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Executive summary
This report describes a new addition to the set of UKCP Local climate projections included in UKCP18. 
UKCP Local consists of an ensemble of 12 “convection-permitting” simulations over a region covering the 
UK (the model grid length is 2.2 km over the UK), run for five consecutive 20-year time periods spanning 
1980 – 2080 (Kendon et al. 2021, 2023b) under a high emissions scenario (RCP8.5; Moss et al. 2010). This 
rich dataset is particularly useful for examining how changes in extreme weather manifest through time, at 
fine spatial and temporal scales (e.g. Kendon et al. 2023a). 

Boundary conditions for each member of the 2.2 km convection-permitting model (CPM) ensemble are 
provided by a member of a regional climate model (RCM) ensemble that covers Europe (with a grid length 
of 12 km), in turn nested inside a member of a global climate model (GCM) ensemble. The global ensemble 
is based on the Met Office Hadley Centre climate model, with different members created by applying 
perturbations to parameters in the numerical schemes used in the model to represent key physical 
processes (e.g. atmospheric convection). The RCM ensemble is known as UKCP Regional and the GCM 
ensemble forms one component of UKCP Global, along with 13 other GCMs selected from the fifth phase 
of the Coupled Model Intercomparison Project (CMIP5; Taylor et al. 2012), referred to as the CMIP5-13 
(Murphy et al. 2018).

A key limitation of UKCP Local is that a single GCM provides the boundary conditions for the CPM (via the 
RCM). Future projections for the UK from the Met Office global model can be notably different to those from 
other international GCMs. For example, the Met Office model typically projects a greater future increase in 
temperature and decrease in precipitation in summer compared to the other CMIP5-13 GCMs. Given that 
the CPM has no access to information from these alternative global models, the UKCP Local projections will 
sample a narrower uncertainty range than other UKCP18 products (such as UKCP Probabilistic and UKCP 
Global). 

Here we take a first step towards expanding the range of future outcomes sampled by UKCP Local by 
nesting the CPM (via the RCM) inside four different GCMs selected from CMIP5, referred to as the CMIP5-4. 
The CMIP5-4 models are ACCESS1-3, MPI-ESM-LR, MRI-CGCM3 and IPSL-CM5A-MR1, chosen based on 
their ability to represent key features of the climate of the North Atlantic-European region and the diversity 
of their future projections for the UK, especially in summer.

A new set of UKCP Local and UKCP Regional projections with boundary conditions provided by the CMIP5-
4 models have been produced for the same five consecutive 20-year time periods as before, again under 
RCP8.5. For consistency with the existing projections, the configurations of the RCM and CPM have been 
kept as similar as possible to those used previously (Murphy et al. 2018, Kendon et al. 2021). The only 
notable difference is the treatment of aerosols, although this is likely to have less of an impact for the UK 
compared to central Europe, for example.

1 ACCESS1-3, MRI-CGCM3 and IPSL-CM5A-MR are all in the CMIP5-13 included in UKCP Global. We did intend to down-scale MPI-ESM-MR, which 
is also in the CMIP5-13, but the necessary driving data was not available at the time, so we opted to use the MPI-ESM-LR model instead. This is not 
in the CMIP5-13, but it does perform very similarly to the MR version (McSweeney et al. 2018).
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Present-day performance of the CMIP5-driven regional models

	• A requirement for successful down-scaling is that a regional model does not deviate too much from its 
driving model (i.e. the model providing boundary conditions) on large scales. Using a representative set of 
weather patterns for the UK and surrounding European area, we have checked how well the large-scale 
circulation of each CMIP5-4 GCM is preserved by its nested RCM. There is a very good correspondence 
in the day-to-day sequence of weather patterns in winter (more than 80% of days match), with less of 
an agreement in summer (at least 60% of days match), which is expected since the large-scale flow is 
weaker in this season. Overall, we are satisfied that the RCM simulations are adequately constrained by 
their boundary conditions, despite the large pan-European domain. Large-scale consistency between the 
CPMs and their driving RCMs has not been examined as this step is no different from that in existing 
UKCP Local simulations.

	• The ability of the new CMIP5-driven CPM (and RCM) simulations to reproduce key aspects of the 
present-day climate has been assessed using observational data, focussing on temperature and 
precipitation across a range of timescales (soil moisture and snow have also been briefly considered). 
The main result is that biases in the regional models driven by CMIP5-4 GCMs are mostly comparable to 
those in the existing UKCP Local and UKCP Regional simulations (Figure 1), and thus their projections are 
considered equally as plausible. However, there are a few cases where the CMIP5-driven regional models 
have considerably larger biases than found in the UKCP18 regional ensembles, with implications for the 
reliability of their projections. These are as follows:

	 -	 In winter, the CPM and RCM driven by MRI-CGCM3 significantly over-estimate precipitation across 
		  the UK (especially the RCM), with large biases generated by the down-scaling step itself. Future 
		  changes in winter precipitation from these models are thus considered unreliable.

	 -	 Excessive winter precipitation in the MRI-CGCM3-driven models contributes to more snow on the 
		  ground in Scotland than in any other model. Consistent with this, there are significant cold biases in 
		  winter mean temperatures and the temperature of cold winter days in Scotland, although there are 
		  some members of the existing UKCP18 regional ensembles with similarly large biases. The CPM 
		  driven by MRI-CGCM3 over-estimates the number of cold spells too. On balance we advise caution 
		  if using projections for winter temperatures from the MRI-CGCM3-driven models for Scotland as we 
		  have lower confidence in them.

	 -	 The regional models driven by IPSL-CM5A-MR also have some significant wet biases in winter 
		  precipitation, especially over England. However, these biases are largely inherited from the  
		  IPSL-CM5A-MR GCM itself, which has already been included in UKCP Global as part of the CMIP5-13.  
		  We recommend caution if using winter precipitation projections from the CPM and RCM driven by 
		  IPSL-CM5A-MR as we have less confidence in them.

	 -	 In summer, the regional models driven by MPI-ESM-LR significantly over-estimate precipitation across 
		  the UK, and these biases are generated by the down-scaling step. Future changes in summer 
		  precipitation from these models are thus considered unreliable.
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Figure 1. Summary of present-day biases in the CMIP5-driven regional models in winter (left panels) and summer (right panels), for a selection of 
regionally averaged temperature and precipitation metrics. 

Climate change projections from the CMIP5-driven regional models

	• The fully transient nature of both the new and existing UKCP Local and UKCP Regional simulations 
allows future changes to be defined using a specific level of global warming, instead of a fixed future 
period as was done in previous UKCP Local reports (Kendon et al. 2019, 2021, 2023b). Here a global 
warming level of 3ºC above pre-industrial is adopted. This way of framing projections is somewhat 
independent of emissions scenario and climate sensitivity (the equilibrium response to a doubling of 
CO2), relevant here because the Met Office Hadley Centre global model has a considerably higher 
climate sensitivity than the CMIP5-4 GCMs chosen for down-scaling.

	• Future changes in precipitation and temperature in the CMIP5-driven regional models largely follow 
those in their parent GCMs, with differences between the responses of parent and nested models being 
comparable to those between members of the existing UKCP18 ensembles. This suggests the down-
scaling of alternative GCMs is behaving as desired, allowing us to sample different regions of the space of 
possible future changes with the UKCP18 regional models. There are several noteworthy future 
outcomes from the new CMIP5-driven regional model projections (Figure 2), which we believe are 
plausible, based on our assessment of present-day biases:

	 -	 In summer, the regional models driven by IPSL-CM5A-MR and MRI-CGCM3 project less of a future 
		  increase in temperature than any member of the existing UKCP Local and UKCP Regional ensembles, 
		  across the UK. The models driven by ACCESS1-3 and MPI-ESM-LR also offer low-end outcomes with 
		  responses lying close to the lower bound of the range of responses from the UKCP18 ensembles. 
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	 -	 The MRI-CGCM3-driven models also project little future change in summer mean precipitation across 
		  the UK – as do the IPSL-CM5A-MR-driven models over Scotland - whereas the existing UKCP18 
		  regional ensembles favour a substantial future decrease.

	 -	 In winter, future increases in precipitation over England (especially in the south) are considerably 
		  larger in the ACCESS1-3-driven models than in any member of the existing UKCP Local and UKCP 
		  Regional ensembles. Increases can be ~50% locally. Such an outcome would have impactful 
		  consequences in terms of river flows and flood risk. The CPM driven by ACCESS1-3 also projects a 
		  greater future intensification of hourly precipitation extremes in winter than any member of 
		  UKCP Local.

	 -	 At the other end of the scale, the regional models driven by MPI-ESM-LR project a decrease in winter  
		  mean precipitation over Scotland whereas most UKCP18 regional ensemble members project 
		  future increases. 

	 -	 Future increases in winter mean temperature and the temperature of cold winter days in the models 
		  driven by ACCESS1-3, MPI-ESM-LR and IPSL-CM5A-MR are also smaller than in most members of the 
		  existing UKCP Local and UKCP Regional ensembles, offering new low-end outcomes in some cases. 

	• 	The range of future changes in UK-average winter and summer mean temperature and precipitation 
from the original and new augmented UKCP Regional and UKCP Local ensembles are compared in 
Tables 1 and 2.

