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ABSTRACT: Convection-permitting models (CPMs) have provided weather forecasting centres with a step-change in
capabilities for forecasting rainfall. They are now used operationally to forecast precipitation in many parts of the world,
including the UK. CPMs are models in which the dynamics of atmospheric convection is treated with sufficient accuracy in
order to make it viable to switch off convection parametrization. This review describes the current state-of-the-art in operational
CPM-based numerical weather prediction (NWP), primarily within the UK, and the historical development of CPMs. The
characteristics of CPM systems and forecasts are highlighted and placed in an international context to recognize similar trends
and highlight some differences. It is shown that the realism of CPM-based forecasts can provide improved subjective guidance
on convection, and, when measured on appropriate scales, can improve rainfall forecasting skill compared to coarser-resolution
NWP. Data assimilation techniques used with operational CPMs are reviewed and given historical context. Examples of new
types of observations that may increase the skill of forecasts from improved initial conditions are discussed. CPM-based
nowcasting systems are shown to provide considerable improvements in short-range forecasts of rapidly developing, intense
systems. As a result, these CPM-based systems provide a new forecasting capability. Finally, the development of CPMs has
also required new techniques to verify forecasts and define their skill. These have revealed that the lack of predictability of the
smallest scales involving convection means that ensemble techniques are required to represent forecast uncertainty, resulting
in a new capability to provide objective forecast probabilities of local precipitation.
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1. Introduction

This review article discusses the impact of the introduction of
so-called convection-permitting numerical weather prediction
(NWP) models (CPMs) on the rainfall forecasting process. The
objective is to review the UK experience within the Met Office
of developing and using forecasting systems over the UK. These
developments are placed in the context of similar ones occurring
elsewhere to emphasize that the trend towards use of CPMs is
becoming common, but no attempt is made at a comprehensive
review of the systems used outside the UK.

NWP can be broadly defined as the process of defining ini-
tial conditions based on observations of the current state of
the atmosphere and then integrating forward in time using a
numerical approximation to the physical laws governing atmo-
spheric dynamics and thermodynamics, including approximate
representations of physical processes such as cloud physics, tur-
bulence and radiation. In general, in modern systems, the initial
conditions use a previous short-range forecast as a ‘first guess’ in
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order to benefit from the impact of previous observations. This
must be achieved much faster than real time to make useful fore-
casts. The fundamental concept goes back to the seminal work
of Richardson (1922), and weather forecasts have been produced
using NWP for over 50 years. However, historically, most of the
focus of NWP research, development and application has been
on synoptic and larger scales. It is well known that these scales
are characterized by hydrostatic and geostrophic balance (with
the exception, in the latter case, of the equatorial region). As a
result, until recently, the majority of NWP models were based on
the hydrostatic primitive equations (HPEs) (White et al., 2005).

HPE models have been hugely successful in revolutionizing
weather forecasting. However, they suffer from the restriction
that, as a result of the hydrostatic approximation, they are unable
to represent accurately the dynamics of many smaller-scale
processes that contribute dramatically to the local weather.
This particular restriction adversely affects the simulation of
smaller-scale flows over hills and mountains as well as the
dynamics of deep convective storms. Therefore, the use of
HPE models should be restricted to scales significantly larger
than those of deep convection, which means they have to rep-
resent these smaller-scale phenomena through some form of
parametrization. This is discussed further in Section 2. At this
stage it is sufficient to state that the explicit representation of
many important weather phenomena requires both considerable
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computer power, to run the appropriate model at high enough res-
olution, and models formulated using a form of non-hydrostatic
dynamics and suitable physical parameterizations.

Non-hydrostatic, 3D numerical models emerged from the
research community in the 1970s and the 1980s. This was in the
form of models of individual convective clouds or convective
systems (e.g. Miller and Pearce, 1974; Schlesinger, 1975; Klemp
and Wilhelmson, 1978) as well as models designed for more
general mesoscale studies, such as sea breezes and orographic
flows including gravity wave propagation (e.g. Pielke, 1974;
Tapp and White, 1976; Anthes and Warner, 1978; Tripoli and
Cotton, 1980; Tripoli and Cotton, 1982; Tremback et al., 1985;
Pielke et al.,1992). These developments led to a vast mesoscale
modelling literature, covering a wide range of topics from
idealized process studies to quasi-operational forecasting.

The Met Office was one of the first National Meteorolog-
ical Services to experiment with mesoscale NWP. This was
developed from a model based on the Tapp and White (1976)
non-hydrostatic dynamics. However, computer resources avail-
able to the Met Office at that time meant that operational forecasts
with this model were restricted to a 15 km horizontal grid length
and so, despite having non-hydrostatic dynamics, a parameteriza-
tion of convection (Fritsch and Chappell, 1980; Golding, 1990)
was still required. Similar constraints applied to other national
weather services. Therefore, operational ‘mesoscale’ forecast-
ing systems were generally limited to resolutions requiring con-
vection parametrization, with CPM resolutions restricted to a
research context, until beyond the end of the 20th Century.

Arguably, the first CPM-based forecasting system used in real
time was developed at the Center for Analysis and Prediction
of Storms (CAPS), established in 1989 at the University of
Oklahoma, USA. Its ultimate vision was to make available a
fully functioning storm-scale NWP system (Droegemeier, 1990;
Lilly, 1990) for tornado prediction, which became known as
the advanced regional prediction system (ARPS) (Xue et al.,
2003). In 1999, for example, it was run for a period of expected
tornado outbreaks in a triple nested mode with the finest grid
resolution at 3 km. In the early 1990s, the Tapp and White
model was extended (Golding, 1992, 1993) to overcome the
time-step restrictions that had been imposed by the original
equation set that supported sound waves. It was modified to
be semi-implicit and semi-Lagrangian and used for numerical
investigation of tropical island thunderstorms at 3 km resolution
without parametrized convection (Golding, 1993). Golding
(1993) showed that a general purpose, mesoscale model could
be configured to reproduce qualitatively the diurnal evolution of
the Hector convective system (Crook, 2001) that forms over the
Tiwi Islands, Northern Territory, Australia.

In spite of the challenging title of Lilly’s (1990) paper, the Met
Office realized that computing resources for UK-wide domain
operational CPMs were not, in fact, affordable in the 1990s.
Instead, the Met Office took the opportunity to rationalize its cli-
mate and NWP forecasting capability to use the same basic model
formulation for both climate and NWP. Hence, the Met Office
operational non-hydrostatic model was replaced with a version
of the hydrostatic Unified Model (MetUM) (Cullen, 1993) and
the Golding (1992) formulation was never used operationally.
However, recognizing the future need for high-resolution mod-
els, the Met Office started developing a new non-hydrostatic,
deep atmosphere dynamical core in 1995 (Davies et al., 2005)
that could be used for both large scale climate and kilome-
tre or metre scale models. This formed the basis of a new
version of the MetUM that produced its first routine forecasts
in 2003.

The Met Office started development of physical parameteri-
zations suitable for CPMs in 2000. Work on data assimilation
(DA) specifically for CPMs followed soon after. Considerable
effort went into evaluation and testing (and still does!). Included
in this, as will be discussed further below, was the development
of new verification methods to meet the considerable challenge
of verifying forecasts from such models. The first CPM-based
operational forecasts at the Met Office were made in 2005 using
a 4 km configuration of the MetUM over the UK and surround-
ing waters, called the UK4 model. This was supplemented by a
sub-UK regional 1.5 km ‘on-demand’ system in 2006. In 2009, a
UK-wide model with variable resolution, called the UKV model
(Tang et al., 2013), having a 1.5 km grid over the UK, stretching
to 4 km at the boundaries, was introduced. This replaced the 4 km
model operationally in 2012.

Similar developments were happening elsewhere over a sim-
ilar period, including the development of the Weather Research
and Forecasting (WRF) model (Michalakes et al., 2001), COn-
sortium for Small-scale MOdelling (COSMO) (Baldauf et al.,
2011), Applications of Research to Operations at MEsoscale
(AROME) (Seity et al., 2011) and the Japan Meteorological
Agency (JMA) Non-hydrostatic Mesoscale Model (Saito et al.,
2006). Each of these model systems, which generally include
data assimilation and associated observation processing, is
a major development, and most systems, including the Met
Office MetUM system, serve a large community of users and
developers in many countries.

