
Climate change experiments at very high (kilometer scale) resolution are now available that 

provide potential added value to future projections for convective precipitation, wind gusts, 

hail, fog, and lightning.
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A  recent step change in climate modeling capability  
 has allowed a number of international groups to  
 carry out very high resolution (kilometer scale) 

regional climate model experiments. This provides 
an opportunity to review the extent to which cur-
rently available regional climate projections from 
coarser-resolution models are reliable. In this paper, 
we examine whether very high resolution models 
provide new or different precipitation projections 
from traditional coarser-resolution climate models 
and, equally importantly, where results are robust 
across resolutions. Our aim is to provide guidance 
on the extent to which current regional and national 
climate scenarios, all of which are based on coarse-
resolution model output, provide reliable information 
with which to inform policy decisions and impacts 
assessments, and which information must be updated 
using very high resolution projections.

Global climate models (GCMs) are our primary 
tool for understanding how climate may change 
in the future with increasing greenhouse gases. 
These typically have coarse resolutions with grid 
spacings of 60–300 km. To provide regional detail, 

higher-resolution regional climate models (RCMs; 
12–50-km grid spacing) are often used, which only 
span a limited area. Since different models typically 
represent key small-scale processes in the climate 
system in slightly different ways, an ensemble of 
multiple GCMs and RCMs is often used to give an 
estimate of modeling uncertainty in regional climate 
projections. Recent examples of coordinated regional 
climate modeling experiments are the Ensemble-
Based Predictions of Climate Changes and Their 
Impacts (ENSEMBLES; Hewitt and Griggs 2004), 
North American Regional Climate Change Assess-
ment Program (NARCCAP; Mearns et al. 2009), 
New South Wales (NSW)/Australian Capital Terri-
tory (ACT) Regional Climate Modelling (NARCliM; 
Evans et al. 2014), and Coordinated Regional Climate 
Downscaling Experiment (CORDEX; Giorgi et al. 
2009) projects, which use a multimodel approach to 
downscale to 12–50-km resolution. An alternative 
approach was taken by the U.K. climate projections 
(UKCP09; Murphy et al. 2009) that used a perturbed 
physics ensemble, whereby uncertain model pa-
rameters were varied within a single GCM to give 
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probabilistic projections that sampled both param-
eter uncertainty and internal climate variability. 
Information from a multimodel ensemble was also 
incorporated, as well as information from observa-
tions to weight different model versions depending 
on their ability to accurately simulate the historical 
climate. In UKCP09, the GCM simulations were run 
at a resolution of 300 km and were then downscaled 
using an ensemble of RCMs at 25-km resolution.

Although these ensemble-based approaches give 
some estimate of modeling uncertainty, they do not 
reveal uncertainties that arise from limitations in-
herent in all models at those resolutions. At typical 
climate model resolutions (10–100 km) many im-
portant processes (such as those in clouds) occur on 
spatial scales too small to be resolved explicitly on the 
model grid and are therefore represented using pa-
rameterizations. A good example of this is convection 
parameterization, which aims to describe the average 
properties of convection over a model grid box but 
leads to deficiencies in the diurnal cycle of convection, 
precipitation occurrence, and extremes (Dai 2006; 
Hohenegger et al. 2008; Stephens et al. 2010).

The first climate change experiments at very high 
resolution (<5-km grid spacing) have recently been 
completed for the United Kingdom (Kendon et al. 
2014); the Alpine region (Ban et al. 2015); central Ger-
many (Tolle et al. 2014); southwestern Germany (Fosser 
et al. 2016); Sydney, Australia (Argueso et al. 2014); 
the Colorado headwaters (Rasmussen et al. 2014); and 
the western United States (Pan et al. 2011). At these 
resolutions, the deep convective parameterization 
scheme can be switched off, with the use of shallow 