Figure 2. Summary of future changes in regionally averaged temperature and precipitation metrics from the CMIP5-driven regional models, for 
winter (left panels) and summer (right panels). Future changes are defined as differences between a 21-year future period, centred on the year 
when the global mean surface temperature reaches 3ºC above pre-industrial, and the baseline period (1980 – 2000).
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In summary, we have demonstrated that it is possible to successfully down-scale other international 
GCMs from CMIP5 with the UKCP18 CPM and RCM, providing an effective means of sampling a wider 
range of potential future outcomes for the UK. Augmenting UKCP Local with the new CMIP5-driven 
projections (giving a total of 16 simulations) promises to be particularly useful for assessments of future 
risks relating to changes in extreme weather at local and hourly timescales.

Using CMIP5 GCMs to drive the UKCP18 CPM (via the RCM) represents an important step forward in 
capability. However, it should be emphasised that, even with the new additions, the UKCP Local 
projections will still under-estimate uncertainties in future changes, for several reasons. First, the number 
of alternative GCMs we have been able to down-scale is small. Second, as in the original UKCP Local 
projections, uncertainty in the representation of physical processes within the CPM itself is not accounted 
for. Third, projections have been produced for a single emissions scenario (RCP8.5) only. Finally, no 
information from other CPM simulations covering the UK has been included. These are all avenues that 
could potentially be explored in any future update of, or addition to, UKCP Local. Therefore, we re-iterate 
the recommendation that, where possible, UKCP Local should be used in conjunction with other products 
from UKCP18 that provide a more comprehensive sampling of uncertainties (such as UKCP Probabilistic, 
UKCP Global and UKCP Regional). 

UKCP Regional Augmented UKCP Regional
Winter mean temperature [ºC] 1.1, 2.0, 2.4 1.0, 1.7, 2.4

Summer mean temperature [ºC] 2.5, 2.8, 3.2 2.0, 2.7, 3.2

Winter mean precipitation [%] 0.9, 5.5, 13.2 -3.0, 5.1, 14.9

Summer mean precipitation [%] -26.5, -13.6, -7.6 -26.5, -13.6, 0.5

UKCP Local Augmented UKCP Local
Winter mean temperature [ºC] 1.2, 2.1, 2.5 1.1, 1.8, 2.5

Summer mean temperature [ºC] 2.5, 2.8, 3.2 1.9, 2.6, 3.2

Winter mean precipitation [%] 4.7, 13.9, 19.2 3.6, 11.9, 19.2

Summer mean precipitation [%] -29.6, -13.9, -4.2  -29.6, -13.9, -3.2

Table 1. Comparison of future changes in UK-average winter and summer mean temperature and precipitation in the original UKCP Regional 
ensemble (12 members) and the augmented UKCP Regional ensemble with four additional members driven by CMIP5 GCMs (16 members in total). 
Future changes are defined as differences between a 21-year future period, centred on the year when the global mean surface temperature 
reaches 3ºC above pre-industrial, and the baseline period (1980 – 2000). For each variable low, central and high estimates are presented, 
corresponding to the second lowest, median and second highest response across the ensemble.

Table 2. Same as Table 1 but for UKCP Local.
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1	 Introduction
One component of the UKCP18 national climate projections is UKCP Local, an ensemble of 12 simulations 
at 2.2 km grid spacing over the UK. These simulations are termed “convection-permitting” because the 
resolution is high enough for convective storms to be (partially) resolved by the model. Initially, projections 
were produced for three timeslices (1980-2000, 2020-2040 and 2060-2080), released in September 
2019 (Kendon at al. 2019, Kendon et al. 2021), with the remaining timeslices (2000-2020 and 2040-
2060) run subsequently and released in March 2023 (Kendon et al. 2023b). These can be stitched 
together to produce the first ensemble of long (100-year) national climate scenarios at a resolution 
comparable to weather forecast models, allowing us estimate uncertainties in the future changes of local 
extremes and how changes manifest through time (Kendon et al 2023a). This is valuable information for 
conducting risk assessments and preparing effective adaptation strategies.

While undoubtedly a significant step forward in capability, the main limitation of UKCP Local is that it is 
likely to provide an under-estimate of uncertainties in the future changes of extremes, for several reasons. 
First, projections were produced for a single emissions scenario only, the high emissions scenario RCP8.5 
(Moss et al. 2010). Second, each member of the 2.2 km ensemble is one-way nested inside a member of a 
12 km pan-European regional model ensemble (UKCP Regional; Murphy et al. 2018), in turn nested inside 
a member of a 60 km global model ensemble (one component of UKCP Global; Murphy et al. 2018). The 
global ensemble is based on the Met Office Hadley Centre climate model, HadGEM3-GC305, with 
different members created by perturbing uncertain parameters in the model physics schemes. It was not 
possible to apply the same perturbations in the convection-permitting model (CPM) because it uses a 
different set of parametrisation schemes to the global model (note that the 12 km model is just a high-
resolution version of the global model run over a limited area so the same parameter perturbations could 
be applied in this model). Therefore, the CPM ensemble samples uncertainty in the driving model physics 
and uncertainty in the large-scale forcing (i.e. natural variability) via its boundary conditions, but it does not 
sample uncertainty in the representation of physical processes within the 2.2 km model itself. Third, by 
down-scaling a perturbed physics ensemble (PPE) based on a single global model, there is no sampling of 
structural uncertainty (i.e. uncertainty due to different global model architectures including the 
parametrisation of physical processes) inherent to UKCP Local (or UKCP Regional either). This is an 
important point since HadGEM3-GC305 has a relatively high climate sensitivity (Andrews et al. 2019), and 
in some cases future changes are markedly different compared to other international climate models. For 
example, the majority of ensemble members project larger increases in summer mean temperature, and 
larger decreases in summer precipitation, over England than the 13 CMIP5 models included in UKCP 
Global (see Figure 5.1 in Kendon et al. 2021). These future changes are largely preserved upon down-
scaling to convective scales, motivating the need to down-scale multiple global models with different 
structure. Finally, there is no sampling of structural uncertainty in either UKCP Regional or UKCP Local 
themselves which, in principle, could be addressed by incorporating data from other regional climate 
simulations that cover the UK from the EURO-CORDEX (Jacob et al. 2014, Barnes et al. 2022), CORDEX-
FPS (Coppola et al. 2018) or Horizon 2020 EUCP (Hewitt and Lowe 2018) projects.
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In this work we down-scale a selection of other global climate models from CMIP5 with UKCP Local (via 
UKCP Regional), thus sampling the effects of structural uncertainty in the driving model for the first time. 
The inclusion of multi-model information within the UKCP18 regional model projections promises to be 
particularly helpful for assessments of future risks relating to extremes. Note that we make no attempt to 
incorporate other sources of uncertainty here, including emissions scenario (again, we assume the RCP8.5 
emissions pathway), uncertainties in the 2.2 km model physics, and structural uncertainties in the regional 
models themselves. These are all avenues that could potentially be explored in any future update of, or 
addition to, UKCP18.
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2	 Methodology

2.1	 Selection of CMIP5 models to down-scale

The global climate projections included in UKCP18 consisted of a 15-member PPE of global climate 
simulations with the HadGEM3-GC305 model, augmented by 13 models selected from CMIP5 (the CMIP5-
13) to add sampling of diversity of model structure. The CMIP5-13 models were selected by using a mixture 
of quantitative and qualitative assessment criteria to filter out models performing poorly over Europe, whilst 
simultaneously capturing the widest possible range of future changes (McSweeney et al. 2018).

Of the CMIP5-13 models, not all can be down-scaled with the UKCP18 regional models. Some lack the 
necessary driving data to make lateral boundary conditions (LBCs), others have a model top that lies 
below that of the UKCP18 RCM (40 km above sea level). These constraints rule out seven of the CMIP5-
13. Of the remaining six, two of them (CanESM2 and HadGEM2-ES) predict similarly large future increases 
in surface temperature and decreases in precipitation over the UK in summer as HadGEM3-GC305; see 
the lower left panel of Figure 3. Therefore, we rule out these two models on diversity grounds. This leaves 
four models: ACCESS1-3, IPSL-CM5A-MR, MPI-ESM-MR and MRI-CGCM3, all of which yield different 
climate change responses for the UK in summer than HadGEM3-GC305. For example, the IPSL-CM5A-MR 
model predicts a much smaller temperature increase in summer, and the MRI-CGCM3 model predicts a 
slight increase in summer precipitation. These four CMIP5 models were thus chosen for down-scaling. 

However, data from the MPI-ESM-MR model was not accessible at the time of this work, so we decided to 
use the MPI-ESM-LR model instead. The LR version is not part of the CMIP5-13 set of models, but it is 
similar to the MR version, with fewer vertical levels and lower horizontal resolution in the ocean being the 
key differences. MPI-ESM-LR passes all the performance criteria used to select the CMIP5-13, with similar 
present-day performance to the MR version (McSweeney et al. 2018), and gives similar projections to 
MPI-ESM-MR for the UK in all seasons except winter where the LR version predicts considerably more 
warming (Figure 3). The final set of CMIP5 models chosen for down-scaling in this work is thus:

	• ACCESS1-3

	• IPSL-CM5A-MR

	• MPI-ESM-LR

	• MRI-CGCM3

Hereafter we refer to this subset of CMIP5 models as CMIP5-4.

www.metoffice.gov.uk


 Source: Met Office © Crown Copyright 2024www.metoffice.gov.uk Pg 10 of 91

Figure 3. UK-mean future changes in seasonal mean temperature and precipitation under RCP8.5 in CMIP5 global models. Future changes are 
defined as the difference between fixed future (2070 – 2100) and baseline (1961 – 1990) periods. Models included in the CMIP5-13 subset are 
shown in blue, with models that were rejected on performance grounds shown in grey, and the four CMIP5 models chosen for down-scaling here are 
highlighted in red. Reproduced from McSweeney et al. (2018).
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Model Abbreviation Description/notes
HadGEM3-GC305 HadGEM Global model configuration used in UKCP18.