The design of a forecasting system, including model configura-
tion, provision of initial conditions through assimilation of obser-
vations, provision of lateral and surface boundary conditions,
forecast duration, forecast post-processing, dissemination and
verification, depends upon the desired application. At present,
all CPMs are too expensive to be run globally, so lateral bound-
ary conditions must be provided by a larger scale (ultimately
global) model. At longer forecast times the driving model (pro-
viding the lateral boundary conditions) begins to dominate the
forecast. This timescale depends on the domain size and meteo-
rological regime, but for the UK system is on the order of 1 day.
For shorter forecasts than this, refinement of the initial conditions
through high-resolution data assimilation has a significant posi-
tive impact on forecasts. For forecast times beyond that point,
the system becomes essentially a non-linear down-scaling of the
larger-scale forecast.

A pure down-scaling NWP system is one in which no data
assimilation is done (apart from that done in the larger-scale
model it is down-scaled from); thus, forecasts are ‘spun-up’ from
larger-scale initial conditions. Although the larger-scale forecast
constrains the down-scaled product, the down-scaling may still
add considerable value in circumstances where small-scale vari-
ability is important, for example, where there is locally orga-
nized convection or orographic enhancement of rain (Roberts
et al., 2009). Given the same large scale and surface bound-
ary conditions, those fine-scale features would be very difficult
to predict using statistical down-scaling techniques. In CPMs,
down-scaling alone can add value by non-linear spin-up of higher
resolution features and also through the use of higher-resolution
orography and surface characteristics.

The spin-up from smooth initial conditions is, of course,
unphysical, and can have a deleterious impact on the forecast
for a substantial time in unfavourable conditions (e.g. if the ini-
tial state should include highly active organized convection), but
in most circumstances the spin-up period lasts just a few hours
(depending on model, resolution and circumstances). This justi-
fies down-scaling for longer forecasts. Unfortunately, a related
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problem occurs as the smooth flow provided by lateral boundary
conditions spins up as it enters the domain throughout the fore-
cast. A few hours spin-up time from smooth initial conditions
is equivalent to air moving a distance of order 100 km at speeds
of ∼10 m s-1. This is the primary motivation for the use of vari-
able resolution in the Met Office’s UKV model. The boundaries
can be extended much further away from the key area of interest
without incurring excessive additional cost.

A traditional data assimilation approach for short-range fore-
casting over periods of 1–2 days has been extended for use with
CPMs. This is used to refine intermediate scales, those between
the cloud scale and those well-represented in the coarser model
providing boundary conditions. Using a continuous assimilation
scheme, the assimilation process at intermediate scales updates
the high-resolution model state; this reduces, or removes, the
period of ‘spin-up’ of smaller scales in the forecast and retains
consistency with the intermediate and larger scales. Typically a
3 h assimilation cycle is used, new forecasts are run every 3 h
which means that the ‘first guess’ forecast into which observa-
tional information is added is 3 h old.

However, now that the rain predicted by NWP models at
CPM resolution appears much more realistic and similar
to radar-derived rain rate composites, it has become feasi-
ble to make direct use of CPM for nowcasting (frequently
updated high resolution forecasts for periods up to 6 h). Lorenz
(1969) suggested that convective storms on scales of 10 km
or less have predictable timescales of only a few hours or
less. Nowcasting systems attempt to forecast deterministically
at the convective-scale (or, at least, convective-cluster scale)
and are designed to achieve predictability of rainfall on the
convective-storm scale on the order of hours. This suggests
the need for data assimilation at high-resolution scales in both
space and time, such as hourly-cycling CPM data assimilation
producing 6 h forecasts every hour. Naturally, the research focus
in NWP-based nowcasting has been on making use of observa-
tional data available at these time and space scales. These data
are primarily gathered from weather radar and, more recently,
from geostationary satellites, though new observation types are
beginning to be exploited (see Section 4).

The Met Office has employed all three strategies for use of
CPMs: down-scaling (no data assimilation), ‘traditional’ data
assimilation and nowcasting. The operational global model
(∼25 km resolution at UK latitudes and recently updated to
17 km resolution) provides the large-scale forecast environ-
ment for all of these strategies. The Met Office Global and
Regional Ensemble Prediction System (MOGREPS) drives a
2.2 km down-scaling ensemble of runs over the UK called
MOGREPS-UK. A purely down-scaling 4 km model (Euro4) is
run over Western Europe. The operational 1.5 km UKV model
currently operates traditional data assimilation with a 3-hourly
3D-Variational (3D-Var) analysis cycle with a forecast length
of 36 h and is targeted at intermediate scales. An experimen-
tal 1.5 km ‘Nowcasting Demonstration Project’ (NDP) was run
during 2012–2013 over the southern half of the UK using
hourly cycling, 4D-Variational (4D-Var) (Golding et al., 2014;
Sun et al., 2014; Ballard et al., 2015) and UKV boundary condi-
tions. The relative impacts of down-scaling and data assimilation
for the UK4 and UKV models were investigated by Dow and
Macpherson (2013).

High quality and comprehensive research observations pro-
vide essential information to help assess and improve model
performance. The cost of gathering together a large number of
instrumentation systems, often including ground-based radars,
wind profilers, lidars, specialized research aircraft, high-density

conventional surface observations and high time-frequency
radiosonde ascents almost invariably means that they are col-
lected during field campaigns of limited duration. Several have
occurred over past decades, many in the USA, and their data
remain valuable for years or even decades after collection. Over
the last decade, a number of European campaigns have directly
contributed to the development of CPMs (Blyth et al., 2015).
In general, observational campaigns provide too few cases to
be useful for rigorous statistical analysis of CPM forecast-
ing performance. However, case studies have been invaluable
for separating systematic errors due to the convective-scale
performance of models from forecast errors caused by larger
scale errors in the atmospheric state. The larger-scale errors
in convective rain are often associated with mesoscale fea-
tures in the mid- and upper-level wind and temperature pattern
(upper-level potential vorticity anomalies) or in the low-level
thermodynamics, especially in the moisture distribution. There-
fore, case studies gathered from an observational campaign can
provide confidence that, given sufficiently accurate large-scale
conditions, the CPM will provide a useful convective response.

This review article will concentrate on results from the 1.5 km
and 2.2 km models used for NWP over the UK. Section 2 will
discuss the representation of physical processes in CPMs and
Section 3 will discuss the qualitative behaviour of CPMs with
examples from cases in the UK. Data assimilation in the current
Met Office CPMs will be discussed in Section 4 and quantitative
verification will be addressed in Section 5, whilst use of the
ensemble forecasting system to examine predictability will be
discussed in Section 6. Section 7 looks towards the future of CPM
use, and development and Section 8 provides a summary.

2. Convection-permitting model physics

The key difference between larger scale models and CPMs
is that the latter allow structures recognizable as convective
clouds to form, whilst the former represent the effects of con-
vection through some form of parametrization. It is not always
clear exactly what assumptions underlie so-called convective
parametrizations, however a key idea is that all of the cloud
‘circulation’ is included in the parametrization, so no flow
identifiable as convection develops in the model. In itself, this
is a troublesome assumption as, in practice, it is not clear how
the cloud circulation can be fully separated from the large-scale
vertical motion. This aside, it is clear that the parametrization rep-
resents scales, at the very least, up to the inter-cloud spacing (i.e.
the cloud up-draught and the local compensating subsidence).

Schemes stemming from the quasi-equilibrium ideas of
Arakawa and Schubert (1974), including the MetUM’s own Gre-
gory and Rowntree (1990) scheme, average over an ‘ensemble’
of clouds sufficiently large that such the mean is independent
of the sample of clouds taken. In practice, if the condition
can be achieved at all, this requires an average over at least
100 × 100 km2. Schemes that are claimed to be designed for
smaller grid squares, such as the Kain–Fritsch scheme (Kain
and Fritsch, 1993), while differing greatly in their treatment of
the cloud updraughts and downdraughts, mass-flux closure and,
in particular, triggering, assume that one is averaging over both
cloud updraughts and the subsiding environment. As a result, all
these schemes can only predict the area-average rainfall. It may
be possible to parametrize the spectrum of rainfall rates, but,
even then, only on the assumption that the spectrum of rates is
spatially uniform.

