface and fluvial flooding was reported widely across southwestern, northwestern, and
northeastern England; southern Wales; and Cheshire
(see Table 4). The day probabilities from the 1500 UTC
run (Fig. 9c) all captured the widespread nature of the
storms, and especially the maximum (60%) in the corridor from southwestern England toward the northeast.
All runs also had 40% probabilities in northern England
and the northern Wales border, the latter location being
the only forecast area where intense storms did not break
out. Given the sensitivity of the Olympics in London, all
runs suggested that the main area of risk would be to the
west of London, with only a 20% probability over the city
itself. Hourly probabilities correctly identified the enhanced risk over the northern Pennines in the early
morning. In the south, the eastward propagation of enhanced probability from southwestern England is well
captured, with peak probabilities of $20% in the 0300 UTC
run (Fig. 9d).

f. Case 6: 17 August 2012
A waving quasi-stationary front extended from the
south of Ireland to northeastern England, with heavy
bursts of rain giving maximum hourly accumulations of
more than 16 mm over the mountains of southern Wales
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FIG. 9. (a) The 0600–2100 UTC 5 Aug 2012 pointwise maximum of the hourly radar accumulations and (b) 1400–
1500 UTC 5 Aug 2012 hourly radar accumulation. (c) The 15-h probabilities of intense rain sometime during
0600–2100 UTC 5 Aug 2012 from the 1500 UTC run; (d) the 1-h probabilities of intense rain sometime during
1400–1500 UTC 5 Aug 2012 from the 0300 UTC run. Locations of reported surface water flooding are indicated in
(a) and (c) by double wavy lines.

(Figs. 10a,b). Flooding was reported in Cornwall,
Devon, and in several parts of southern Wales, mostly
from surface water (Table 5). The affected areas were
well portrayed by the daily probabilities peaking at 90%
in the 1500 UTC run (Fig. 10c) and 95% in the 2100 UTC

run (not shown). The hourly probabilities from the
0300 UTC run (Fig. 10d) are much higher than in previous cases because of the widespread nature of the
rainfall, reaching 40% and with the 20% line encompassing all affected areas.
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TABLE 4. Flooding reports on 5 Aug 2012.
Location

Area on map

Chester
Mid- and west Wales
Torfaen
Llay, Rossett, Gresford
Carmarthenshire
Whitland in Carmarthenshire
Narberth in Pembroke

Cheshire
Wales
Wales
Wales
Wales
Wales
Wales

Nailsea, Portbury
Wiltshire
Chudleigh, Kingsteignton,
Dawlish
Redpost
Wales

Somerset
Hampshire
Devon

Prestwich, Whitefield, Swinton,
Greater Manchester
Glasson Dock, Bacup
Todmorden, Bradford in West
Yorkshire
Dalton, Cumbria
Hebburn, Jarrow, Gateshead in Tyne, Wear

Lancashire

Northwest
Northeast

Newcastle

Northeast

Cornwall
Wales

Lancashire
Northeast

g. Case 7: 24 August 2012
A depression was centered to the southwest of Ireland
with an occluded front that moved east across southern
England and Wales during the day. Apart from some
late afternoon showers in northern Wales, which just
reached 8-mm hourly accumulation, the main area of
rain associated with the front reached Cornwall around
0400 UTC and then moved east along the south coast of
England, leaving Kent at about 1900 UTC (Figs. 11a,b).
Hourly accumulations in excess of 8 mm were observed
out to sea, but not over land. No surface water flooding
was reported on this day (Flood Forecasting Centre
2012, unpublished report). The forecasts all correctly
identified the position and timing of the frontal rain area
(Fig. 11c). The forecast probabilities (5%–10%) in
northwestern Wales are slightly misplaced but give an
indication of risk there. In contrast, probabilities of intense rainfall sometime during the day exceeded 60%
along the south coast counties as far east as the Isle of
Wight in all runs. In the hourly probability charts
(Fig. 11d), all runs gave a core of 20% in the center of the
rain area as it moved east.
Similar analyses (not shown) were performed on the
remaining 70 cases. Figure 12a records summary results
from the previous day’s 1500 UTC forecasts in calendar
form. Each cell shows the maximum forecast probability

Impact

Source

Shops, market flooded
.70 calls to F&R
Home flooded, road closed
Homes flooded and damaged
Highway and railway closed by floods
Five people rescued from trapped car
Six homes and 21 caravans flooded,
roads and railway flooded, and
river overflowed
Flooded homes, landslip
Roads flooded
Homes flooded