HadGEM3-GC305 PPE HadGEM-PPE 15-member perturbed parameter ensemble produced with the HadGEM3-GC305 
global model.  
Only the 12 members down-scaled with regional models in UKCP18 are used here. 
Model grid length is 60 km. 
One component of UKCP Global in Murphy et al. (2018).

HadGEM3-GC305 PPE standard 
member

HadGEM-STD Single member of the HadGEM3-GC305 PPE with no parameter perturbations 
applied.

ACCESS1-3 ACCESS Global models from CMIP5 chosen for down-scaling with UKCP18 regional 
models. 
Only a single member is down-scaled here (r1i1p1).IPSL-CM5A-MR IPSL

MPI-ESM-LR MPI

MRI-CGCM3 MRI

HadREM3-GA705 RCM Regional model configuration used in UKCP18. 
Science settings match those in HadGEM3-GC305.

HadREM3-GA705 PPE RCM-PPE 12-member perturbed parameter ensemble produced with the HadREM3-GA705 
model. 
Driven by 12 members of the HadGEM3-GC305 PPE. 
Model grid length is 12 km. 
Referred to as UKCP Regional in Murphy et al. (2018).

HadREM3-GA705 PPE standard 
member

RCM-STD Single member of the HadREM3-GA705 PPE with no parameter perturbations 
applied, driven by the standard (unperturbed) member of HadGEM3-GC305 PPE.

HadREM3-GA705 driven by 
ACCESS1-3

RCM-ACCESS Standard (unperturbed) member of the HadREM3-GA705 PPE driven by each 
CMIP5-4 global model.

HadREM3-GA705 driven by 
IPSL-CM5A-MR

RCM-IPSL

HadREM3-GA705 driven by 
MPI-ESM-LR

RCM-MPI

HadREM3-GA705 driven by 
MRI-CGCM3

RCM-MRI

HadREM3-RA11M CPM Convection-permitting regional model configuration used in UKCP18.

HadREM3-RA11M PPE CPM-PPE 12-member ensemble produced with the HadREM3-RA11M model. 
Driven by 12 members of the HadREM3-GA705 PPE. 
No parameter perturbations applied in the CPM.   
Model grid length is 2.2 km. 
Referred to as UKCP Local in Kendon et al. (2021).

HadREM3-RA11M PPE standard 
member

CPM-STD Single member of the HadREM3-RA11M ensemble driven by the standard 
(unperturbed) member of HadREM3-GA705 PPE.

HadREM3-RA11M driven by 
ACCESS1-3

CPM-ACCESS Single member of the HadREM3-RA11M ensemble nested inside the standard 
(unperturbed) member of the HadREM3-GA705 PPE, driven by each CMIP5-4 
global model.

HadREM3-RA11M driven by 
IPSL-CM5A-MR

CPM-IPSL

HadREM3-RA11M driven by 
MPI-ESM-LR

CPM-MPI

HadREM3-RA11M driven by 
MRI-CGCM3

CPM-MRI

2.2	 Naming conventions

All the climate models used in this report are listed in Table 3, and abbreviations used to refer to them 
hereafter are defined.

Table 3. Summary of all the models used in this report and the abbreviations used to refer to them.
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2.3	 Key characteristics of the CMIP5-4 global models

The four CMIP5 models chosen for down-scaling span a wide range of resolutions, all substantially coarser 
than HadGEM3-GC305; see Table 4. It follows that a key difference between the various models will be 
their representation of orography, illustrated by Figure 4. This is worth bearing in mind when evaluating 
model performance in the following sections as elevation differences will have an impact on both 
temperature and precipitation.

Model Longitudinal grid spacing Latitudinal grid spacing

MPI 1.875° 1.8°

IPSL 2.5° 1.25°

ACCESS 1.875° 1.25°

MRI 1.125° 1.1°

HadGEM 0.83° 0.56°

RCM 0.11° 0.11°

CPM 0.02° 0.02°

Table 4. Horizontal grid spacings of the various models used in this report, arranged in order of decreasing grid-box area (i.e. increasing resolution).

Figure 4. Representation of orography in the models used in this report, on their native spatial grids, for grid-boxes where the land fraction is greater 
than 50%. Models are ordered by increasing resolution as in Table 4. In the bottom right plot, the distribution of terrain heights in Scotland is shown 
by the box-and-whiskers: the box extends from the lower to the upper quartiles of the data, with the median shown by the solid horizontal line, and 
the whiskers show the full range of the data.
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A key control on UK climate is the low-level prevailing winds from the west/southwest. Figure 5 shows 
seasonal mean biases in the 850 hPa circulation in the CMIP5-4 models, along with HadGEM-STD. In 
winter, the flow in ACCESS is too zonal across the UK, MPI and IPSL shift the region of strongest flow to the 
south, and MRI has excessively strong flow across the UK, as flagged in McSweeney et al. (2018). In 
summer, the low-level circulation is weaker, and the models generally perform better. The MPI model still 
tends to shift the peak flow too far south, but the significant biases seen in IPSL and MRI in winter are no 
longer evident.

Aside from circulation, another important influence on UK climate is local sea surface temperatures (SSTs; 
e.g. Fereday and Knight 2023). Figure 6 shows seasonal mean SST biases in the CMIP5-4 models, along 
with HadGEM-STD. The latter has the smallest overall SST biases, because flux adjustments are applied to 
the ocean surface layer in this model (Yamazaki et al. 2021). The ACCESS and MPI models tend to have a 
warm bias in SSTs around the UK, especially in winter, whereas IPSL and MRI display a cool bias, 
particularly the MRI model in winter (SST biases in these models were flagged in McSweeney et al. 2018). 
It is important to remember that the global model SST patterns in Figure 6 will be inherited by nested 
regional models since daily mean SSTs are prescribed as a lower boundary condition.

Figure 5. Seasonal mean biases in 850 hPa winds in the CMIP5-4 and HadGEM-STD global models, relative to ERA5 reanalysis (Hersbach et al. 
2020), for the baseline period (1980 – 2000). The top row is for winter and the bottom row is for summer. All data has been regridded onto a 
common n96 grid with spacings of 1.875º and 1.25º in the longitudinal and latitudinal directions, respectively. The boundary of the CPM domain is 
shown for reference (green line).

Figure 6. Seasonal mean SST biases in the CMIP5-4 and HadGEM-STD global models, relative to HadISST observations (Rayner et al. 2003), for the 
baseline period (1980 – 2000). The top row is for winter and the bottom row is for summer. All data has been regridded onto a common n96 grid 
with spacings of 1.875º and 1.25º in the longitudinal and latitudinal directions, respectively. The boundary of the CPM domain is shown for 
reference (green line).
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Figure 7 shows biases in near-surface air temperature over the UK. In winter, biases in the CMIP5-4 models 
tend to follow the SST biases shown in Figure 6, with ACCESS being too warm across the UK and MRI too 
cold. Model biases are typically smaller in summer, apart from IPSL, which is too warm across England 
despite surrounding SSTs being slightly too low. Note that ACCESS still exhibits a strong warm bias across 
the UK in summer.

Finally, model precipitation biases are presented in Figure 8. In winter all models produce too much rainfall 
over southeastern England, particularly IPSL and MRI. The ACCESS and MPI models have a notable dry bias 
over Scotland, and the western half of the UK more generally. Biases are smaller in summer in all models.

Figure 7. Seasonal mean biases in air temperature at 1.5m in the CMIP5-4 and HadGEM-STD global models, relative to NCIC observations (Perry et 
al. 2009), for the baseline period (1980 – 2000). The top row is for winter and the bottom row is for summer. All data has been regridded onto a 
common n96 grid with spacings of 1.875º and 1.25º in the longitudinal and latitudinal directions, respectively. The boundary of the CPM domain is 
shown for reference (green line).

Figure 8. Seasonal mean biases in precipitation in the CMIP5-4 and HadGEM-STD global models, relative to NCIC observations (Perry et al. 2009), 
for the baseline period (1980 – 2000). The top row is for winter and the bottom row is for summer. All data has been regridded onto a common n96 
grid with spacings of 1.875º and 1.25º in the longitudinal and latitudinal directions, respectively. The boundary of the CPM domain is shown for 
reference (green line).
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2.4	 Regional model set-up

Regional models are configured to be as similar as possible to those in UKCP18, with the 2.2 km CPM 
nested inside the 12 km RCM; see Figure 9 for a reminder of the model domains. These models are 
described in detail in previous reports (Kendon et al. 2019, 2021). The main difference here is that the 
CMIP5-4 global models are used to provide (6-hourly) LBCs for the RCM, and daily mean SSTs and sea-ice 
extent for both the RCM and CPM, rather than HadGEM-PPE. 