In general, current convection schemes are ‘diagnostic’ or ‘first
order’, they assume that the timescale for the cloud field to
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adjust to a change in forcing (e.g. solar heating) is much shorter
than the timescale of the change in forcing. Thus, they adjust
instantaneously to changes in conditions, leading to unrealistic
behaviour at places such as coasts (e.g. where showers over the
sea are not advected inland) and unrealistic behaviour in time, in
particular in simulating the diurnal cycle.

The purpose of convective parameterizations is to represent
most, or all, of the convective-scale motion and thus prevent
unstable growth of cloudy structures on the grid. CPMs do pre-
cisely the reverse in that they allow such unstable growth of
convective clouds to take place in the model. Latent heat release
through condensation may allow a region of the model to become
buoyant with respect to its surroundings, such that explicit ver-
tical circulations develop. In practice, such models often contain
a parameterization of partial cloud cover, enabling condensation
to occur when the ‘resolved’ flow is not yet saturated. The cloud
flow field includes updraughts, cloud-scale downdraughts and
larger-scale subsidence (equivalently larger-scale gravity waves).
Initial cloud formation may be explicitly caused by features such
as orography, coastal convergence lines and convergence due to
land surface heterogeneity or convergence lines associated with
gust fronts from earlier clouds. Each cloud has a life-cycle and
this life-cycle interacts with that of other clouds, so the cloud
field may evolve in time, perhaps leading to self-organization.
CPMs are able to reproduce the positive feedback between pre-
cipitation formation and the development of deep convection via
the formation of cold pools from evaporation of precipitation
(Khairoutdinov and Randall, 2006), although the timescales on
which this occurs may not be perfectly simulated because of lim-
ited spatial resolution.

So far, the discussion has implied a clear distinction between
coarse model resolutions that require convective parametrization
and CPMs that do not. In practice it is not that clear-cut. For
example, a model with 4 km grid spacing should not be able to
represent adequately the structure of small showers, but may be
able to do a decent job for larger storms. For that reason, the UK4
model introduced by the Met Office in 2005 included the use
of a convection parametrization scheme, but in a restricted way
(Roberts, 2003a). The intention was to allow the parametrization
to deal with some of the convection that cannot be resolved whilst
leaving the model to remain convection-permitting for the larger
showers that should be represented on that grid. This approach,
now used in the Met Office European 4.4 km model, gives better
results than running without convection parametrization and
can adapt to the grid spacing. However, parametrization in this
so-called grey-zone, where clouds are partially resolved (or large
clouds are resolved, small ones not) is recognized as a major
research challenge (see, for example, Gerard et al., 2009; Yu and
Lee, 2010; Arakawa and Wu, 2013).

CPMs require a fairly sophisticated treatment of cloud micro-
physics, sufficient to interact both with the updraught life-cycle
and downdraught generation. The terminal velocity of hydrome-
teors (compared with horizontal wind velocities and grid scale)
is a key factor controlling the sophistication required in a micro-
physics scheme. Particles that reach the surface in a time sim-
ilar to the transit time of air across a grid box can be treated
‘diagnostically’; that is, the horizontal advection of particles by
the wind can be ignored and a local 1D budget can be used to
calculate the vertical distribution of the hydrometeors. Thus, in
large-scale models only cloud water needs some form of explicit
(prognostic) treatment, which may include some measure of its
variability in a grid box. Because mesoscale models were devel-
oped to run at higher resolution, ice and snow were added to the
list of hydrometeor species treated prognostically. For example,

Wilson and Ballard (1999) treated ice and snow together as one
prognostic variable in the MetUM. A typical terminal velocity
for snow (1 m s-1) means that it can travel 50 km horizontally in a
10 m s-1 wind, so the prognostic scheme is required at grid lengths
of around 10 km. Similarly, CPMs must treat rain prognostically
(5–10 m s-1 terminal velocity leading to several km horizontal
movement as it falls to the ground). Treatment of graupel may
still be diagnostic in CPMs, but often it is not. In addition to more
species, more variables are often used to describe the evolving
size distribution, typically using the moments of the distribution.

As yet, no single microphysics scheme has been shown to yield
the most accurate results in all circumstances, and some schemes
may be particularly applicable to certain weather regimes. Some
models include multiple schemes, which facilitate direct compar-
ison; the WRF model, for example, contains at least 12 schemes
(depending on how they are counted, as there is significant
overlap between some schemes). Many sensitivity studies have
shown that the simulation of convective storms is sensitive to
microphysics, via numerous interacting mechanisms. However,
demonstrating a systematic impact on forecast skill is much more
challenging and some studies (e.g. Leoncini et al., 2013) have
shown that it can be difficult to distinguish systematic impact of
microphysics from the random impact of turbulent fluctuations.

The Met Office system used an adaptation of the Wilson and
Ballard (1999) scheme including prognostic rain and graupel
(Wilson and Forbes, 2004) though the prognostic graupel was
not found necessary for the majority of (UK) forecasts (Forbes
and Halliwell, 2003). It has recently migrated to a more flexible,
multi-moment scheme (Wilkinson et al., 2011). Although prog-
nostic graupel was not operational in 2012, the UKV model was
re-run for 27 July 2012 using that scheme in order to produce
a mass-mixing ratio of graupel for use in a lightning-flash rate
diagnostic. This special lightning forecast gave good guidance
to those forecasting for the Opening Ceremony of the 2012
Olympic Games who were concerned about the severity of the
convective showers they were expecting on that day over London
(Wilkinson and Bornemann, 2014).

Real clouds have important motions on scales much smaller
than those resolved by the horizontal grid lengths (1–5 km) of
current CPMs. Resolutions of 100 m or higher might be needed
to ‘properly’ resolve deep convective clouds (Bryan et al.,
2003). In practice, CPMs need 3D parameterizations of cloudy
turbulence. The effects of these parameterizations are poorly
understood, but they serve to control the scales of motion (both
in-cloud and between clouds) that develop. In their absence,
cloud motion would still be controlled by the dissipation implicit
in the model dynamics, which prevents energy accumulating on
the grid scale (Skamarock, 2004).

A crude analogy is that CPMs develop clouds as if the atmo-
sphere were much more viscous than it is (by perhaps eight
orders of magnitude!). These model clouds tend to be larger,
more widely spaced and slower growing than real clouds. The
realism of the Met Office’s CPM will be discussed in detail in
Section 3. At this stage, however, it should be noted that one key
attraction of CPMs lies in what they can explicitly resolve well;
in particular, this is the organization of convection into mesoscale
convective systems (MCSs). CPMs are capable of organizing
convection because it would appear that the mechanisms leading
to organization (initially, at least, propagation of gravity waves
generated by convective heating and cooling) do not critically
depend on the detail of the convective heating. Clark et al. (2014)
report an example of a good forecast, in which relatively benign
‘air mass’ convection over the UK evolves into a small MCS
which led to some localized flooding.
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Interactions with the surface are also a key part of CPMs; in
fact, the MetUM, since it is used as a climate model, already pos-
sesses a sophisticated surface and sub-surface scheme (Essery
et al., 2003), but even this has been refined for mesoscale appli-
cation, particularly in its treatment of urban surfaces (Porson
et al., 2010).

Single-dimensional (1D) radiation schemes are generally still
adequate, though some experimental work has been done using
3D schemes (which are very expensive). The main area where
some enhancement to radiation schemes has been found benefi-
cial is in its interaction with the surface. Oliphant et al. (2003)
studied a particular case over the New Zealand Southern Alps
in some detail and found a decreasing order of importance of
slope aspect, slope angle, elevation, albedo, shading, sky view
factor and leaf area index. The most important terms are rela-
tively easy to understand. Resolved slope and aspect define the
vector direction of the surface element and so have direct impact
throughout the day from the solar short-wave (SW) direct beam.
South-facing slopes receive more SW radiation than north fac-
ing slopes. On the other hand, shading and sky view factor have
their main impact on SW at dawn and dusk when SW radiation is
small anyway. In common with urban canyons, sky view factor
is likely to have its largest impact on long-wave (LW) radiation.