convective parameterization varying between studies. 
Deep convection schemes are not designed to operate 
in kilometer-scale models, and many of the assump-
tions of these schemes (e.g., that the cloud coverage 
is small compared to the grid square) are violated 
at these resolutions. Shallow plumes typically have 
smaller horizontal length scales and without some 
kind of parameterization there is a missing process 
(small cumulus clouds are too small to be explicitly 
represented on the grid), but the use of shallow convec-
tive parameterization is only appropriate if the scheme 
has been designed to operate at kilometer scale. At this 
scale, the model is termed “convection permitting” 
because larger convective storms are “permitted” 
but convective plumes and smaller showers are still 
not resolved. Such convection-permitting models are 
commonly used in short-range weather forecasting, 
where they have been shown to give a much more re-
alistic representation of convection and can be used to 
forecast the possibility of localized high-impact rainfall 
not captured at coarser resolutions (Done et al. 2004; 
Lean et al. 2008; Weisman et al. 2008; Weusthoff et al. 
2010; Schwartz 2014). However, because of their high 
computational cost, they have not commonly been 
applied at climate time scales. Convection-permitting 
models do not necessarily better represent daily mean 
precipitation (Chan et al. 2013), but they have sig-
nificantly better subdaily rainfall characteristics with 
improved representation of the diurnal cycle of convec-
tion (Ban et al. 2014), the spatial structure of rainfall 
and its duration–intensity characteristics (Kendon 
et al. 2012), and the intensity of hourly precipitation 
extremes (Chan et al. 2014a; Ban et al. 2014; Fosser et al. 
2015), which are typically poorly represented in climate 
models. Prein et al. (2015) provide an excellent review 
of the added value of convection-permitting climate 
modeling, showing added value emerging when and 
where deep convection is dominant and in regions of 
strong spatial heterogeneities (mountains and urban 
areas). Although convection-permitting models still 
contain errors, for example, smaller showers are not 
properly resolved, leading to a tendency for heavy 
rainfall to be too intense (Kendon et al. 2012; Fosser 
et al. 2015), they provide a step change in our ability to 
represent convection and an opportunity to examine 
the importance of representing local storms for future 
climate projections.

In this paper, we bring together results from climate 
change experiments performed at 1.5-km resolution 
over the southern United Kingdom (Kendon et al. 
2014) and 2.2 km over the Alpine region (Ban et al. 
2015) to explore commonalities, and we also refer to 
findings from numerical weather prediction (NWP) 
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and convection-permitting climate studies recently 
completed for other regions. The U.K. simulations 
span the southern United Kingdom and are driven by 
a 12-km RCM that spans Europe and is in turn driven 
by a 60-km GCM, with all models being configurations 
of the Met Office Unified Model (Walters et al. 2011). 
The Alps simulations span the greater Alpine region 
and are driven by a 12-km European RCM, which is 
in turn driven by a T63 spectral (~200 km) resolution 
GCM. In this case the RCM is the Consortium for 
Small-Scale Modelling Climate Local Model (COSMO-
CLM), while the GCM is the Max Planck Institute Earth 
System Model, low resolution (MPI-ESM-LR; Stevens 
et al. 2013). In both cases the simulations are for two 
~10-yr periods, one corresponding to the present day 
and the other to the end of the century under repre-
sentative concentration pathway 8.5 (RCP8.5; the exact 
period and run length varies between experiments; see 
online supplemental material for details: http://dx.doi 
.org/10.1175/BAMS-D-15-0004.2). Given in each case 
we are restricted to only one model realization, we are 
unable to assess uncertainty in the climate change signal. 
However, where commonalities in the effect of resolu-
tion are identified across different regions and different 
climate models, we have greater confidence in the result.

This paper complements the review of Prein et al. 
(2015), which mostly focused on the added value of 
convection-permitting simulations for present-day 
climate variability, by assessing whether such very 
high resolution models are needed for reliable future 
projections. We focus on rainfall projections, since 
these are expected to be most sensitive to model resolu-
tion and the explicit representation of convection. We 
also consider implications for other climate variables, 
including wind, hail, fog, lightning, and soil moisture.

TO WHAT EXTENT DO PRECIPITATION 
PROJECTIONS AGREE BETWEEN COARSE- 
AND HIGH-RESOLUTION RCMS? Coarse-
resolution RCMs are likely to provide robust projec-
tions of changes in seasonal mean rainfall, providing 
that large-scale changes from the GCM are reliable.  
We find that projected changes in seasonal mean 
rainfall are in close agreement between high-resolu-
tion (convection permitting) and coarser-resolution 
(convection parameterized) regional climate models, 
driven by the same large-scale conditions. For example, 
Figs. 1 and 2 show projected changes to winter and 
summer rainfall over the southern United Kingdom 
for a 1.5- and 12-km RCM [described in Kendon et al. 
(2014)]. Similar agreement in projected changes in 
summer mean precipitation is found in Ban et al. (2015) 
for 2.2- and 12-km RCMs over the Alps and in Fosser 

et al. (2016) for 2.8- and 7-km models over southwest-
ern Germany. For summer, this agreement is probably 
because the convection scheme is able to (and indeed 
designed to) simulate time-averaged precipitation, even 
if the diurnal cycle is incorrect (too strong midday 
peak) and short-time scale intensity is too weak, and for 
winter because mean rainfall is dominated by larger-
scale dynamical rainbands that are well captured at 
12 km. We note that Rasmussen et al. (2014) found 
reduced biases in the representation of mean summer 
rainfall in a convection-permitting model over the 
Colorado headwaters, which may impact future pro-
jected changes, but the improvement here is likely to 
be linked specifically to the improved representation 
of complex topography at high resolution.