Figure 9. Domains and orography of the UKCP18 regional models. The solid red line shows the boundary of the pan-European 12 km RCM, and the 
solid blue line shows the boundary of the CPM nested inside this. The CPM is a variable resolution model, with a fixed grid length of 2.2 km in the 
region marked by the dashed blue line, stretching to 4 km outside of this. 

The science configuration of the RCM and CPM mirrors that of the standard member of the respective 
UKCP Regional and Local ensembles released previously (Murphy et al. 2018, Kendon et al. 2019, 2021). 
The Unified Model (UM) version was upgraded though, from UM10.6 to UM10.9 and UM12.0 for the RCM 
and CPM, respectively. This was done to gain access to new code to implement a 365-day calendar in the 
UM, required for down-scaling IPSL (the other three CMIP5-4 GCMs employ a standard Gregorian calendar 
already supported by the UM). Tests were run to make sure the UM version upgrade did not systematically 
affect model evolution. 

All ancillary files (land-sea mask, orography, land use, etc) are the same as used previously, apart from  
SSTs and sea-ice, which come from the driving global model (i.e. from a CMIP5 GCM in this work), and 
those for the Easy Aerosol scheme (Voigt et al. 2014) that is used to approximate aerosol effects in the 
regional models. 

It was decided to use the same land-sea mask in the CMIP5-driven RCMs and CPMs as in the existing 
UKCP18 regional models for consistency. However, this did lead to complications when generating SST 
ancillaries for RCM-IPSL and CPM-IPSL, because part of the Irish Sea, English Channel and the Red Sea are 
not represented as sea points in the land-sea mask of IPSL. By default, the ancillary generation code 
generates SSTs in these regions by using a spiral search algorithm to fill in SST data from the nearest 
available sea points, which led to unrealistically sharp SST gradients. To remedy this, we applied inverse-
distance-weighted (IDW) interpolation (with power parameter, p=2) to smoothly fill in the missing SSTs for 
each region before the ancillary files for the RCM and CPM were created. 
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Similar problems were encountered in RCM-ACCESS because the Black Sea is not represented in the 
land-sea mask of ACCESS. The default ancillary generation procedure then gives markedly different SSTs 
in the eastern and western halves of the Black Sea. In reality there is more of a north-south gradient in 
SSTs in the Black Sea. Using daily observed SSTs from the Reynolds et al. (2002) dataset for the period 
1982-2000, we computed the scaling factor required to reproduce the zonal-mean SST at each latitude in 
the Black Sea from the SST at a reference point in the northeast Aegean Sea, chosen to match the 
location of the closest sea point to the Black Sea in ACCESS. An average scaling factor was computed for 
each month, varying with latitude across the Black Sea. On any given day, we generate a zonal-mean SST 
pattern for the Black Sea by applying the observationally derived scaling factor for the appropriate month 
to the SST value at the grid box in ACCESS corresponding to the reference point. These new SSTs are then 
used to replace the erroneous SSTs in the original ancillary file. The same procedure is followed in both 
present-day and future simulations. Using SST ancillary files for the other CMIP5-driven RCMs and RCM-
STD, we have checked that the monthly-mean scaling factors in the models are not very sensitive to the 
choice of time-period, justifying this approach. 

The Easy Aerosol scheme requires time series of aerosol optical properties and cloud droplet number 
concentration as input, but these are not available from the CMIP5-4 models. Instead, we prescribe 
aerosol properties in the regional models using standard forcing datasets that were developed for CMIP6, 
based on the MACv2-SP parametrisation of the radiative effects of anthropogenic aerosols (Stevens et al. 
2017, Fiedler et al. 2019). Note this was the approach adopted in the pair of RCM and CPM simulations 
driven by ERA-Interim in UKCP18. This means that aerosol forcing will be the same across all the CMIP5-
driven regional models, but different to that in their parent GCMs (and also the original UKCP18 regional 
model runs driven by HadGEM-PPE). The effect this has on regional climate projections will depend on the 
CMIP5 model being down-scaled: if the GCM did not represent aerosol-cloud interactions (e.g. MPI), then 
using MACv2-SP will lead to more of a cooling due to aerosol effects in the present-day, and thus 
enhanced future warming, and vice versa when down-scaling GCMs (such as ACCESS) that did include 
aerosol indirect effects (B. Booth, pers. comm.). However, we expect the impact of any difference in 
aerosol forcing between MACv2-SP and the driving GCM to be relatively small over the UK (compared to 
central Europe, for example), because aerosol effects in the GCM will influence SSTs which are then 
prescribed as a lower boundary condition in the regional model, and SSTs exert a strong control on air 
temperatures over the UK.

Note that an error was found in the code for producing the Easy Aerosol ancillary files for the cloud droplet 
number concentration. To generate these files, scaling factors from the standard CMIP6 forcing datasets 
described in Stevens et al. (2017; for the historical period) and Fiedler et al. (2019; for the RCP8.5 
scenario) are applied to a pre-industrial model climatology (constructed using data from a low resolution, 
atmosphere-only global climate simulation with pre-industrial forcing for the period 1988-2009). The 
ancillary generation code assumed the first month in the pre-industrial climatology was January, whereas 
it was in fact August. This error was rectified for the CMIP5-driven runs presented here, but will have 
affected the regional model runs driven by ERA-Interim in UKCP18 (not RCM-PPE and CPM-PPE though).

The generation of boundary conditions for RCM-ACCESS also required special attention, because the top 
of the ACCESS model is 39 km above sea level, 1 km lower than the model top of the regional models. 
Rather than use a different vertical level set in this particular RCM, and thus lose consistency between 
models, it was decided to interpolate driving data from ACCESS onto the regional model level set with 
linear extrapolation beyond the model top.
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As in UKCP18, regional model projections were produced for five sequential 21-year time-slices spanning 
1979-2080, discarding the first year of each time-slice as model spin-up (mainly to allow the land surface 
to reach equilibrium). The RCP8.5 emissions scenario is followed from 2005 onwards. The time-slices can 
then be stitched together to generate a set of fully transient projections (noting that there will be 
discontinuities at the boundaries between time-slices that must be avoided when analysing events that 
span the break points). The calendar of the driving CMIP5 GCM was also adopted in the nested regional 
models (IPSL uses a 365-day calendar, all the others use a Gregorian calendar).

Note that, since the release of UKCP18, it has been noticed that there are instances of high rainfall in the 
2.2km CPM data that have physically unrealistic spatial characteristics, manifesting as linear features 
aligned with the model grid. These features are the result of non-conservative behaviour inherent to the 
semi-Lagrangian advection scheme used in the UM. The frequency of these events could affect estimates 
of present-day extreme rainfall and future changes2. Removing these spurious features from the raw CPM 
data in post-processing is challenging. One way of reducing their impact is to regrid the 2.2 km data onto a 
coarser grid since the regridding has a smoothing effect. For this reason, data from the CMIP5-driven 
CPMs will be regridded onto a 5 km grid (using the Ordnance Survey National Grid reference system; 
OSGB) before release; the raw 2.2 km data will not be available to users. Throughout this report we 
therefore only use CPM data that has been regridded onto this 5 km grid (unless we are comparing with 
lower-resolution models in which case we regrid onto the coarsest resolution grid).

2.5	 Computing future changes

Previous UKCP18 science reports (Murphy et al. 2018, Kendon et al. 2019, 2021, 2023b) defined future 
changes as the difference between a fixed future time period (2060-2080) and the baseline period (1980-
2000). However, the rate of increase of global mean surface temperature varies considerably across the 
different CMIP5-4 models, hence we choose to define future changes using a specific level of global 
warming instead (following Hanlon et al. 2021). The advantage of this is that it allows us to frame 
projections in a way that is essentially independent of climate sensitivity and emissions scenario. Note that 
the UK’s Fourth Climate Change Risk Assessment (CCRA4) will employ a similar approach3. We select a 
global warming level of 3ºC above pre-industrial temperatures since this is the maximum that all GCMs 
attain before 2080 (the endpoint of the nested regional simulations), thus enabling us to maximise signal-
to-noise.

To compute future changes, we adopt a similar approach to Hanlon et al. (2021). For each GCM, a 
timeseries of annual mean global mean temperature is produced, smoothed with a 21-year rolling mean. 
This is converted to a timeseries of global mean temperature anomalies by subtracting off the average 
global mean temperature for the baseline period (1980-2000) in the GCM. Since the observed warming 
from the pre-industrial period (defined here as 1850-1900) to the baseline period is 0.51ºC (from 
HadCRUT4; Morice et al. 2012), the year when the global mean temperature anomaly reaches 2.49ºC is 
used to define a global warming level of 3ºC relative to pre-industrial. Once this year has been identified 
from the timeseries of temperature anomalies, the 21-year period centred on this year (i.e. 10 years either 
side) is used as the future period for computing changes in metrics relative to the fixed baseline period. 