Müller and Scherer (2005) reviewed the treatment of oro-
graphic impacts on radiation in a variety of mesoscale models.
The majority do nothing (i.e. assume flat Earth). A significant
minority include slope and aspect, and only ARPS (in the sur-
vey) include shadowing as well. The impact of resolved slope
and aspect is relatively easy to retrofit to schemes; the MetUM
now treats both slope and aspect. It is not so clear what benefit
is actually gained in terms of forecast skill. Müller and Scherer
(2005) showed 0.5–1 ∘C root mean squared (RMS) improvement
in screen (2 m) temperature from an explicit sub-grid model,
but this was over the Alps and may be extreme. It is also likely
that the primary benefit was in the local temperature diagnosis,
rather than in forecast evolution. Manners et al. (2012) devel-
oped a parameterization of the influence of topography on surface
and atmospheric radiative fluxes and used this in the two-stream
radiative transfer model that is part of the MetUM. By study-
ing cases run on various convection permitting resolutions from
100 m to 1.5 km grid lengths, they concluded that surface slopes
and terrain shadowing should be taken into account for the SW
bands and sky-view factor should be considered for the LW
bands.

3. Realism of convection-permitting models

Some of the major benefits of CPMs are illustrated in Figure 1,
which shows rain rates forecast by the MetUM at three different
model resolutions compared to radar-derived rain rates for a case
of summer convective showers over the UK.

The global (then 25 km, now 17 km) resolution model produces
convective rain from its convective parametrization scheme,
which works independently at each grid point. The presence of
convective rain in this context should be interpreted as ‘there will
be convective showers in this general area’ rather than ‘this is
what the showers are expected to look like’.

Although the global model forecast (Figure 1(b)) does indicate
the general likelihood of showers and indicates their presence in
roughly the right areas, it does not forecast the small-scale cells
over southern Ireland or the localized bands of precipitation in
northern England. It tends to predict widespread precipitation
and has little indication of the areas which could expect larger

rain rates; in fact, it does not give any indication of the rain over
the Irish Sea.

In contrast, the Euro4 model (Figure 1(c)) was able to produce
lines of convection and in generally the right area. However, in
this example and typically, the showers are generally too few,
too intense (Lean et al., 2008) and too organized. In Figure 1(c),
the Euro 4 produces just one and not two bands in northern
England. In this case, the UKV model (Figure 1(d)) manages to
reproduce the two lines of showers over the north of England
and also attempts to produce the lighter individual showers,
such as over southern Ireland, Wales and southern England. The
organized line of showers extending down the Irish Sea to the tip
of Cornwall is better in the Euro4 model than in UKV, but close
examination shows this is more the result of excessive cell size
than genuine organization.

The showers in the UKV model often look very realistic when
compared to the radar-derived rain rates, but note that due to the
relatively coarse grid length of the model compared to the typical
sizes of real convective plumes, the showers (especially small
showers) are still under-resolved. This can lead to evolution on
the wrong scales.

Another important feature of explicitly modelled convection is
that, due to the finite grid-length of the model, the convection
may initiate later than it should, because the model cannot
reproduce the very small initial convective plumes. The delay
in the initiation is seen to improve as the model grid-length is
reduced, because it is essentially less viscous, and is much less
of a problem at ∼1 km than at 4 km (Lean et al., 2008).

The fact that the showers are produced explicitly leads to
another important benefit. If the output in Figure 1 was ani-
mated forward in time, then the global model convection scheme
would react to the local column instability without direct mem-
ory of what went before, leading to a flickering on and off of
the rain. The CPMs, on the other hand, are able to advect show-
ers realistically with the flow as well as reproducing phenom-
ena such as the formation of daughter cells and back-building
of storms.

The explicit representation of convective showers gives many
physical benefits. An example, shown in Figure 2, is showers of
frozen precipitation being advected inland from the coast in win-
ter. This case emphasizes how surface features, mainly land/sea
contrast and orography, can influence convection. The UKV can
simulate the high accumulation bands of precipitation quite well
because the explicitly represented and organized showers can
penetrate inland before dying out. However, the higher snow
accumulations in the 12 km North Atlantic and European (NAE)
model (now retired) are limited to the sea and coastal strip. This is
a well-known problem in larger scale models with parameterized
convection because the convective parameterization responds to
the instability caused by the cold airmass over the warm sea, and
as soon as the air comes over the colder land the convection stops.
On this occasion, and in other similar situations, the UKV gives
a much-improved forecast of showers affecting coastal areas.
Improved location is a clear advantage; it is too early to assess
the skill at predicting the phase of precipitation, in part because
in showers it is not always easy to obtain reliable ground truth in
marginal situations.

Figure 3 shows another example of a CPM producing more
realistic convection than a lower resolution model using a con-
vective parameterization. In contrast with the scattered showers
shown in Figure 1, this case was of a mesoscale convective sys-
tem (MCS) occurring overnight over southern England that pro-
duced localized flooding and there were several reports of light-
ning damage. On comparing with the radar composite, it is clear
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Figure 1. Case of convective showers over the UK on 8 July 2014 1200 UTC. (a) Radar-derived rainrates (mm h-1) at 1 km resolution shown with
instantaneous rainrates from the (b) MetUM Global model T+ 12 forecast from 0000 UTC, (c) Euro 4 (4 km down-scaled) T+ 12 forecast and (d)

T+ 9 UKV (1.5 km convection-permitting model) forecast from 0300 UTC.

that the global model shows no skill at representing this orga-
nized system of convective rainfall. There is no system present in
the global simulation; just a few pixels of very light rainfall rates
show up in the vicinity. However, the UKV simulates an area
of organized convective rainfall developing from more scattered
intense showers over central England during the evening and,
once organized around midnight, propagating to the south at
approximately the right speed. The magnitude of maximum rain-
fall rates are well forecast in generally the right region (perhaps
10–30 km too far east). This was a particularly good forecast
and the ability of CPMs to replicate this type of storm system
with this degree of realism holds the promise of more accurate
quantitative precipitation forecasts of flood-producing rainfall
events in future. Not all forecasts are this good (and forecasting
MCSs remains one of the more challenging problems) and even
the question of how the quality of a forecast from a CPM can be
measured is difficult; verification of CPMs will be discussed later.

Although the examples given in this section have been focussed
on the UK, similar considerations apply to the representation of
convection in other parts of the world. The main difference is

that the scales of interest may be different. For example, over the
Great Plains in the USA the primary meteorology of interest is
much larger convective systems that are much less common over
the UK. Supercell convection with cloud scales of 10 km or more
is much more common than over the UK, while MCSs such as
squall lines that are ∼100 km long are a regular occurrence. In
that context, 4 km models are deemed to have a sufficiently fine
grid (without the need for any convective parametrization). It is
the view of many American scientists when assessing forecasts
of such large convective systems that any benefits from using
models with higher resolution than 4 km are outweighed by the
additional cost (Kain et al., 2008). This contrasts with experience
in the UK where 1.5 km is clearly beneficial compared to 4 km
resolution.

4. Data assimilation for convection-permitting models

Many National Meteorological Services, including the Met
Office, are already using CPMs with some form of data
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Figure 2. Snowfall penetrating inland over east coast of Scotland and northeastern coast of England in a northeasterly flow pattern. Images shown
above are 24 h precipitation accumulations (mm) from 0300 UTC on 25 November to 0300 UTC on 26 November 2010. (a)–(c) The radar composite
data at 5 km resolution, the UKV forecast from 0300 UTC 25 November 2010 and the NAE (12 km UM) forecast from 0000 UTC 25 November

2010.