Changes in daily and hourly rainfall are, however, 
more important than changes in seasonal averages 
for many climate impacts. In particular, changes 
in the intensity and duration of rainfall are crucial 
for understanding future flood risk, and changes in 
the occurrence of rainfall are important for water 
resource planning and agriculture. Hence, we now 
turn our attention to examine whether these aspects 
of rainfall change are robust from coarser to higher 
model resolution.

Changes in rainfall occurrence are largely consistent 
between convection-permitting and coarser resolutions 
in summer and winter. We find that changes in rainfall 
occurrence are largely consistent between the convec-
tion-permitting and parent 12-km RCM, in winter 
and summer, for both the U.K. and Alps simulations 
(Figs. 3, 4), with large decreases in rainfall occurrence 
in summer at both resolutions. For the United King-
dom, this is despite present-day biases being quite 
different between the two different resolution models, 
with the 12-km RCM tending to have too many wet 
hours and wet days, while the 1.5-km RCM has too few, 
especially in summer. Fosser et al. (2016) also show a 
similar decrease in summer rainfall occurrence in 2.8- 
and 7-km models, despite quite different biases across 
model resolution for the present day. Large RCM biases 
for the Alps simulations are largely inherited from the 
driving GCM, with biases for European Centre for 
Medium-Range Weather Forecasts (ECMWF) interim 
reanalysis (ERA-Interim; Dee et al. 2011) driven simu-
lations being much smaller (see Figs. ES1 and ES2 in 
the online supplemental material). Known problems 
with radar over mountainous regions, and sampling 
errors associated with gauge observations, may also 
contribute to the apparently larger biases over the 
Alps compared to the United Kingdom. The tendency 
for too much low-intensity precipitation in the Alps 
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simulations in winter is most apparent on the hourly 
time scale, since when averaging over longer periods, 
multiple hourly occurrences still give the same daily 
count as a single occurrence on that day. We note that 
although the differences between the Alps and U.K. re-
sults are probably in part because of the driving model 
differences and/or verification data, there are also likely 
to be some differences that come from the contrast in 
topography and nature of the rainfall between the two 
regions (Alps drier in winter and more convective in 
summer in comparison to the United Kingdom). We 
expect high resolution to be beneficial for both frontal 
and convective rain over regions of steep orography, 
with the occurrence and spatial patterns of rainfall 
better captured over mountainous regions (Prein et al. 
2015), whereas in flatter regions frontal rain (espe-
cially in winter) is sufficiently well captured at coarser 
resolutions. In general, the improved representation 
of orography at high resolution is expected to impact 

rainfall on longer temporal 
scales, with model biases 
focused on the hourly time 
scale expected to be more 
related to the representation 
of convection.

Chan et al. (2014b) show 
that over the United King-
dom the large-scale condi-
tions from the driving GCM 
control whether precipitation 
is triggered or not, but how 
long the precipitation lasts 
once triggered is sensitive 
to the RCM model physics 
(and is different between 
convection-permitting and 
convection-parameterized 
models). The former (i.e., 
changes in triggering) domi-
nates the future decrease 
in summer rainfall occur-
rence, whereas the latter (i.e., 
how long it lasts) leads to 
the resolution dependence 
of present-day biases. Thus, 
coarser-resolution RCMs 
are likely to be sufficient for 
projecting changes in the 
occurrence of rainfall where 
this is dominated by changes 
to the triggering of events. 
Since dry spell length is de-
termined by the sequence of 

rainfall events (synonymous with triggering), we expect 
changes in dry spell length to also be robustly captured 
at coarser resolution. We note that this result may not 
extend to those tropical regions where large-scale forcing 
is less dominant in triggering events, although it may ap-
ply in some tropical areas where the large-scale matters 
more (e.g., African easterly waves, Indian monsoon).

Changes in rainfall intensity are robust across model 
resolution in winter but show significant differences in 
summer. We find good agreement between convection-
permitting and 12-km RCM results, for both the U.K. 
and Alps simulations, for change to winter precipi-
tation intensities (Fig. 5). This is despite resolution-
dependent model biases for the present day in some 
cases. The agreement in changes across resolution 
can be explained by the fact that changes in intensity 
over Europe in winter come predominantly from 
frontal rain from midlatitude weather systems with 