2 See https://www.metoffice.gov.uk/binaries/content/assets/metofficegovuk/pdf/research/ukcp/ukcp18_guidance_extreme_rainfall.pdf for more 
information. 
3 See https://www.theccc.org.uk/publication/proposed-methodology-for-the-ccra4-advice/?chapter=3-proposed-methodological-approach-for-
ccra4-ia#3-3-future-climate-change. 
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The future periods for each GCM simulation are listed in Table 5, along with estimates of their effective 
climate sensitivity (EffCS). 

Note the large spread in times when a global warming level of 3ºC above pre-industrial is attained in the 
various models, with the fastest warming member of HadGEM-PPE reaching this point approximately 30 
years before the MRI model. In general, the high climate sensitivity and thus warming rate of HadGEM-PPE 
means a global warming level of 3ºC above pre-industrial is reached around the middle of the 21st 
century, well before the fixed future period 2060 – 2080 used in previous analyses. This could lead to 
substantial differences in projections in some cases.

Although the future period is chosen to be centred around the year when the global mean surface 
temperature reaches 3ºC above pre-industrial, the level of warming attained at the regional scale can be 
quite different. This is worth bearing in mind when interpreting model projections in subsequent sections. 
To illustrate this, Figure 10 shows future changes in SSTs around the UK projected by the CMIP5-4 GCMs 
and HadGEM-STD. Of the CMIP5-4 GCMS, IPSL has the highest climate sensitivity and is the fastest 
warming (Table 5), and it displays the smallest future increases in seasonal mean SST of all the GCMs, 
approximately 0.8ºC in winter and 1.3ºC in summer (averaged over the green box in Figure 10). The 
corresponding increases in UK-average near-surface temperature are 0.9ºC in winter and 2.1ºC in 
summer, notably less than 2.49ºC (the warming relative to the baseline period for a global warming level 
of 3ºC above pre-industrial). For the other CMIP5-4 GCMs, future increases in seasonal mean SST, 
averaged over the green box in Figure 10, happen to be proportional to model climate sensitivity, although 
there is no particular reason for such a relationship to exist.

Global model EffCS [K] Future period

MPI 3.63 2057 - 2077

IPSL 4.12 2044 - 2064

ACCESS 3.53 2045 - 2065

MRI 2.60 2062 - 2080

HadGEM-STD 5.34 2038 - 2058

HadGEM-PPE r001i1p01113 5.00 2035 - 2055

HadGEM-PPE r001i1p01554 4.96 2041 - 2061

HadGEM-PPE r001i1p01649 5.35 2037 - 2057

HadGEM-PPE r001i1p01843 4.87 2040 - 2060

HadGEM-PPE r001i1p01935 4.41 2042 - 2062

HadGEM-PPE r001i1p02123 5.34 2033 - 2053

HadGEM-PPE r001i1p02242 5.05 2039 - 2059

HadGEM-PPE r001i1p02305 4.81 2038 - 2058

HadGEM-PPE r001i1p02335 5.58 2042 - 2062

HadGEM-PPE r001i1p02491 4.88 2038 - 2058

HadGEM-PPE r001i1p02868 5.10 2042 - 2062

Table 5. Definition of 21-year future periods for each GCM, based on when the global mean temperature reaches 3ºC above pre-industrial. Note 
that MRI only reaches the 3ºC global warming level in 2072, hence a shorter 19-year future period must be adopted for this model since the model 
integration ends in 2080. Effective climate sensitivity (EffCS) values for the CMIP5 GCMs are taken from Schlund et al. (2020).
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Figure 10. Future changes in seasonal mean SSTs in the CMIP5-4 and HadGEM-STD global models, for winter (top row) and summer (bottom row). 
Future changes are defined as the difference between a 21-year future period, centred on the year when the global mean surface temperature 
reaches 3ºC above pre-industrial (see Table 5), and baseline period (1980 – 2000). All data has been regridded onto a common n96 grid with 
spacings of 1.875º and 1.25º in the longitudinal and latitudinal directions, respectively. The green box indicates a region where SSTs exert a strong 
influence on UK climate (Fereday and Knight 2023) and the models are ordered from left to right by increasing future change in seasonal mean SST 
averaged over this box, as indicated by the green text annotation. 

As a final comment, recall that one of the main reasons for choosing to down-scale the CMIP5-4 set of 
GCMs was to sample different future summer outcomes than available from HadGEM-PPE. Technical 
considerations aside, the choice of models to down-scale was largely based on attempting to maximise 
the diversity in future summer outcomes in Figure 3. In this figure, future changes are defined as the 
difference between the fixed time periods 2070-2100 and 1961-1990 and thus include the different 
temperature responses of the models. By defining the future period using a global warming level of 3ºC 
above pre-industrial, there is no guarantee that the range of summer projections from the CMIP5-4 
models seen in Figure 3 will be preserved. However, as we shall see, the CMIP5-4 models (apart from 
ACCESS) still tend to project less of a future increase in temperature and decrease in precipitation in 
summer over the UK than members of HadGEM-PPE, supporting our approach (e.g. Figure 15 below). 

2.6	 Computing metrics and significance testing

In what follows, we assess the performance of the CMIP5-driven regional models over the baseline period 
by computing biases relative to observational data for a selection of metrics related to temperature and 
precipitation (Section 3). 

The first step is to regrid all model data and corresponding observations onto a common grid. If GCMs, 
RCMs and CPMs are to be compared, the grid used is an n96 grid with spacings of 1.875º and 1.25º in the 
longitudinal and latitudinal directions, respectively (this is the same resolution as the ACCESS GCM; Table 
4). When comparing just RCMs and CPMs, the CPM data is regridded onto the 12 km grid of the RCM. If 
only CPMs are being considered, the CPM data is regridded onto a 5km OSGB grid (as discussed at the end 
of Section 2.4). 

Once all model and observational data has been averaged onto a common grid, any metric of interest (e.g. 
the 1st percentile across all days that lie within a particular season) is computed at each grid box, then the 
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observations are subtracted from the model to give the bias in the metric. Biases at the regional level are 
computed in the same way, but with an additional step of area-weighted averaging the model and 
observational data over the region of interest before their difference is calculated.  

To test whether a bias is significant compared to natural variability, we use bootstrap resampling. 
Bootstrap samples are generated by randomly selecting 20 seasonal blocks of model data (monthly, daily 
or hourly data, depending on the metric) from the baseline period, allowing replacement. Resampling is 
done in seasonal blocks to allow for temporal correlation within each season. For each bootstrap sample, 
the bias in the desired metric is computed as described above. This process is repeated 1000 times to 
build up a distribution of values for the bias, and a 95% confidence interval is constructed from the 2.5th 
and 97.5th percentiles of this distribution. If zero does not lie in this confidence interval, this implies the 
model bias is significant (at the 95% level).    

We also examine future changes in the same set of metrics (Section 5), which are computed in a similar 
way to model biases. Starting with model data on a common grid, the desired metric is computed at each 
grid box for the baseline and future periods separately and, if required, area-weighted averaging is applied 
to calculate regional averages. The baseline value is then subtracted from the future value to give the 
future change in the metric. 

To assess whether future changes are significantly different from zero, the block bootstrap resampling 
approach described above is applied separately to data from the baseline and future periods. Note that 
the same random sequence of seasonal blocks is selected from both the present-day and future data to 
account for any non-stationarity within each time period. For each pair of present-day and future 
bootstrap samples, the future change in the desired metric is computed as described above, building up a 
distribution of 1000 estimates of the future change in the metric. If zero does not lie between the 2.5th 
and 97.5th percentiles of this distribution, then the future change is deemed significant (at the 95% level). 

Note that we do not apply any kind of bias adjustment to model data here as our main aim is to 
characterise the biases of the new CMIP5-driven regional models, and any implications this may have for 
the plausibility of their projections. However, we recognise that some users may wish to apply bias 
adjustment for their specific applications, noting that such methods usually come with strong caveats. 
More information on bias adjustment methods and when to use them can be found in Fung (2018).
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3	 Results

3.1	 Large-scale consistency with driving model

3.1.1	 Present-day circulation patterns

It is well known that nested regional models can modify the large-scale circulation inherited from their 
driving model via their boundary conditions, especially if the domain size is large (e.g. Jones et al. 1995, 
Leduc and Laprise 2009). This can be the result of internal variability of the model, errors introduced by the 
LBC process (e.g. spatial and temporal interpolation), large changes in resolution (e.g. Matte et al. 2017), a 
very different representation of orography and coastlines (e.g. Antic et al. 2006), as well as fundamental 
differences in their dynamics and physics schemes.

If the large-scale circulation is altered too much by the nested regional model (which would violate the 
fundamental assumption of the one-way nesting approach to regional modelling), this could induce 
differences in climate change projections between the regional model and its driving GCM. From the 
perspective of this work, this could lead to an undesirable loss of diversity in the down-scaled projections. In 
what follows we assess to what extent each RCM remains broadly consistent with its driving GCM on large 
scales, using the weather pattern approach, a popular means of characterizing the large-scale circulation 
(e.g. Sanchez-Gomez et al. 2009, Dawson et al. 2012, Fabiano et al. 2020, Pope et al. 2022). Note that we 
focus on the RCM since we expect the CPM to follow its driving RCM more closely because (i) the CPM 
domain is much smaller than the RCM domain and thus more strongly constrained by its LBCs, and (ii) both 
the RCM and CPM are based on the UM, although there are differences in the parametrisation schemes 
used. In addition, the step from RCM to CPM is no different from that in the original set of UKCP Local 
simulations already released. 