(a) (b) (c)

Figure 3. Mesoscale convective system (MCS) over the UK represented by instantaneous rainfall rates (mm h-1) for 0000 UTC 14 June 2014. (a)
Radar-derived rainrates at 1 km resolution are shown with (b) UKV T+ 9 forecast started at 1500 UTC 13 June 2014 and (c) a global MetUM T+ 12

forecast started at 1200 UTC 13 June 2014.

assimilation in operational NWP systems for short-range
forecasting up to about T+ 36 h, every 3 or 6 h. A variety of
data assimilation methods are used or being adapted for CPMs.
The Met Office system is discussed in more detail below. The
German National Meteorological Service (DWD) use nudging
at present (Stephan et al., 2008), but are working on develop-
ment of a local ensemble transform Kalman filter (LETKF)
data assimilation system. The Met Office and Meteo France
(Brousseau et al., 2011; Seity et al., 2011; Ballard et al., 2012a,

2012b) use 3D-Var. In April 2015, Meteo France introduced an
hourly cycling 3D-Var system with a 1.3 km resolution version
of their AROME model. JMA now use a non-hydrostatic model
at 5 km resolution with 4D-Var and a 2 km version with 3D-Var
(Honda et al., 2005; Saito et al., 2006). Schwartz and Liu (2014)
give evidence for the superiority of hybrid data assimilation over
the ensemble Kalman filter (EnKF) and 3D-Var in the WRF at
4 km resolution and Li et al. (2015) have shown the benefit of
hourly-cycling 4D-Var over 3D-Var in a 1.5 km MetUM system.
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The capability to accurately forecast local weather such as
fog, frost, cloud and precipitation is one of the key aims of
convective-scale NWP. Therefore, it is important to initialize the
model fields used to predict them, in particular the cloud, aerosols
and surface and near-surface temperatures. Many operational
NWP systems do not do this, especially within global model
systems. However, the Met Office has found benefit from using
surface data as part of the data assimilation strategy for UK
NWP ever since the original non-hydrostatic, mesoscale model
system (Golding, 1990; Ballard et al., 1991) with its Interactive
Mesoscale Initiation (IMI) system was introduced (Wright and
Golding, 1990; Ballard et al., 1991). Therefore, the Met Office
has developed methods within its UK data assimilation system to
make use of any available observations containing information
on those fields, such as surface weather reports, radar-derived
surface rain rates and Meteosat cloud-top images.

It is important to ensure dynamical consistency in the initial
conditions, especially when trying to correct locations of con-
vective precipitation. The operational replacement of the UK
non-hydrostatic mesoscale model, with a version of the original
hydrostatic MetUM (Cullen and Davies, 1991; Cullen, 1993) in
1992, had the advantage of introducing the use of an analysis
correction scheme (Lorenc et al., 1991) for the UK model. This
provided a data assimilation scheme that ensured dynamical
consistency. However, it lacked the use of satellite and radar
data to adjust cloud and moisture fields which in turn adjust
the precipitation forecasts. Therefore, schemes were developed
to exploit cloud and radar-derived surface precipitation rate
analyses (produced for use in the operational nowcasting system
(Golding, 1998)) by assimilating them using moisture and
latent heat nudging (LHN) in the Met Office 17 km UK model
(Macpherson et al., 1996; Jones and Macpherson, 1997).

This work in the 1980s and 1990s anticipated what is required
to produce good initial conditions for CPM forecasts of cloud
and precipitation: an ability to modify the initial conditions to
add cloud and precipitation where it is absent in the previous
forecast and to remove it where it is in the wrong place. At that
time, when convection was parametrized rather than resolved, the
moisture and LHN performed better for frontal situations than for
convective systems. Over the years as the model resolution and
formulation have changed so has the data assimilation method;
however, the LHN (and until recently the moisture nudging) has
been retained.

In 1999, a 3-hourly continuously cycling 3D-Var system, based
on that used in the global model (Lorenc et al., 2000), was
introduced for use with the UK model, which was then a 12 km
model. The analysis increments were gradually added to the
forecast over a period of 3 h surrounding the analysis time
(Bloom et al., 1996) and the cloud/relative humidity and LHN
schemes were retained to update the model along with the
nudging of the 3D-Var analysis increments. With the move
to operational convection-permitting NWP, using the UK4 and
UKV models, 3-hourly cycling 3D-Var was retained. The UK4
model used a 4 km resolution analysis grid and the UKV model
uses a 3 km resolution analysis grid. As mentioned above, they
both retained LHN of hourly radar-derived rain rates. Whilst
initially these systems also used moisture nudging (Dixon et al.,
2009) to exploit a 3-hourly 3D cloud cover analysis, by summer
2012 both of these systems were assimilating cloud directly
in the variational assimilation systems via equivalent humidity
(Renshaw and Francis, 2011).

The operational use of CPM models has allowed the radar rain
rate and satellite cloud-top temperature information to be used
at much higher horizontal resolution, closer to the resolution of

the source data and with less smoothing. This provides better
resolution of convective storms in the observations. Some of
the assumptions underlying the LHN, such as latent heat release
and precipitation at the same horizontal location, are expected
to break down at convective scale. However Dixon et al. (2009),
in experiments at 4 km resolution, showed that LHN was still
beneficial to the forecasts with only slight modification. It
appears that its use with explicit microphysics and dynamics for
the convection, rather than a convection parametrization scheme,
has outweighed any expected problems.

The UKV system also includes direct variational assimilation
of Spinning Enhanced Visible and InfraRed Imager (Meteosat
SEVIRI) radiances. The upper tropospheric water vapour chan-
nels 5 and 6 are assimilated for clear skies and over low cloud
whilst window channels are assimilated for clear skies over sea
only. The use of the SEVIRI data provides additional informa-
tion on humidity fields which helps to constrain the cloud in the
model.

Figure 4 shows the comparison of a 4 h down-scaled 4 km
Euro4 forecast with a 7 h and 1 h forecast from the UKV model
compared with the radar-derived surface rain rate composite
(Figure 4(c)). The 4 km resolution forecast (Figure 4(d)) is miss-
ing the thunderstorms over England and the precipitation over
Wales is too far south. The 7 h forecast from the UKV model
(Figure 4(b)) has a better position for the precipitation in Wales
and forecasts some precipitation in the band from mid-Wales
to southeast England, but is missing the forward west-to-east
line of storms. The forward band is picked up in the 1 h fore-
cast (Figure 4(a)) from an analysis done once the storms are
present. The 1 h forecast has benefitted from the LHN as well
as the 3D-Var data assimilation of other observation types. On
the whole, statistically, data assimilation improves the CPM fore-
casts, but not every case will show such a dramatic and positive
benefit as seen in the case illustrated in Figure 4.

Whilst the operational 3D-Var for the UKV can exploit the
higher spatial resolution of the radar-derived rain rates and satel-
lite imagery, the UK operational radar network actually provides
observations of reflectivity and Doppler radial velocity from the
precipitation at high temporal and spatial resolution in the hor-
izontal and vertical. The quality of the reflectivity data is being
improved by the roll-out of dual-polarization across the network.
Furthermore, geostationary satellite radiances, wind profilers,
global navigation satellite system (GNSS) integrated column
water and surface observations as well as radar data are available
sub-hourly (Ballard et al., 2015) and MODE-S aircraft temper-
atures and winds (de Haan 2011; de Haan and Stoffelen, 2012)
are potentially available at high temporal resolution. Additional
information can be extracted from the time variation of obser-
vations using 4D-Var, by providing a constraint on the evolution
of the forecast over a fixed time-window. Representing rapid
temporal changes becomes important for forecasting convection.

The Met Office uses 4D-Var for its global NWP (Rawlins
et al., 2007) at 25 km resolution (now 17 km resolution). Until
the model was dropped from operational use, the Met Office
also used 4D-Var for its North Atlantic and European (NAE)
12 km resolution limited-area model. Therefore, it is essential
to establish whether 4D-Var is beneficial at convective scales
in order to exploit the time variation of sub-hourly observations
(the UKV model uses just hourly observations). Once opera-
tional use of CPMs was achieved, it was also a natural next step
to test whether they could be used for nowcasting (6 h forecasts)
using hourly as opposed to 3-hourly cycling NWP. Therefore,
experiments were undertaken for a domain covering southern
England and Wales with hourly-cycling 3D-Var (Ballard et al.,
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Figure 4. Forecasts for 0400 UTC 18 July 2014 compared to (c) quality controlled radar derived surface rain rate composite at 1 km resolution.
Rainrate forecasts (mm h-1) given by (a) T+ 1 UKV from 0300 UTC, (b) T+ 7 UKV from 2100 UTC, (d) T+ 4 Euro4 4 km model down-scaled

from global 25 km 0000 UTC analysis.