Fig. 1. Seasonal mean rainfall (mm day−1) over the southern United King-
dom for winter [Dec–Feb (DJF)] in the (a) radar, and (b),(d) model–radar 
differences (%) and (c),(e) future changes (%) for the 1.5- and 12-km RCMs. 
The RCM simulations are for 13-yr present-day (1996–2009) and 13-yr fu-
ture (2100, under RCP8.5 scenario) periods. Radar data are for the period 
2003–12. Results are only shown over U.K. land points.
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greater moisture availabil-
ity (Kendon et al. 2014)—a 
process well captured by 
coarse-resolution climate 
models. In summer, by con-
trast, convection-permitting 
models show signif icant 
increases in rainfal l in-
tensity over the southern 
United Kingdom and the 
Alps (Fig. 6), that are not 
captured by the parent 
12-km RCM, for a com-
parison made at the 12-km 
scale (Kendon et al. 2014; 
Ban et al. 2015). This can 
be explained by the 12-km 
RCM being constrained by 
the behavior of the con-
vection parameterization. 
These increases become 
larger in relative terms at 
finer spatial and temporal 
scales. It is notable that the 
pattern of future changes 
across space and time scales, 
and across resolution, is 
remarkably similar between 
the southern U.K. and the 
Alps simulations. The con-
vection-permitting model tends to have reduced 
biases in summer, although in the case of the Alps 
simulations, there are large RCM biases inherited 
from the driving GCM (see Figs. ES3 and ES4 in the 
online supplemental material). Fosser et al. (2016) 
found contrasting results with similar increases in 
intensity for 2.8-km convection-permitting and 7-km 
convection-parameterized models over southwestern 
Germany, although with different spatial patterns. 
The agreement across resolution in this latter study 
may be due to the relatively high resolution of the 
convection-parameterized model [7 km compared to 
12 km in Kendon et al. (2014) and Ban et al. (2015)].

We note that Ban et al. (2015) found greater consis-
tency between the 2.2- and 12-km RCMs for a metric 
of heavy rainfall (specifically, percentiles of all values 
instead of only wet values, and hence a measure of 
rainfall intensity and frequency combined). However, 
further analysis for the United Kingdom reveals such 
agreement does not extend across a range of percen-
tiles. Thus, the finding that changes in summertime 
rainfall intensity are resolution dependent does not 
appear to simply be an artifact of the chosen metric.

Convection-permitting resolution is needed to capture 
changes in the duration of summertime rainfall. Projected 
changes in the duration of summertime rain are quite 
different between convection-permitting and coarser-
resolution models over the southern United Kingdom 
(Kendon et al. 2014, and figures therein). In the 12-km 
RCM, precipitation tends to be too low intensity and 
too long duration, with these biases largely eliminated 
in the 1.5-km model because of the better representa-
tion of convective rain (Kendon et al. 2012). Fosser 
et al. (2016) found contrasting results with similar 
changes in the intensity–duration characteristics of 
rainfall in 2.8- and 7-km models over southwestern 
Germany. This better agreement may be due to the 
relatively high resolution (7 km) of the convection-
parameterized model or the small size of the 2.8-km 
model domain, which may limit the RCM’s ability to 
generate its own small-scale features.

Changes in daily and hourly rainfall extremes are not ro-
bust across model resolution, particularly in summer. For 
the United Kingdom, projected changes to extreme 
hourly rainfall differ markedly between 1.5- and 12-km 

Fig. 2. As in Fig. 1, but for summer [Jun–Aug (JJA)].
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resolution in summer, to the extent that they differ in 
sign (Chan et al. 2014b). This discrepancy is also found 
for daily extremes, although to a lesser extent. Extreme 
events (with return periods of greater than 20 years) in 
the 12-km RCM are linked to single gridpoint storms 
or storms with unphysically large updraft regions, 
providing low confidence in projections. Results for 

the Alps are consistent with 
results for the United King-
dom: Ban et al. (2015) find 
considerable discrepancies 
in projected changes in ex-
treme hourly intensities in 
summer between 2.2- and 
12-km resolution. In winter, 
there is some suggestion that 
projected changes in U.K. 
extreme daily rainfall over 
orography may be greater at 
convection-permitting reso-
lution (Chan et al. 2014b). 
This may be explained by 
a stronger response associ-
ated with the more accurate 
representation of orography 
in the high-resolution model, 
which may affect daily rain-
fall accumulations more than 
1-h accumulations. We may 
expect the benefit of high 
resolution to be different over 
orography, with improved 
representation of topography 
as well as improved represen-
tation of convective storms 
impacting on precipitation. 
On hourly time scales, the 
most intense rainfall is from 
convective storms rather 
than orographic rain, and 
hence on shorter time scales 
the improved representa-
tion of convective processes 
should dominate, as realized 
by commonalities between 
the Alps and U.K. results.