A set of weather patterns appropriate for the UK and surrounding European area was developed by Neal et 
al. (2016). These were generated by applying a clustering algorithm to group daily pressure at mean sea 
level (PMSL) anomalies for the North Atlantic-European region (30W-20E, 35N-70N) from the EMULATE 
dataset (Ansell et al. 2006) into a set of 30 clusters, each corresponding to a distinct circulation type. The 
number of clusters was decided upon with the aid of operational meteorologists. These patterns were then 
further grouped into a set of eight clusters, providing a broader indication of the atmospheric circulation. 
This reduced set of weather patterns is shown in Figure 11 and briefly described in Table 6; it is these 
circulation types that we adopt for our analysis. 
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Figure 11. Set of eight weather patterns used in this analysis. Reproduced from Neal et al. (2016).

Table 6. Description of the set of eight weather patterns used in this analysis. Reproduced from Neal et al. (2016).
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For each GCM and RCM, we assign each day in the historical period (1980-2000) to one of the eight 
weather patterns as follows. First, we regrid the daily mean PMSL field onto the 5º x 5º grid of the EMULATE 
dataset. Note that some regions of the EMULATE domain lie outside that of the RCM (13 out of 88 grid 
points, corresponding to ~15% of the domain, mainly in the southwest corner, see Figure 12 below). We fill 
in these regions using data from the driving GCM. A daily PMSL anomaly is then computed by subtracting 
off the mean PMSL for the corresponding day of the year, averaged over the full historical period. The 
area-weighted mean squared difference between the daily PMSL anomaly and each weather pattern is 
computed, then the day is assigned to the weather pattern which minimises this metric. This does not 
necessarily mean there is a good correspondence between the model PMSL anomaly and the weather 
pattern it is associated with; on any given day, the PMSL anomaly is more likely to be some mixture of 
multiple weather patterns (although not a simple linear combination since the weather patterns are not an 
orthogonal basis).

Note that Pope et al. (2022) used a much longer period (1900-1999) to compute the daily PMSL 
climatology in their analysis, possible because they were using UKCP18 global model data. We cannot do 
this here since the RCM simulations only start in 1980. To provide an indication of the robustness of our 
results, we have repeated the analysis using the period 1980-2020 to generate the climatology from the 
RCMs instead. The key points reported below remain unchanged, supporting our approach. 

Since the weather patterns are defined as anomalies in PMSL, any difference in mean PMSL between an 
RCM and its driving GCM is not accounted for. Therefore, we examine seasonal mean differences in PMSL 
before considering weather patterns; see Figure 12. 

Overall, there is a good degree of consistency between RCMs and their driving models, with domain-wide 
root-mean-square (RMS) differences in PMSL being at most 1.3 hPa. Differences between the CMIP5-driven 
RCMs and their driving models are larger than those between RCM-STD and GCM-STD. One might expect 
this since the change in horizontal resolution is greater, and the model physics and dynamics schemes are 
different. Note that RCM-ACCESS deviates less from its driving model than any other CMIP5-driven RCM, 
despite there being more of a resolution change than for RCM-MRI. Given that ACCESS is also based on the 
UM, this could possibly indicate that physics differences have more of an impact on the large-scale 
circulation than changes in horizontal resolution, but this would require further investigation. In RCM-MPI, 

Figure 12. Differences in seasonal mean PMSL between RCMs and their driving GCMs, for the baseline period (1980 – 2000). The root-mean-
square (RMS) difference across the RCM domain is also indicated in each panel. The top row is for winter and the bottom row is for summer. All data 
has been regridded onto a common n96 grid with spacings of 1.875º and 1.25º in the longitudinal and latitudinal directions, respectively. The 
boundary of the EMULATE dataset used to construct weather patterns is highlighted by the green box. 
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RCM-IPSL and RCM-MRI there can be large differences (~5 hPa) in some regions, depending on the season. 
However, over the EMULATE domain used to construct the weather patterns for the UK, these RCMs tend 
to agree well with their driving GCMs, except in the southeast (e.g. over Spain and the Mediterranean Sea) 
where PMSL values are typically considerably lower in the RCMs.

Moving on to consider weather patterns, Figure 13 shows the frequency of occurrence of each pattern in 
the various GCMs, and how this distribution differs in their nested RCMs.

Figure 13. Frequency of occurrence of each of the eight weather patterns in the CMIP5-4 GCMs in winter (top left) and summer (top right). The 
standard member and range of the HadGEM-PPE is also shown for comparison. Plots on the bottom row show the relative difference in frequency 
of each weather pattern between the CMIP5-driven RCMs and their driving global models. In these plots, the RCM-PPE distribution is shown by the 
box-and-whiskers: the box extends from the lower to the upper quartiles of the data, with the median shown by the solid horizontal line, and the 
whiskers show the full range of the data. 

The global models all show a general pattern of decreasing frequency with increasing weather pattern 
number, with patterns 1 and 2 being dominant in winter. The CMIP5-4 GCMs typically lie within the 
HadGEM-PPE spread, with a few exceptions (e.g. IPSL has more days associated with weather pattern 6 in 
summer than any other model). 

The distribution of weather patterns in the CMIP5-driven RCMs is broadly similar to that in their driving 
GCMs, with absolute differences in the frequencies of weather patterns being comparable to those 
between members of RCM-PPE and HadGEM-PPE (which can be thought of as the ideal down-scaling 
set-up because HadREM3-GA705 is simply a high-resolution version of HadGEM3-GC305). There are a 
small number of cases where differences are larger than any in RCM-PPE, such as weather pattern 8 
occurring approximately 40% more often in summer in RCM-MRI than MRI (although it should be noted 
there are only a small number of days assigned to this weather pattern overall). 

To assess the day-to-day correspondence of large-scale circulation between each CMIP5-4 GCM and its 
nested RCM, in Figure 14 we show the fraction of days where the RCM weather pattern is the same as its 
driving model. 

www.metoffice.gov.uk


 Source: Met Office © Crown Copyright 2024www.metoffice.gov.uk Pg 25 of 91

Figure 14. Fraction of days where the weather pattern in each CMIP5-driven RCM matches that of its driving GCM, in winter (top panel) and 
summer (bottom panel). In these plots, the RCM-PPE distribution is shown by the box-and-whiskers: the box extends from the lower to the upper 
quartiles of the data, with the median shown by the solid horizontal line, and the whiskers show the full range of the data. Note that the experiment 
RCM-MPI (smooth orog) is a sensitivity test where RCM-MPI has been re-run using the smoother orography of its parent GCM. 

In winter there is clearly very good agreement between the CMIP5-driven RCMs and their parent GCMs, 
with all models except RCM-MPI consistently lying within the RCM-PPE spread (apart from RCM-ACCESS 
for weather pattern 6). Recall from Table 4 that the resolution change is largest when down-scaling the MPI 
model. If we re-run RCM-MPI using the smoother orography of the MPI GCM we find an increase in the 
day-to-day correspondence between the RCM and GCM for all weather patterns, indicating that the 
different representation of orography is an important factor in modifying the large-scale circulation 
inherited from the GCM.

In summer, there is less correspondence between RCMs and their driving GCMs, for all model pairings. This 
is to be expected since the large-scale flow is weaker in this season and thus the LBCs exert less of an 
influence. Except for RCM-ACCESS, the CMIP5-driven RCMs all deviate more from their driving GCM than 
any member of RCM-PPE. 

Note that all regional models tend to diverge most from their driving model on summer days when the GCM 
is in weather pattern 6, especially RCM-IPSL, where the RCM only matches the GCM ~50% of the time. 
Weather pattern 6 corresponds to high pressure centred over the UK, i.e. a blocking situation. Blocking 
patterns can be almost stationary, in which case one might expect the RCM to begin to deviate from its 
driving GCM (the study of Jury et al. 2019 suggests that RCMs typically under-estimate the number of 
blocking days over Europe compared to their boundary conditions). Otherwise, the RCMs are able to 
reproduce the large-scale circulation of their driving GCM on ~60% or more of summer days. 

In spring and autumn, the fraction of days where the weather pattern is the same in the RCM and its parent 
model typically lies between that of summer and winter, so overall we are satisfied that the RCM simulations 
are reasonably well constrained by their boundary conditions, despite the large pan-European domain.

So far, we have only considered the impact of down-scaling on the large-scale circulation in the historical 
period. In the future, it is possible that an RCM may not follow its driving model as closely, if the storm track 
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were to weaken for example. To investigate this, we have repeated our analysis for the future period 
(corresponding to a global warming level of 3ºC above pre-industrial), using the same set of weather 
patterns (we are assuming these patterns will still provide a good characterisation of the large-scale 
circulation in the future, which may not be the case, but is often assumed, e.g. Fabiano et al. 2021, Pope et 
al. 2022). Table 7 compares the overall fraction of days where the RCM weather pattern matches that of its 
driving GCM, in the historical and future periods. From this preliminary analysis, there is no evidence for any 
substantial future change in large-scale consistency between RCMs and their driving global models.