Press
F&R
BBC
Press
BBC
BBC
F&R/BBC

Motorists trapped in cars
Homes, caravans, roads, and railways
flooded; many motorists rescued
Freeway flooded and .100 homes flooded;
rescues from homes and a car
Homes flooded
Homes flooded and damaged

BBC
BBC

20 homes flooded
199 F&R flood calls in 3 h; roads and
property flooded
Freeway closed

BBC
Local press
BBC/picture

BBC
EA
Local press/BBC
Local press
Press/picture
Press

of intense rainfall occurring somewhere in England and
Wales during the period 0600–2100 UTC on that day.
The 20 days on which an hourly accumulation in excess
of 16 mm was observed sometime between 0600 and
2100 UTC and somewhere in England and Wales are
filled in black. The 21 days on which surface water
flooding was reported somewhere in England and Wales
are marked with a dot. The maximum forecast probability over England and Wales is extracted for each
forecast and placed in bins (0%–5%, 5%–20%, 20%–
40%, 40%–60%, 60%–80%, 80%–95%, and 95%–
100%). Figure 12b shows the frequency of each forecast
probability bin, and Fig. 12c shows the forecast reliability for intense rainfall days and/or surface water
flooding days. A reliable forecasting system will produce
results lying on the 458 diagonal (the full line). The results shown in Fig. 12c are reasonably close to this, both
for the days with intense rainfall (dotted line) and for the
days with reported surface water flooding (dashed line).
We may deduce that at broad spatial and time scales, the
forecasts are reliable.

5. Discussion
Cases 1, 2, and 5 show widespread convective storms
associated with a cyclonic weather regime and weak
fronts. The forecasts show similar behavior, identifying

Unauthenticated | Downloaded 01/09/23 07:41 AM UTC

1400

JOURNAL OF HYDROMETEOROLOGY

VOLUME 17

FIG. 10. (a) The 0600–2100 UTC 17 Aug 2012 pointwise maximum of the hourly radar accumulations and (b) 1100–
1200 UTC 17 Aug 2012 hourly radar accumulation. (c) The 15-h probabilities of intense rain sometime during
0600–2100 UTC 17 Aug 2012 from the 1500 UTC run; (d) the 1-h probabilities of intense rain sometime during
1100–1200 UTC 17 Aug 2012 from the 0300 UTC run. Locations of reported surface water flooding are indicated in (a) and
(c) by double wavy lines.

the areas most at risk with higher probabilities, which
generally become more accurately placed in subsequent
forecasts. The probability level is also generally higher
the more intense the observed rainfall.

Cases 3 and 4 show isolated storms along a frontal
boundary. Here the forecasts also give a clear signal, but
at a very low probability level, and in case 4, a misplaced
location. The isolated nature of the storms has contributed
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TABLE 5. Flooding reports on 17 Aug 2012.

Location

Area on map

Impact

Source

Liskeard
Cheriton Bishop
Neath
Swansea
Kilgetty in Carmarthenshire

Cornwall
Devon
Wales
Wales
Wales

Highway closed by flooding
Freeway flooded but just passable
Train delays because of flooding
Mother and child rescued from car stranded in floods
Six homes protected from flooding by pumping

Twitter
BBC
Rail operator
BBC
F&R

to the low probabilities in both the ensemble and neighborhood processing.
Cases 6 and 7 show convective maxima embedded in
stratiform frontal precipitation. Here the forecasts are
less successful at locating the maxima and give extensive
areas of high probability on occasions when the threshold was either not reached, or only locally over high
terrain. Here the forecast rainfall has been too heavy
and its extensive nature has increased the neighborhood
fractional occurrence in each member, resulting in
raised probabilities.
In all cases, the match of the highest probabilities to
the observed areas of intense rainfall generally improved as the forecast length decreased. However, this
did not happen uniformly in every area of intense rainfall. Given that the results here are from a downscaled
ensemble, they illustrate the sensitive nature of the
large-scale drivers of convective storms in the United
Kingdom. Since we cannot expect convective-scale data
assimilation to correct small synoptic-scale forecast errors at lead times beyond 12 h ahead, these results
make a strong argument for combining successive runs
in the probability postprocessing. They also emphasize
the importance of further improvements to synopticscale data assimilation.
Overall, we see that there is a good match between
areas of maximum probability and those areas where
intense rainfall occurs. This may be partly a reflection of
the nature of the rainfall during this period—extended
periods of more isolated or more widespread precipitation might give different signals. Further work is
needed to determine how to provide more useful guidance to users, whether by guidance on associating
thresholds with weather types or through more sophisticated postprocessing. Such guidance or postprocessing
will assume greater importance when applied to
streamflow or surface water inundation probabilities,
when the nature of the meteorological drivers will be
less directly evident.