IMPLICATIONS FOR 
O T H E R  C L I M AT E 
VARIABLES. In this sec-
tion we consider how the 
improved representation of 
convection at the kilometer 

scale has implications for other climate variables. In 
particular, we consider wind, hail, fog, lightning, and 
soil moisture that in turn impacts local temperature. 
We note that the improved representation of local to-
pography and surface heterogeneities in convection-
permitting models will also have significant impact, 
for example, for projections of urban temperature 

Fig. 3. (left) Biases and (right) changes (%) in rainfall occurrence across space 
and time scales averaged over the (top) southern United Kingdom and (bot-
tom) Switzerland in winter (DJF). Biases are calculated as model–observation 
differences, using hourly 5-km Nimrod radar data for the United Kingdom for 
2003–12 (Golding 1998) and 1-km RdisaggH combined radar–gauge observa-
tions for Switzerland for 2004–10 (Wuest et al. 2010). Changes correspond to 
differences between decadal-length present-day and future (end of century, 
under RCP8.5) simulations. Results for the convection-permitting (1.5 or 2.2 km) 
RCM are shown in the upper-left triangle and for the 12-km RCM in the lower-
right triangle. Gray indicates where results are not available. A threshold of 
0.1 mm per accumulation period is used to define rainfall occurrence.
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(Tr usi lova e t  a l .  2013; 
Argueso et al. 2014, 2015) 
and climate over mountain-
ous regions (Knote et al. 
2010; Rasmussen et al. 2014). 
However, a discussion of 
this is beyond the scope of 
the current paper, which fo-
cuses on the implications of 
the improved representation 
of the local storm dynamics.

Convection-permitting reso-
lution is needed to capture 
changes in severe wind gusts. 
Kilometer-scale models al-
low a more accurate rep-
resentation of local wind, 
in part through the better 
representation of topogra-
phy (e.g., sea breezes and 
mountain effects), but also 
as a consequence of cap-
turing convective storms. 
Modeling convective wind 
gusts requires a convection-
permitting model; for ex-
ample, derechos are severe 
convective squall lines with 
intense winds that can only 
be represented at convec-
tion-permitting scales. Over 
the United Kingdom, such 
systems are rare and only 
likely to occur in summer. 
In winter, the highest winds 
on subdaily time scales are 
typically associated with 
cyclonic storms, and coarse-resolution models 
(~12–25-km grid spacing) with appropriate gust di-
agnostics are able to reasonably well represent these. 
However, there will still be some situations when 
local processes dominate in the smallest mesoscale 
systems [e.g., embedded convection or small “sting 
jets” (Browning 2004)].

Convection-permitting resolution is likely to give more 
reliable projections of future changes in hail, but fur-
ther research is needed. Hail is of particular interest, 
being responsible for increasingly significant eco-
nomic damages to buildings, crops, cars, and other 
infrastructure. Two events in central and southern 
Germany on 27 and 28 July 2013 caused the highest 

insured loss from a natural hazard in Germany to 
date. A number of studies have shown that convec-
tion-permitting climate models are able to provide 
useful guidance of the occurrence of hail (Trapp et al. 
2011; Gensini and Mote 2014). Mahoney et al. (2012) 
investigated future changes in hail in convection-per-
mitting simulations using a case study approach and 
found that although more hail was generated within 
the cloud with storm intensification, little reached 
the surface because of enhanced melting. It is unclear, 
however, whether such high resolutions are required 
to provide reliable projections of future changes in 
hail and whether the hail produced by microphysics 
schemes and postprocessing algorithms is sufficiently 
good. In particular, coarser-resolution models may 

Fig. 4. As in Fig. 3, but for summer (JJA).
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be sufficient, if postprocessed hail diagnostics (e.g., 
Hand and Cappelluti 2011) are sufficiently accurate, 
although hail diagnosis from convection-permitting 
models should still give a better physical represen-
tation and is less reliant on arguably tenuous links 
between large-scale environmental conditions and 
small-scale weather extremes (Mahoney et al. 2012).

Further research is required to assess whether very 
high resolution is needed for projecting future changes 
in fog. The UKCP09 25-km models suggest the fre-
quency of fog will be reduced in the future across the 
United Kingdom in many regions and seasons, but 

with considerable uncer-
tainties. Where changes in 
fog are driven by large-scale 
variables such as tempera-
ture and humidity, we may 
be able to make confident 
statements about large-scale 
changes in fog. However, on 
the local scale, fog depends 
on many different variables 
including topography, aero-
sol amounts, and local tur-
bulent f luctuations. These 
processes may be better 
represented in a convection-
permitting model, although 
it is unclear whether kilo-
meter-scale models provide 
more accurate future projec-
tions compared to postpro-
cessed coarse model out-
put. Boundary layer clouds 
may require resolution of 
turbulent eddies in some 
cases, which would require 
grid scales of “large-eddy 
simulation” models (tens of 
meters).