2012a, 2012b) and then with 4D-Var (Golding et al., 2014; Sun
et al., 2014; Ballard et al., 2015). This system was extended to
allow assimilation of radar Doppler radial winds (Simonin et al.,
2014), which were then introduced operationally in the UKV
model in 2011. Work is underway to develop direct assimila-
tion of radar reflectivity (Hawkness-Smith and Ballard, 2013)
and ceilometer backscatter as well as radar refractivity (Nicol
et al., 2014).

The trial of the 4D-Var, hourly-cycling NDP (see Section 1)
for the summer of 2012 showed the benefit of frequently updat-
ing forecasts using more recent observations within the NWP
model in the prediction of convective storms causing flash flood-
ing (Ballard et al., 2015). It showed some significant objective
improvements over the latest available forecasts from the UKV
model (updated only every 6 h) and the operational advection
nowcasting system called the Short Term Ensemble Prediction
System (STEPS) nowcast (Bowler et al., 2006; Seed et al.,

2013). Li et al. (2015) have shown the benefit of hourly-cycling
4D-Var over 3D-Var in the NDP for precipitation forecasts dur-
ing June 2012, which saw a number of significant flooding events
in the UK (Z. Li et al., 2015; personal communication).

It was also clear from the NDP experiment that the STEPS
nowcast, the NDP forecasts and the UKV forecasts all had
problems forecasting light, scattered convection. Although
STEPS would have good locations from the radar at the initial
time it would lose them in the forecast. In contrast, they could be
missing at the initial time in the NWP forecasts, but then develop
in roughly the right locations a short time into the forecast, but at
too large a scale with too few individual cells. Whilst this could
indicate a need for improvements in the data assimilation, in this
situation it is also a symptom of the limitations of the model
resolution. The model cannot resolve this type of convection at
1.5 km resolution so that either higher resolution or improved
model parametrizations are required.
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Dow and Macpherson (2013) investigated the benefit of con-
vective scale data assimilation and the impact of the various
observation types used operationally. They compared the relative
impacts of higher model resolution, continuous data assimilation
and the use of extra observations in the convection-permitting
systems for the UK (on top of those used in the global 6-hourly
cycling 4D-Var system). UK4 and UKV configurations were run
as down-scaled forecasts from the 25 km resolution global anal-
yses and also with continuous 3D-Var 3-hourly data assimilation
cycles. The UKV and UK4 continuous data assimilation were
run with and without the extra observations used in the UK4 and
UKV systems and not the global system: MOPS cloud fraction
analysis; radar rain rate for latent heat nudging; Doppler radial
winds; OpenRoad Roadside 2 m temperature and 2 m relative
humidity at Highways Agency sites; and visibility.

In experiments with the UK4 model, it was seen that the impact
of data assimilation on the first 12 h of forecast was almost twice
as great as the impact on the full 36 h of forecast. Observation
network data denial experiments were undertaken for the UK4
system. A modest benefit was seen in precipitation verification
through the use of the LHN. It was also seen that the precipitation
forecasts benefitted from all the separate observation types of
surface, satellite, upper air, aircraft and radar to broadly the same
magnitude. With the proviso that the UKV model was run with a
later version of the system than the UK4 model, the UKV seemed
to gain more benefit from the full higher resolution data assimila-
tion than the UK4. The 6 h precipitation accumulation forecasts
gained benefit from both the higher resolution data assimilation
and the use of additional observations. The benefit of full data
assimilation compared with continuous cycling without data
assimilation and also with down-scaling was investigated in the
UKV model. For precipitation, full data assimilation provided the
most benefit. Again the benefit measured over just the first 12 h
forecast period was much greater than when it was measured over
the full 36 h forecast period. It was also found that down-scaling
(i.e., using the global analysis as initial conditions) provided bet-
ter forecasts than continuous cycling without data assimilation.

The real challenges for convection-permitting data assimila-
tion are just beginning. The Met Office operational system still
uses the same balance constraints and control variables as in the
global data assimilation systems. Additional or different control
variables are likely to be needed to get the greatest benefit from
observations of hydrometeors (Vetra-Carvalho et al., 2012). The
observation errors are assumed to be uncorrelated. These lat-
ter two issues are being investigated in the Natural Environment
Research Council (NERC) Flooding from Intense Rainfall pro-
gramme which aims to improve the accuracy of the initial condi-
tions and hence forecasts of intense rainfall. This programme is
also investigating the use of radar refractivity in data assimilation
and developing improvements to the quality of radar reflectiv-
ity data. There is a need for capability to analyse the small-scale
details, vital in storm initiation, which may be in conflict with
the synoptic-scale flow forced through the lateral boundaries of
the model. Climatological background errors are still used rather
than flow-dependent, synoptically varying background errors.
Research is ongoing at the Met Office to try to introduce synop-
tically varying, background errors through the use of ensemble
NWP and data assimilation.

5. Verification

Although the introduction of CPMs has provided a step-change
in the realism of convective rainfall in NWP models, it does

not necessarily follow that more realistic-looking forecasts lead
to greater forecast skill. It is possible that a forecast rainfall
field, which may be almost indistinguishable from radar in
visual impression, can still have the rain in the wrong place;
therefore, according to a traditional grid point comparison metric
a realistic-looking forecast might be assessed to have low skill.
Lorenz (1969) argued that the ability to resolve smaller scales
would result in forecast errors growing more rapidly and if this
is the case it should be expected that CPM forecast skill would
degrade more quickly. Several studies using traditional verifica-
tion metrics have found that higher resolution does not deliver
more skill (Done et al., 2004; Weisman et al., 2008; Mittermaier
et al., 2013), because the benefit of using a high-resolution
model is counteracted by the unpredictable nature of the smaller
scales that the model is designed to represent.

In other words, it is difficult to get a convective storm in
exactly the right place at the right time and it becomes more
difficult with longer-range forecasts. This raises the problem
for objective verification that if the rain is even slightly in the
wrong place, a forecast will score poorly, even if visually it looks
very good and, in practise, is proving to give useful guidance
to forecasters. A forecaster can make allowances for possible
timing or spatial errors where a point-by-point score cannot. This
inconsistency between subjective impression and the traditional
objective scores limits the possibility of a meaningful objective
evaluation of the performance of CPMs. For this reason, the
whole philosophy of precipitation forecast verification has had
to change to adapt to the introduction of these models.

Instead of the traditional approach to verification in which a
variety of measures are used to compare forecast values at points
(or pixels) against observations, newer methods have been devel-
oped that relax the condition that the rain has to be exactly correct
in order to give a good score. Numerous verification methods
have now been developed and many have been documented in
Ebert (2008, 2009) and Gilleland et al. (2010). Examples are the
wavelet approach of Casati et al. (2004), or the ‘fuzzy’ approach
using the Fractions Skill Score (FSS) (Roberts, 2008; Roberts
and Lean, 2008), or an image morphing technique (Keil and
Craig, 2009). Another approach is to view the rainfall field as
objects, such as the individual showers, and compare the charac-
teristics of those objects with those observed. Two examples are
MODE (Davis et al., 2009) and SAL (Wernli et al., 2008; Hanley
et al., 2015). Most of these methods require an observed rainfall
field with good spatial coverage and therefore use radar-derived
rainfall as ‘truth’. Results from these verification approaches
have indeed shown the benefit of convection-permitting resolu-
tion both in terms of spatial accuracy and the characteristics of the
rainfall (Lean et al., 2008; Roberts, 2008; Schwartz et al., 2009;
Clark et al., 2010; Mittermaier et al., 2013).

Examples of verification results are shown in Figure 5, adapted
from Roberts and Lean (2008), Figure 5(a) shows 1 km forecasts
having higher skill than 12 km forecasts for convective events.
The impact is greatest at scales larger than 10–20 km and for
the higher rainfall totals. The intercept of the lines with the
line FSS= 0.5 shows a reduction in the spatial error of the
forecasts from around 70 km for the 12 km model to around
40 km (width of square) for the 1 km model for the 4 mm total
in 4 h threshold, but less impact for the lighter 1 mm threshold.
Figure 5(b) (taken from Mittermaier et al., 2013) shows that the
scale (neighbourhood size) at which a 4 km model has a useful
level of skill is around 10 km less than a 12 km model taken over
a 2 year period.