6. Conclusions
The individual case studies in sections 3 and 4 confirmed that the Met Office Unified Model, consistent

with findings of other kilometer-scale modeling studies,
is able to represent intense rainfall events that give rise
to surface water flooding, causing damage and disruption. It reproduces the main characteristics of intense
summer convection in the United Kingdom, including
peak hourly accumulations at kilometer scale. Further
model and data assimilation development can be expected to refine the spatial and temporal accuracy of the
forecasts.
The probability forecasts for 0600–2100 UTC of the
following day, summarized in Fig. 12, successfully
identified both the days on which intense rain was observed and the days on which surface water flooding was
observed with a high degree of reliability. In general,
there was a good match between the areas of higher
probability and the observations. Cases with large
stratiform areas of rain, such as cases 6 and 7, appeared
to be overforecast by the ensemble, while those, such as
cases 3 and 4, with isolated convective storms appeared
to be underforecast. The averaging effect of the neighborhood postprocessing contributes to this, and it is
clear that further work remains to be done on the
method of presentation of this information.
The individual hourly predictions were not assessed
quantitatively, but generally showed some skill in the
additional detail, consistent with the shorter lead time.
The match between locations and times of peak probability and observed intense rainfall was mostly good.
However, in general, the hourly probabilities were very
low. While this is probably consistent with the true uncertainty in forecasts of such extreme intensities, it raises
difficult challenges in communication that require further work, especially if such information is to be provided in public warnings.
The presentational changes introduced between the
pilot case study and the 2012 trial produced a set of
products that were easier to explain to a public audience
and that retained smaller-scale information, while
maintaining a coherent picture of the variations in
probability. However, they resulted in very small probabilities of exceeding the threshold in a specific hour,
which undoubtedly reduced the likelihood of appropriate decisions being taken. Both the success of the
changes and the remaining weaknesses emphasize the
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FIG. 11. (a) The 0600–2100 UTC 24 Aug 2012 pointwise maximum of the hourly radar accumulations and
(b) 1500–1600 UTC 24 Aug 2012 hourly radar accumulation. (c) The 15-h probabilities of intense rain sometime
during 0600–2100 UTC 24 Aug 2012 from the 1500 UTC run; (d) the 1-h probabilities of intense rain sometime
during 1500–1600 UTC 24 Aug 2012 from the 0300 UTC run.

need to work with end users in designing operational
products of this sort.
For simplicity, a downscaling approach to ensemble
generation was used in the case study and trial. As a
result, only forecasts of more than 6 h ahead were presented. In the future, incorporation of high-resolution

data assimilation and perturbations will enable use of
the ensemble forecasts in the first 6 h, when most
warnings are issued. This should also permit more spatial precision to be retained in the postprocessing.
The work presented in this paper forms part of an ongoing program of work aimed at improving operational
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FIG. 12. Summary of trial results for the occurrence or not of intense and/or flood-producing rainfall somewhere in
England and Wales, sometime during each day. (a) Calendar of daily intense rainfall/flood occurrence and forecast
probability: black (white) cells are days when hourly accumulations of more than 16 mm were (were not) observed by
radar. The figures are the maximum forecast probability of exceeding 16 mm h21 sometime during the day. A dot
after the forecast symbol indicates that surface water flooding was reported. Gray cells are missing data.
(b) Reliability plot of forecast probability of intense rain vs observed frequency of intense rain (dotted line)/observed
frequency of surface water flooding (dashed line). Results from a perfect forecasting system would lie on the 458
diagonal (full line). (c) Frequency of forecast probability ranges.

surface water flood alert services in the United Kingdom. The results were of sufficient quality to implement the ensemble in operational use and to couple it
to the grid-to-grid distributed rainfall–runoff model.
Future work is aimed at calibrating the probabilistic
runoff predictions to produce forecasts of flood inundation and impact that can be used more directly in
the preparation of alerts.
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