Convection-permitting reso-
lution has the potential to 
provide more accurate light-
ning projections, but further 
research is needed. A light-
ning diagnostic has been 
developed for convection-
permitting configurations 
of the Met Office Unified 
Model, which uses a physi-
cally based link between 

cloud properties and lightning flash rate (Wilkinson 
and Bornemann 2014). In particular, lightning flash 
rate is determined from the upward flux of graupel 
(McCaul et al. 2009), which in convection-parameter-
ized models tends to be too low. An alternative com-
monly used by convection-parameterized models is to 
link the flash rate to bulk cloud properties (e.g., Price 
and Rind 1992). However, this statistical approach 
removes the link between the cloud microphysical 
processes. It is only in the convection-permitting 
model that we are able to use actual physical processes 
in the cloud to determine lightning. This latter ap-
proach shows good skill in forecasting the timing 

Fig. 5. (left) Biases and (right) changes (%) in rainfall intensity across space 
and time scales averaged over the (top) southern United Kingdom and (bot-
tom) Switzerland in winter (DJF). Rainfall intensity is defined as the mean of 
wet values (>0.1 mm per accumulation period). Definitions are as in Fig. 3.
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and occurrence of lightning 
but overpredicts its extent, 
although its behavior is yet 
to be fully determined over 
a long period.

Convection-permitting mod-
els may give dif ferent soil 
moisture conditions and feed-
backs. The more realistic 
representation of rainfall 
in convection-permitting 
models impacts soil mois-
ture conditions. In particu-
lar, in the present climate, 
the southern U.K. 1.5-km 
RCM has drier soils than 
the 12-km RCM because of 
the more sporadic nature 
of rainfall, which is less ef-
fective at wetting the soils. 
Soil moisture conditions 
and surface evapotrans-
piration may in turn have 
a considerable impact on 
local temperature changes 
(Tolle et al. 2014). If soils 
become dry enough they 
can limit evaporation, lead-
ing to hotter temperatures. 
Soil moisture–precipitation 
feedbacks were also found 
to be very different in a con-
vection-permitting model 
compared to a convection-
parameterized model over 
the Alps (Hohenegger et al. 
2009). The extent to which 
future projected changes in soil moisture are resolu-
tion dependent is currently unexplored. However, the 
fact that soil moisture conditions and potentially their 
future change may be quite different in convection-
permitting models has important implications for 
changes in temperature extremes and also for climate 
change impacts—for example, on agriculture.

DISCUSSION. National climate change scenarios 
are currently available for many countries worldwide, 
for example, for the United Kingdom (UKCP09; 
Murphy et al. 2009), the Netherlands (Klein Tank 
et al. 2015), Switzerland (CH2011 2011), and the 
United States (Melillo et al. 2014). These inform ad-
aptation planning and often feed into downstream 

impact assessments to inform decisions in sectors 
such as transport, healthcare, water resources, and 
flood protection. However, the quality of these national 
climate scenarios depends on the ability of the under-
lying model experiments to capture key processes, 
and all are based on coarse-resolution climate model 
simulations. In this paper we have demonstrated how 
new, very high resolution RCMs allow us to assess the 
robustness of current national climate scenarios. We 
conclude by providing users information on where 
currently available projections are reliable and, con-
versely, where it is necessary to use results emerging 
from very high resolution model experiments.

We have identified a number of aspects of mid-
latitude precipitation change that disagree significantly 

Fig. 6. As in Fig. 5, but for summer (JJA).
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between convection-permitting and coarser-resolution 
RCMs, and for which very high resolution (kilometer 
scale) models are needed for accurate future projec-
tions. These include changes in 1) summertime rainfall 
intensity and duration, 2) hourly and daily rainfall 
extremes in summer, and 3) daily precipitation ex-
tremes over mountains in winter. Other aspects of 
precipitation change appear to be reliably captured in 
currently available projections from regional climate 
models, providing large-scale changes from the driving 
GCM are reliable. These include changes in 1) seasonal 
mean precipitation, 2) rainfall event occurrence, and 3) 
precipitation intensity in winter. In addition, we have 
identified other climate variables for which kilometer-
scale climate models are likely to be needed for future 
projections—for example, severe wind gusts—while 
for others, including hail, fog, and lightning, further 
research is required. A summary of these conclusions 
is presented in Fig. 7.

It is encouraging that the resolution dependence of 
projections for simulations over the United Kingdom 

and the Alps show considerable consistency. This 
suggests first that, with increases in model resolution, 
climate projections from different models may show 
convergence. Second, it indicates that the conclusion 
that the local storm dynamics (only represented in 
convection-permitting models) are needed for fu-
ture projections of short-duration extremes is more 
widely applicable in other regions for convectively 
dominated regimes and seasons. This is supported 
by some observational evidence (Lenderink and 
van Meijgaard 2008). Although these results are for 
midlatitude summer precipitation, they are likely to 
be similar throughout the tropics, where much more 
precipitation arises from smaller-scale motions.