DJF JJA

Historical Future Historical Future

RCM-MPI 0.81 0.83 0.66 0.70

RCM-IPSL 0.87 0.88 0.63 0.68

RCM-ACCESS 0.88 0.91 0.78 0.78

RCM-MRI 0.90 0.89 0.68 0.71

RCM-STD 0.89 0.90 0.80 0.81

Table 7. Fraction of days when the weather pattern in the RCMs matches that of its driving GCM, in the baseline (1980-2000) and future periods. 
The future period is defined as the 21-year period centred on the year when the global mean surface temperature reaches 3ºC above pre-industrial 
(see Table 5).

3.1.2	 Projected changes

We now move on to examine whether large-scale future changes projected by the CMIP5-4 global models 
are broadly preserved upon down-scaling with the RCM and CPM. This is crucial since the main motivation 
for down-scaling these alternative GCMs is to sample a more diverse range of possible outcomes than 
captured by HadGEM-PPE (e.g. for England in summer). 

Figure 15 shows seasonal mean changes in temperature and precipitation for the CMIP5-4 GCMs and their 
nested regional models, along with projected changes from HadGEM-PPE, RCM-PPE and CPM-PPE.
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Figure 15. Scatterplots of future changes in seasonal mean air temperature at 1.5m and precipitation. Future changes are defined as differences 
between a 21-year future period, centred on the year when the global mean surface temperature reaches 3ºC above pre-industrial (see Table 5), 
and the baseline period (1980 – 2000). All data has been regridded onto a common n96 grid with spacings of 1.875º and 1.25º in the longitudinal 
and latitudinal directions, respectively.

The key point to take from Figure 15 is that the CMIP5-driven RCMs and CPMs mostly lie close to their 
parent GCMs, with differences in future changes between parent and nested models being comparable to 
those between members of HadGEM-PPE and RCM-PPE, and RCM-PPE and CPM-PPE, respectively. This 
suggests the down-scaling is generally behaving as desired, allowing us to sample different regions of the 
space of future changes with the new regional model runs. For example, the RCMs and CPMs driven by MRI 
and IPSL show much smaller increases in temperature and decreases in precipitation in summer than most 
members of RCM-PPE and CPM-PPE, and the regional models driven by ACCESS suggest larger increases in 
winter precipitation over England than any other model. Note there are occasional cases where a large 
difference is seen between the response of a GCM and its nested RCM, such as future changes in winter 
precipitation over Scotland in the MPI model. These findings will be discussed in more detail in Section 5.

3.2	 Evaluation of present-day performance

3.2.1	 Seasonal mean performance

Climatological biases in temperature and precipitation in the CMIP5-driven RCMs and their nested CPMs 
are assessed in this section. 

Figures 16 and 17 show biases in near-surface air temperature in winter and summer, respectively. In these 
figures, and the similar ones in Sections 3.2.2 and 3.2.3, models are ordered according to the seasonal mean 
SST bias in their driving GCM, from most positive to most negative (Figure 6). This is done to reflect the 
importance of local SSTs for modulating the climate of the UK.
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Figure 16. Biases in seasonal mean air temperature at 1.5m in winter for the baseline period (1980 – 2000). The top left panel shows the NCIC 
observations (Perry et al. 2009) on the 12 km RCM grid. The other panels on the top row show biases in regionally averaged winter mean 
temperature in the various CMIP5 GCMs and their nested regional models, for England and Scotland respectively. The box-and-whiskers indicate 
the distribution of biases in HadGEM-PPE, RCM-PPE and CPM-PPE: the box extends from the lower to the upper quartiles of the data, with the 
median shown by the solid horizontal line, and the whiskers show the full range of the data. Plots on the second row show spatial maps of winter 
mean temperature biases in the CMIP5-driven RCMs and RCM-STD, with equivalent plots for the CMIP5-driven CPMs and CPM-STD on the third 
row (the CPM data has been regridded onto the 12 km RCM grid). Hatched areas indicate where biases are significant compared to interannual 
variability at the 95% level, estimated using bootstrap resampling. Differences between CPMs and RCMs are shown on the bottom row. Note that 
models are ordered according to the seasonal mean SST bias in their driving GCM (Figure 6), from most positive (left) to most negative (right). The 
UK-wide mean or root-mean-square (RMS) bias is indicated in each panel as appropriate.

In winter, the sign of temperature biases in the CMIP5-driven RCMs are inherited from their driving global 
models (recall Figure 7), which are linked to SST biases in the Atlantic (Figure 6). Over Scotland, all CMIP5-
driven RCMs produce lower temperatures than their driving GCMs; more snow over high ground in the 
RCMs (see Section 3.2.4.4 below) is consistent with this signal. This can lead to reduced biases (for RCM-
MPI and RCM-ACCESS) or increased biases (for RCM-IPSL and RCM-MRI). In particular, RCM-MRI has a large 
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(and significant) cold bias in the far north, although there is one member of RCM-PPE that has a lower 
winter-mean temperature averaged over Scotland (and thus a worse cold bias). RCM-ACCESS has a larger 
warm bias across southern England than any other CMIP5-driven RCM (which is significant), stemming from 
the ACCESS GCM itself. 

When the CMIP5-driven RCMs are down-scaled with the CPM, temperatures are further reduced across 
the UK. This leads to improved biases in CPM-MPI and CPM-ACCESS (less of a warm bias), but worsened 
biases in CPM-IPSL and CPM-MRI (more of a cold bias), particularly in the north. The bias in CPM-MRI is 
larger in magnitude than any in CPM-PPE. From the difference plots in the bottom row of Figure 16 it is 
apparent that the cooling signal is similar in all CPMs, regardless of the driving model, suggesting it is 
generated internally by the CPM. A contributing factor will be that the CPM has systematically less cloud 
cover than the RCM, with a corresponding reduction in downwelling longwave radiation (not shown). 

Figure 17. Biases in seasonal mean air temperature at 1.5m in summer for the baseline period (1980 – 2000). The layout of the plots is the same as 
in Figure 16.
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As in winter, summer temperatures over Scotland are lower in the RCMs than their driving global models, 
which leads to reduced biases in all models except RCM-MRI. Over England, the RCMs driven by ACCESS 
and IPSL both have lower temperatures than their parent models, on average, whereas the converse is true 
for RCM-MRI. As a result, biases over England are smaller in RCM-ACCESS and RCM-IPSL than their driving 
models, but larger in RCM-MRI. Generally, biases in the RCMs are not significant compared to natural 
variability, apart from in RCM-MRI and RCM-ACCESS in southeastern England.

Over Scotland, summer temperatures are very similar in the CMIP5-driven CPMs and their parent RCMs, on 
average, but over England temperatures are higher in the CPMs, resulting in slightly larger biases, which can 
be significant. A factor here will be that the CPMs have drier soils in summer than their driving RCMs (see 
Section 3.2.4.3 below).

Seasonal mean precipitation biases in winter and summer are presented in Figures 18 and 19, respectively. 

Figure 18. Biases in seasonal mean precipitation in winter for the baseline period (1980 – 2000). The layout of the plots is the same as in Figure 16.
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All the CMIP5-driven RCMs produce much more winter precipitation across the UK than their driving global 
models. This is typical of RCMs, because their higher horizontal resolution enables them to better capture 
fine-scale motions (e.g. Jones et al. 1995). This increase in precipitation reduces the pre-existing dry bias in 
the north present in ACCESS, MPI and IPSL but enhances the wet bias over southeastern England seen in all 
CMIP5-4 GCMs (Figure 8). As for winter mean temperature (Figure 16), RCM-MRI again stands out, having a 
large (and significant) positive precipitation bias across the UK. Recall from Figure 5 that, in winter, the MRI 
model has an overly strong low-level south-westerly flow over the UK. Since the Scottish mountains are 
substantially higher in the RCM than the MRI GCM, this will lead to a strong orographic enhancement of 
precipitation in the RCM. Note that the bias in precipitation in RCM-MRI lies considerably outside the range 
of RCM-PPE across the UK.

Overall, winter precipitation biases in the CMIP5-driven CPMs are smaller than, or similar to, those in their 
driving RCMs, although a general wet bias persists. Biases are significant across much of the UK, and CPM-
MRI and CPM-IPSL have larger biases than any member of CPM-PPE. Note that the CPMs tend to produce 
less precipitation along the western coast of the UK than their driving RCMs, with more precipitation further 
inland. This is potentially a consequence of the convection scheme in the RCM failing to advect winter 
showers across coastlines (Kendon et al. 2020). The CPMs also tend to be drier in southeast England, 
potentially a rain shadow effect caused by higher mountains to the west in the 2.2 km model. 
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Figure 19. Biases in seasonal mean precipitation in summer for the baseline period (1980 – 2000). The layout of the plots is the same as in Figure 16.

In summer, the RCMs again produce more precipitation across the UK compared to their driving global 
models, on average. The exception is RCM-MRI which is drier than its parent model over England. The 
increase in precipitation leads to a reduced bias in RCM-IPSL compared to its driving model since IPSL has a 
dry bias across the UK (Figure 8), but an increased bias in RCM-MPI which is too wet, especially in the north. 
Averaged over the UK, the CMIP5-driven CPMs are all drier than their driving RCMs, with reduced biases 
except for CPM-MRI that has an increased dry bias over England. This is consistent with drier soils in 
summer in the CPMs compared to the RCMs (Section 3.2.4.3). 