Dow and Macpherson (2013) report work by Mittermaier (per-
sonal communication) which confirms that over the past 3 years,
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Figure 5. (a) Graph of the spatial skill of 1 km and 12 km forecasts of 4 h rainfall accumulations for a set of convective events (Roberts and Lean,
2008). The black lines are for the 1 km forecasts and the dashed for the 12 km. The upper curves are for a 1 mm threshold and the lower curves for a
4 mm threshold. (b) Graph of the neighbourhood size at which 4 km and 12 km forecasts have useful skill for an accumulation threshold of 4 mm in

6 h (Mittermaier et al., 2013). (Copyright © 2011 British Crown Copyright, the Met Office.)

the UKV forecast system gives benefit over the global forecast
system for prediction of surface weather. This was despite the
fact that the UKV forecasts were 3 h older than the comparable
global forecasts, and driven by 6 h older global lateral bound-
ary conditions, reflecting the operational availability of forecasts
over that period.

6. Predictability and ensembles

CPMs give more spatially accurate forecasts on average than
coarser-resolution models. However, the scales at which CPM
forecasts have good skill, on average, remain stubbornly large
compared with the grid spacing of the models and the typical
convective rain extent. Mittermaier et al. (2013) and Schwartz
et al. (2009) used the FSS to show that reasonable forecast skill
is achieved at scales of several tens to over a hundred kilometres
(depending on forecast length) for models with grid spacings of
4 and 2 km. Clark et al. (2010) used a neighbourhood equitable
threat score (ETS) with similar findings. Of course, forecasts
can be very accurate on some occasions, especially for more
predictable situations such as orographically-enhanced rainfall
(Roberts 2008), but in general these results raise serious doubts
about whether CPMs should be interpreted in a deterministic
way, especially for point locations. Instead, there is a need
to take a more probabilistic approach and consider the spatial
uncertainty in the forecast.

The standard way to generate probabilistic forecasts is to run an
‘ensemble’ of several forecasts and produce probabilities based
on how much those different forecasts agree. This approach, pio-
neered at ECMWF (Molteni et al., 1996), has been used success-
fully for years at coarser resolutions, but until very recently was
not possible for CPMs because of the computational cost. As
an alternative, Roberts (2003b) and Theis et al. (2005) identified
the use of ‘neighbourhood processing’ as a means of generating
probabilities from single forecasts. This is really no different
from the ‘fuzzy’ approach used for verification. It involves
searching for alternative forecasts within the vicinity (or neigh-
bourhood) of the pixel of interest with the assumption that each of
those alternatives is equally likely. Probabilities are produced by
taking the fraction of occurrences exceeding a particular thresh-
old within the neighbourhood of each pixel. Alternatively, a
Gaussian smoother can be used as in Sobash et al. (2011). These

methods give smooth probability fields and have been shown to
be more skilful than using the raw output (Theis et al., 2005;
Roberts and Lean, 2008; Ben Bouallègue and Theis, 2014).

In the last few years, increased supercomputer capability has
allowed National Meteorological Services to start running CPM
ensembles (Gebhardt et al., 2008; Clark et al., 2011; Bouttier
et al., 2012; Duc et al., 2013; Golding et al., 2014). Ensemble
members are obtained by either varying the initial conditions to
account for the uncertainties at the beginning of the forecast or by
varying the representation of physical processes, systematically
or randomly, to take account of the uncertainties associated with
those processes. The objective is to produce an ensemble of
forecasts that represents the true forecast uncertainty.

The methodology for constructing CPM ensembles is still
very much a new area of research. Several approaches have
been developed in recent years that include embedding the CPM
within a coarser-resolution ensemble (Gebhardt et al., 2008;
Golding et al., 2014), perturbing the CPM initial conditions
by using an ensemble transform Kalman filter (Caron, 2013)
and perturbing parameters in physics schemes randomly (Bout-
tier et al., 2012), systematically (Gebhardt et al., 2008, 2011;
Leoncini et al., 2013) or by using alternative schemes (Schwartz
et al., 2010). Studies have suggested that it is the information
that comes into the domain from the coarser-resolution driving
model or ensemble that has the biggest influence after around
6–12 h with physics perturbations or initial perturbations on the
CPM grid being more influential before that (Gebhardt et al.,
2011; Kühnlein et al., 2014). This means that the behaviour of
the coarser-resolution ensemble (in which the CPM ensemble
is embedded) is also crucial for the behaviour of the CPM
ensemble.

An example of the benefit of a convection-permitting ensemble
is given by Figures 6 and 7. Figure 6 shows a deterministic
rainfall forecast (from the Met Office UKV model) that gave
a good indication of the main areas of rain and showers, but
there are location errors. In particular, a mesoscale area of rain
in the south of England enclosed by the red dashed line was
largely misplaced too far southeast in the forecast. In Figure 7,
an ensemble of alternative forecasts for the same time contains
several members with more rain in the dashed region than the
deterministic forecast and therefore provides a better indication
that rain is a possibility in that area.
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Figure 6. Mesoscale Convective System (MCS) event over the UK at 2100 UTC on 4 June 2014. Rainfall rates (mm h-1) (a) as derived from the
radar network and (b) as simulated by the UKV 1.5 km T+ 18 forecast started at 0300 UTC on 4 June 2014. Red dashed line outlines the MCS on the
radar picture and is reproduced on the forecast picture in order to illustrate that the MCS was not properly simulated in this particular deterministic

forecast.

Although the neighbourhood method and the CPM ensemble
have been treated as two alternative ways of producing prob-
abilistic forecasts, they should really be used in conjunction.
It has been shown that CPM ensembles using neighbourhood
post-processing give more skilful probabilities (Schwartz et al.,
2010; Clark et al., 2011; Duc et al., 2013; Ben Bouallègue and
Theis, 2014). Just as for deterministic forecasts, there will be
an optimal neighbourhood size for any given ensemble fore-
cast, which needs to be determined using spatial verification
and this adds an extra complexity to both the verification and
the post-processing of CPM ensembles. Upscaling methods are
also being introduced (e.g. Ben Bouallègue and Theis, 2014) in
which probabilities are presented for areas larger than the model
grid square to provide a more appropriate and skilful product for
severe rainfall events.

Another benefit of CPM ensembles is that they provide a useful
scientific framework for improving the understanding of meteo-
rological processes, predictability and relationships between the
local weather and the larger-scale environment. Hanley et al.
(2011, 2013) and Keil et al. (2014) showed how the predictability
of convection can be related to aspects of the larger-scale envi-
ronment. Barrett et al. (2015) also used a convection-permitting
ensemble to gain understanding of the meteorological factors
involved in the formation of a stationary rain band. The use of
CPM ensembles should prove beneficial in investigating CPM
model biases and for testing systematic effects of new model for-
mulations.

7. Future work

Today CPMs are viable tools for simulating and forecasting rain-
fall at very high resolutions and meteorologists are beginning to
rely upon CPMs to make forecasts on which critical decisions

depend. Multiple paths for the continued improvement of today’s
CPMs could be considered. There are some obvious advances
that can be made in the next few years as even more powerful,
faster computers become available. For example, model reso-
lution could be increased further, the model domain enlarged,
ensemble sizes could be increased, more sophisticated DA could
improve initial conditions, and longer or more frequent forecasts
could be run. Each of these strategies for improvement comes at
a cost and work is required to determine the relative benefits.

The design and study of very high resolution models has
become an active area of research which has been given a boost
by the trend towards running such models over areas of interest
that have relatively small and computationally affordable domain
sizes. Examples are the Weymouth 333 m model, which was
run by the Met Office for the 2012 Olympics (Golding et al.,
2014), and the 250 m model over Toronto being developed for
the Pan American Games (Leroyer et al., 2014). Benefits from
such models are not confined, of course, to their forecasts of
convection.