A move toward very high resolution climate mod-
eling seems necessary for quantification of certain 
impacts, particularly around extremes. Reliable 
projections of rainfall extremes are important for un-
derstanding future flood risk and hence for informing 
decisions regarding urban planning, flood protection, 
and the design of resilient infrastructure. Surface 

Fig. 7. Schematic summarizing where we have confidence in coarse-resolution RCM projections and where 
very high-resolution (kilometer scale) models are needed for accurate projections.
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water flooding and flooding from drainage networks 
is the predominant source of flooding in urban areas 
as a direct response to high-intensity, short-duration 
rainfall. In a recent pilot study, Dale et al. (2016) 
showed that estimates of rainfall intensity change 
from the U.K. 1.5-km climate model were higher than 
existing U.K. climate change allowances, leading to 
projections of more frequent sewer overflow spills in 
future. This is only one example, but it is indicative of 
the fact that current climate change guidance based 
on national climate scenarios, for example, current 
allowances for changes in peak rainfall intensity in 
the United Kingdom, may not be adequate. There is a 
need to revisit current guidance in the light of emerg-
ing results from very high resolution climate models. 
New information from these models may also help to 
inform a redesign of existing critical infrastructure 
systems. A number of recent major flood events in the 
United Kingdom has brought this starkly into focus.

Our findings also have implications for a number 
of other impact areas (Table 1):

1)  Extreme winds can cause significant disruption 
to electricity infrastructure and transportation, 
and an understanding of future wind risk will 
inform prioritization of adaptation investments. 
Kilometer-scale models are needed to give im-
proved projections of future change to severe 

wind gusts. These are also needed by the wind 
energy industry for the planning, design, and 
operation of wind turbines.

2)  Lightning strikes can cause significant disruption 
to electricity infrastructure, and the potential 
for more accurate lightning predictions from 
convection-permitting climate models is likely to 
be of considerable interest to utility companies.

Multimodel ensemble experiments such as 
ENSEMBLES (Hewitt and Griggs 2004), NARCCAP 
(Mearns et al. 2009), NARCliM (Evans et al. 2014), 
and CORDEX (Giorgi et al. 2009) are limited by 
the inherent deficiencies in traditional convection-
parameterized models. Although they provide valu-
able information about uncertainties in projections of 
seasonal mean rainfall and dynamically driven fron-
tal systems, they cannot provide reliable estimates of 
changes in summertime rainfall intensity and dura-
tion or other convectively driven phenomena such 
as severe wind gusts. For this, explicit representation 
of convective storms, only possible in convection-
permitting models, is crucial. However, currently 
only single-model realizations over small domains 
are available at these resolutions. There is a need 
for an international effort, for example, CORDEX, 
to provide coordinated multimodel experiments at 
convection-permitting resolutions over a series of 

Table 1. Summary of currently available future climate projections and new information from high-
resolution climate modeling, for selected impact areas.

Impact area
Currently available future climate 

projection
New information from high-
resolution climate modeling

Flash flooding 
(important in urban 
areas and small steep 
catchments)

Heavy daily rainfall is expected to increase globally, 
with projected increases across northern Europe and 
the United Kingdom in winter. Coarse-resolution 
climate models are unable to provide reliable projec-
tions of future changes in short-duration, intense 
rainfall.

First evidence that intense rainfall events, 
associated with severe flash flooding 
(30 mm in an hour), could become several 
times more frequent by the end of the 
century (Kendon et al. 2014).

Renewable energy 
(wind energy)

Future changes in wind are uncertain; 12–25-km res-
olution models with appropriate gust diagnostics can 
represent cyclonic storms and their associated winds, 
but not the most severe convective wind gusts.

Kilometer-scale models are needed to rep-
resent severe wind gusts, associated with 
convective squall lines.

Transport (flood-
ing, visibility, strong 
winds, and snow)

Heavy daily rainfall is expected to increase (depend-
ing on region and season) with an associated increase 
in large-scale flooding, but see above for flash flood-
ing. There is large uncertainty in fog projections at 
25 km. Coarse-resolution models should be suf-
ficient for projecting changes in cyclonic storms and 
temperature-driven changes in snow.

See above for flash flooding. High-reso-
lution models are needed to adequately 
represent severe wind gusts and convec-
tive snow storms. High resolutions may be 
required for accurate projections of local 
fog and snow over mountains.

Electrical distribu-
tion (lightning)

The 25-km models suggest increases in the number 
of lightning days in the future across the United 
Kingdom, but there is considerable uncertainty in the 
accuracy of coarse model lightning diagnostics.

New lightning diagnostics, developed for 
kilometer-scale models, have the potential 
for more accurate lightning predictions.
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common domains to estimate modeling uncertainty 
at these scales. This would allow a comprehensive 
evaluation of the potential for improving simulations 
of not only precipitation characteristics, but other 
aspects of climate such as land–atmosphere interac-
tions, convective systems, and mountain or urban 
effects that are impacted by the improved representa-
tion of surface heterogeneities.