Much convection in the UK is under-resolved by models at
1.5 km grid length (Bryan et al., 2003; Hanley et al., 2015). How-
ever, there is evidence that even at 100 m grid length there are
issues with the representation of convection that are probably
related to partially resolving turbulence (Hanley et al., 2015).
Thus, it appears that increasing the resolution should go hand
in hand with further investigation and adaptation of physical
parametrizations. Even given this assumption, it does not auto-
matically follow that going to higher resolution will lead to
significant forecast improvements for the cost (Schwartz et al.,
2009).

New data assimilation strategies are being developed in order
to provide CPMs with the best possible initial conditions on
the appropriate grid scale. The Met Office experiment with a
1.5 km resolution model and hourly-cycling 4D-Var (NDP) to

© 2016 Crown Copyright, Met Office Meteorol. Appl. 23: 165–181 (2016)
Meteorological Applications © 2016 Royal Meteorological Society



A step-change in rainfall forecasting 177

0.125 0.5 1 2 4 8 16 32 mm/hr

0 250 km

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

Figure 7. Rainfall rates (mm h-1) given by MOGREPS UK ensemble members for 2100 UTC on 4 June 2014. The T+ 18 forecast was started at
0300 UTC on 4 June 2014. Model resolution is 1.5 km. Red dashed line as in Figure 6.

produce 6 h forecasts (‘nowcasts’) every hour resulted in some
deterministic forecasts of the location of systems producing
flash flooding which would contribute to a major enhancement
to the flood-warning system (Golding et al., 2014; Sun et al.,
2014; Ballard et al., 2015). Overall, the skill of predicting
precipitation locations over 3 months from June to August 2012
exceeded that of the operational STEPS nowcast system from
T+ 2 onwards. As would be hoped, more frequent updating and
fresh forecasts using the latest data, resulted in improved skill
compared to the latest, but older, UKV forecasts produced only
every 6 h. However, a few cases clearly needed improved data

assimilation methods to ensure that both the 3-hourly cycling
UKV and hourly-cycling NDP short-range forecasts were better
than longer-range UKV forecasts.

Other forecasts suffered from errors in the synoptic-scale
forcing through the boundary conditions, a particular problem
for the very small NDP domain. This suggests a need for larger
domain sizes and better observation coverage over the oceans
and seas close to the UK as well as illustrating the dependency of
high resolution limited area model forecasts on data assimilation
in, and skill of, the forecast model providing the boundary
conditions. This serves to illustrate the inter-connected nature
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of the forecast system, with improvements to one aspect having
potential to change (and, hopefully, improve) the performance
of other aspects.

The current aim in the Met Office is to implement
hourly-cycling 4D-Var in the UKV model. One issue to be
resolved is whether the same system can produce UK-wide
forecasts up to T+ 36 and frequently updated precipitation
nowcasts. The 36 h forecasts need to produce good forecasts
of temperatures, wind, visibility and low cloud as well as pre-
cipitation. This may require improved background errors and
control variables to represent relationships between variables
at the convective scale. Forecasts should also benefit from
exploitation of ensemble or hybrid data assimilation methods at
convection-permitting scale to enable representation of errors
of the day or synoptically varying background errors. Research
continues to exploit novel observations such as radar reflectivity
and refractivity, ceilometer backscatter and future geostation-
ary sounders in order to improve the initial conditions for the
forecasts.

Beyond (and even within) the nowcasting forecast range, it is
becoming accepted wisdom that because convection-permitting
resolution does not lead to sufficient skill at the grid scale, it
is not possible to rely only on deterministic forecasts and that
a probabilistic approach to forecasting rainfall is needed. This
has led to the development of CPM ensemble systems, which,
at the moment, tend to follow the methodologies used at coarser
resolution, and will need to be developed further.

The small ensembles that can be run now are insufficient to
capture the uncertainty in rainfall forecasts and more ensem-
ble members are required, especially for longer forecasts (Clark
et al., 2011). The difficulty will be in developing perturbation
strategies that provide a set of ensemble members that truly
represent the forecast uncertainty, including the challenge of
dealing with model error and initial condition uncertainty at
convection-permitting resolutions. This is very much an active
area of research (Baker et al., 2014) and is likely to continue to
be in the future. Stensrud et al. (2009) presented a vision for a
‘warn-on’ forecast system that uses ensemble forecasts at the
convective scale to forecast high-impact weather in an objec-
tive, probabilistic framework. In particular, the NWP-based now-
casting technique is discussed with emphasis on assimilation of
‘in-storm’ observations to track the ongoing convection. How-
ever, the problem of not having enough ensemble members for
forecasting purposes is likely to remain. This means that the
use of neighbourhood (or similar) post-processing methods will
continue to be necessary. These post-processing methods will
require further development and optimization in order to give
well-calibrated probabilities.

Regional climate modelling researchers are moving towards
using CPMs. Initial experiments took place using configurations
of the MetUM based on those above to down-scale analyses
(Wang et al., 2013) and climate projections (Kendon et al., 2012,
2014). It is likely that CPMs will become popular tools in the
future of regional climate modelling research. This will provide
valuable information about model performance in a wide range
of conditions, information that is difficult to obtain in a purely
NWP context.

The discussion above has focussed on the development of the
modelling system, and highlights that there is much that can be
done that could push forward the usefulness of the CPM as a
tool to forecast rainfall both qualitatively and quantitatively at
high resolution. However, there is little doubt that the quality of
quantitative precipitation forecasts will be limited by an under-
standing of the key physical processes in convection, including

boundary-layer turbulence, turbulent entrainment, cloud micro-
physics and its interaction with aerosols, downdraught generation
and cold pool dynamics, combined with the ability of the models
to represent these processes accurately (Fritsch and Carbone,
2004). There is still much fundamental research required,
including detailed research observations of these processes.

Ultimately, the aim is to provide probabilistic forecasts for
both ‘ordinary’ and ‘extreme’ precipitation events at the finest
possible scientifically credible resolution which are useful for
decision-making purposes. To do this well will require invest-
ment in the development of both generic and customer-specific
products that extract the scientifically acceptable information
from the CPM ensemble outputs without losing sight of customer
needs. In the future, CPMs are expected to be included in a more
holistic forecasting approach that fully couples with ocean and
hydrological models to provide a better physical representation
of the complete hydrological system. This challenging plan must
be accompanied by an open dialogue between the scientists who
are developing the modelling capability and the scientists or
customers who are using the output in order to maintain clear
expectations about the high-resolution rainfall products.

8. Summary

Convection-permitting models (CPMs) have provided opera-
tional weather forecasting centres with a step-change in their
capabilities to forecast rainfall. The increasing power of com-
puters and the development of new, non-hydrostatic models with
more detailed representation of physical processes have given
National Meteorological Services the ability to run regional
numerical weather prediction (NWP) models at resolutions high
enough to eliminate the need for convective parameterizations,
providing hitherto unavailable guidance on the nature of severe
convective storms. CPM-based nowcasting systems are begin-
ning to show the promise of short-range forecasts of rapidly
developing intense systems, which were previously impossible.
Some centres are even running ensembles of CPMs to pro-
vide forecasters with a measure of uncertainty in the forecast
in order to be able to issue objective, quantitative probabilistic
rainfall forecasts and warnings. The production of probabilistic
warnings for local intense rainfall was simply not possible with
coarser-resolution models and has provided a completely new
capability in weather forecasting.

The present study has described the current state of the art in
operational CPM-based NWP, primarily from a UK perspective,
starting with the historical context that led to the development of
practical forecasting systems in which the physics of atmospheric
convection is treated much more completely and directly than
was possible in models using a parametrization of convection.
The resulting forecasts are much more realistic than those relying
on parametrization of convection, but present both an opportunity
and a challenge when compared with detailed observations such
as radar data. Various data assimilation techniques used with
operational CPMs have been reviewed, along with a historical
context and with examples of the new types of observed data
that may increase the skill of forecasts due to improved initial
conditions. The development of CPMs has also brought with
it the need to develop new techniques to verify forecasts and
define their skill. Finally, the lack of predictability of the smallest
scales involving convection means that ensemble techniques are
required to assess forecast confidence. The current state of the art
represents a beginning, not a conclusion, and it is anticipated that
many advances in various directions will be possible in the future.
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