In the United Kingdom, an update to the UKCP09 
projections is currently underway. This will include 
a downscaling component, running an ensemble of 
kilometer-scale models over the United Kingdom. 
This will hopefully allow projections to be provided 
on subdaily and local scales, with some estimate of 
uncertainty, which was beyond the UKCP09 model-
ing capability. We note, however, that the very high 
cost of convection-permitting simulations means it 
is not possible to run simulations at these scales for 
many regions and for large ensembles of driving data. 
This impacts our ability to fully explore uncertain-
ties at these scales. This is of critical importance for 
climate change projections, which are necessarily 
probabilistic and need to incorporate uncertainty 
due to natural climate variability as well as modeling 
uncertainty. A potential approach for future progress 
could be through combined statistical and dynami-
cal downscaling. For example, it may be possible to 
subselect periods and ensemble members for dynami-
cal downscaling from the large-scale conditions and 
thus achieve effective targeting of kilometer-scale 
simulations. In particular, early work suggests statisti-
cal regression relationships based on the large-scale 
climate state may be skillful in identifying when local 
precipitation extremes may occur (although not their 
intensity or duration) and hence when information 
from a convection-permitting model is needed. It 
should be noted that although the signal coming from 
the convection-permitting model is conditional on 
the larger-scale environment, it still provides a con-
siderable improvement in local projections compared 
to solely relying on coarser resolutions.

Despite the advent of kilometer-scale regional cli-
mate models, our confidence in projections is strongly 
controlled by the ability of global climate models to 
represent relevant large-scale processes and changes 
in large-scale circulation patterns. In parallel with 
developments in convection-permitting regional cli-
mate modeling, there are now a number of examples 
of high-resolution experiments with global climate 
models. Long climate experiments have been per-
formed within the United Kingdom on the Partner-
ship for Advanced Computing in Europe (PRACE): 
Weather-Resolving Simulations of Climate for Global 

Environmental Risk (UPSCALE) project (Mizielinski 
et al. 2014) with GCMs at 25-km grid spacing. At 
resolutions of 60 km or higher, large-scale moisture 
transport seems to have converged in the midlatitudes 
(Demory et al. 2014). The representation of many 
other processes is also found to improve with increas-
ing model resolution—for example, atmospheric 
blocking (Scaife et al. 2011; Berckmans et al. 2013) 
and regional modes of variability (MacLachlan et al. 
2014); however, the convergence of these processes 
with model resolution is not yet robustly established. 
The two simulations examined here used very differ-
ent resolution-driving GCMs. The Alps simulations 
showed significant biases in large-scale conditions 
inherited from a ~200-km resolution GCM. These 
were found to impact rainfall frequency and inten-
sity over Switzerland in downscaling simulations 
(Figs. ES1–ES4 in the online supplemental material). 
By comparison, 60-km GCM-driven downscaling 
simulations over the United Kingdom gave com-
parable biases to ERA-Interim-driven simulations 
(Figs. ES5–ES8 in the online supplemental material), 
suggesting that the 60-km GCM is able to capture 
the synoptic and mesoscale variability important for 
constraining local rainfall in this region. In general, 
present-day biases will only be a good guide of the 
reliability of future projections, where the biases relate 
to the same processes that are controlling the future 
change. It is essential that GCM ability to capture 
the key large-scale processes driving future changes, 
which will vary between regions, is established before 
any regional downscaling is attempted.

This study is not a comprehensive assessment of 
the reliability of regional projections from coarse-
resolution models. It only gives an indication of 
the robustness of projections going from coarser to 
higher resolution, and in particular to convection-
permitting scales. The experiments available to date 
are limited to single-model realizations for different 
midlatitude regions, and so no estimate of modeling 
uncertainty in the climate change signal is possible. 
There are also many other potential deficiencies, in 
some cases relating to limitations that are common 
to all current climate models. For example, there are 
large uncertainties in Earth system processes that 
impact atmospheric CO2 concentrations for given 
CO2 emissions as well as provide feedbacks on climate 
change, and uncertainties exist in processes occur-
ring on very small scales, such as cloud microphysics. 
One important question is the extent to which we 
may expect changes to be robust on going to even 
higher resolutions. In the foreseeable future, it will 
likely become possible to run climate simulations at 
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convection-resolving scales (grid scales on the order 
of 10 m) for very small domains. Initial indications 
from numerical weather prediction are that the 
representation of convection does not necessarily 
improve with further increases in resolution once 
in the regime of being able to explicitly represent 
convection (Hanley et al. 2015), given our current 
knowledge about the representation of turbulence and 
microphysical processes. However, what we can say is 
that even at kilometer-scale resolution, these models 
generate new climate projections with potentially 
profound implications for a number of sectors.
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