For all regional models except those driven by MPI, precipitation biases in summer are smaller than in winter. 
The MPI-driven models have larger positive biases than any member of the UKCP18 regional PPEs across 
the UK, particularly over Scotland, with biases that are significant compared to natural variability.
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Figure 20. Biases in the temperature on cold winter days (defined as the 1st percentile of the distribution of daily mean air temperature at 1.5m in 
winter, where the daily mean temperature is computed as the average of the daily maximum and minimum temperatures) for the baseline period 
(1980 – 2000). The top left panel shows NCIC observations (Perry et al. 2009) on the 12 km RCM grid. The other panels on the top row show biases 
in the regionally averaged temperature on cold winter days in the various CMIP5 GCMs and their nested regional models, for England and Scotland 
respectively. The box-and-whiskers indicate the distribution of biases in HadGEM-PPE, RCM-PPE and CPM-PPE: the box extends from the lower to 
the upper quartiles of the data, with the median shown by the solid horizontal line, and the whiskers show the full range of the data. Plots on the 
second row show spatial maps of biases in the temperature on cold winter days in the CMIP5-driven RCMs and RCM-STD, with equivalent plots for 
the CMIP5-driven CPMs and CPM-STD on the third row (the CPM data has been regridded onto the 12 km RCM grid). Hatched areas indicate where 
biases are significant compared to interannual variability at the 95% level, estimated using bootstrap resampling. Differences between CPMs and 
RCMs are shown on the bottom row. Note that models are ordered according to the seasonal mean SST bias in their driving GCM (Figure 6), from 
most positive (left) to most negative (right). The UK-wide mean or root-mean-square (RMS) bias is indicated in each panel as appropriate.

3.2.2	 Daily variability

We now examine how well the CMIP5-driven regional models can simulate temperature and precipitation 
on daily timescales. 

Figure 20 shows biases in the 1st percentile of the distribution of daily mean temperatures in winter, i.e. cold 
winter days. Note that the daily mean temperature is computed as an average of the daily minimum and 
maximum temperatures to match what is available from the NCIC observational dataset. 
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The temperature on cold winter days is too low everywhere in the UK in RCM-MRI, particularly in the north 
where there is a large and significant cold bias (the seasonal mean performance of this model in Scotland 
was flagged previously; Figure 16), consistent with this model producing significant amounts of lying snow 
(see Section 3.2.4.4). Note there is one member of RCM-PPE with a similar negative bias. By contrast, cold 
winter days are significantly too warm in RCM-ACCESS, except over high ground, as in the ACCESS GCM 
itself. RCM-MPI has the smallest overall bias of the RCMs.

The CPMs predict slightly higher temperatures on cold winter days than their driving RCMs, particularly in 
the north. This is opposite to the behaviour for average winter temperatures where the CPMs were 
consistently cooler (Figure 16). This warming leads to reduced biases in CPM-MRI and CPM-IPSL on cold 
winter days compared to their parent RCMs, although note that biases in CPM-MRI are still large (and 
significant), lying outside the range of CPM-PPE in Scotland.

Biases in the temperature on hot summer days (defined as the 99th percentile of the distribution of daily 
mean summer temperatures) are shown in Figure 21. RCM-MPI is similar to RCM-STD (with a slightly 
smaller overall bias), with hot summer days being significantly too cold in Scotland. The other three CMIP5-
driven RCMs have small biases in the north, but hot summer days are too hot in England, especially in 
RCM-ACCESS and RCM-MRI, which lie towards the upper end of the RCM-PPE distribution. Recall that 
summer mean temperatures over England were too high in these models too (Figure 17). This is consistent 
with these models having substantially drier soils in summer than the other two CMIP5-driven RCMs (see 
Section 3.2.4.3 below). 

The nested CPMs all predict an increase in the temperature of hot summer days compared to their driving 
RCMs, across the UK. Drier soils in the CPMs are likely to be a contributing factor. CPM-MRI, CPM-ACCESS 
and, to a lesser extent, CPM-IPSL display a significant warm bias in southeastern England, with CPM-MRI and 
CPM-ACCESS having a large bias over England more generally (~3ºC), lying outside the range of CPM-PPE.
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Figure 21. Biases in the temperature on hot summer days (defined as the 99th percentile of the distribution of daily mean air temperature at 1.5m 
in summer, where the daily mean temperature is computed as the average of the daily maximum and minimum temperatures) for the baseline 
period (1980 – 2000). The layout of the plots is the same as in Figure 20.

Biases in the fraction of wet days (defined as days where the accumulated precipitation exceeds 1 mm), the 
average wet-day intensity, and heavy daily precipitation (defined as the 99th percentile of all daily values) 
are shown in Figures 22, 23 and 24 for winter and Figures 25, 26 and 27 for summer.
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Figure 22. Biases in wet day fraction (defined as days where the precipitation accumulation exceeds 1 mm) in winter for the baseline period (1980 
– 2000). The layout of the plots is the same as in Figure 20.
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Figure 23. Biases in wet day intensity in winter for the baseline period (1980 – 2000). The layout of the plots is the same as in Figure 20.
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Figure 24. Biases in heavy daily precipitation amounts (defined as the 99th percentile of the distribution of daily precipitation, including all values) 
in winter for the baseline period (1980 – 2000). The layout of the plots is the same as in Figure 20.

In winter, all RCMs have significant positive biases in wet-day fraction across the UK (except the very far 
north in some of the models), with the ordering of the CMIP5-driven models by UK-wide RMS bias being the 
same as for winter mean precipitation (Figure 18). Note that RCM-IPSL and RCM-MRI have a larger bias in 
wet-day fraction than any member of RCM-PPE across England, largely inherited from their driving GCMs. 
This is also true over Scotland for RCM-MRI. 

The RCMs tend to under-estimate wet-day intensity and heavy daily precipitation over mountainous 
regions, except for RCM-MRI which has a positive bias in both metrics over much of the UK, particularly in 
the west and south where biases can be significant. Again, biases in RCM-MRI lie above the upper end of 
the RCM-PPE distribution. The performance of the other CMIP5-driven RCMs is similar and comparable to 
RCM-PPE. Too many wet days with too much rainfall on those days in RCM-MRI is consistent with the 
pronounced wet bias in winter mean precipitation in this model (Figure 18). 
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In all nested CPMs, wet-day fractions in winter tend to be lower and thus closer to observed values, 
although a general positive bias remains, especially in the models driven by IPSL and MRI. These models 
have larger biases than any member of CPM-PPE across much of the UK, which are significant. There is a 
general reduction in wet-day intensity and heavy precipitation in the vicinity of coastlines in the CMIP-5 
driven CPMs, with an enhancement further inland, most notably over high ground. This leads to a 
systematic reduction of biases in CPM-MRI compared to RCM-MRI, but signals are mixed for the other 
model pairs.

Figure 25. Biases in wet day fraction (defined as days where the precipitation accumulation exceeds 1 mm) in summer for the baseline period 
(1980 – 2000). The layout of the plots is the same as in Figure 20.
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Figure 26. Biases in wet day intensity in summer for the baseline period (1980 – 2000). The layout of the plots is the same as in Figure 20.
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Figure 27. Biases in heavy daily precipitation amounts (defined as the 99th percentile of the distribution of daily precipitation, including all values) 
in summer for the baseline period (1980 – 2000). The layout of the plots is the same as in Figure 20.

Biases in wet-day fraction in the CMIP5-driven RCMs are more mixed in summer than in winter. For 
example, RCM-MPI exhibits a significant positive bias in the number of wet days across the UK, lying outside 
the range of RCM-PPE, whereas RCM-MRI has a negative bias over England (significant in places). The RCMs 
tend to under-estimate the intensity of wet summer days over high ground (as in winter; Figure 23), but also 
over low-lying regions such as southeast England. Similar patterns are evident in biases in heavy daily 
precipitation in summer although signals are less clear. Biases in both metrics are comparable in size to 
those in RCM-PPE and largely insignificant. For RCM-MRI, too few wet days with too little rainfall on those 
days matches with the dry bias in summer mean precipitation over England in this model (Figure 19). 
Overall, the RCMs have smaller biases in summer than in winter for the three daily precipitation metrics 
considered, except for wet-day fraction in RCM-MPI.
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Figure 28. Perkins skill score (PSS) values measuring how well the CMIP5-driven RCMs and CPMs can reproduce the observed distributions of daily 
mean air temperature at 1.5m and precipitation over the baseline period (1980 – 2000). Before constructing distributions, NCIC observations 
(Perry et al. 2009) and CPM data were regridded onto the 12 km RCM grid. Daily mean temperature values were computed as the average of the 
daily maximum and minimum temperatures, then assigned to a set of equally spaced bins of width 0.5ºC spanning the range of the data. For 
precipitation, the bins used were 0.0, 0.05, 0.16, 0.18, 0.27, 0.41, 0.62, 0.95, 1.45, 2.2, 3.4, 5.1, 7.8, 11.9, 18.1, 27.5, 42.0, 63.9, 97.4, 148.4, 500.0 
mm/day, and the counts in each bin were multiplied by the average rain-rate for that bin to give the contribution of each bin to the total rainfall. PSS 
values for the CMIP5-driven regional models are shown for England in summer (left panel) and Scotland in winter (right panel). The distributions of 
PSS values from RCM-PPE and CPM-PPE are shown by the box-and-whiskers: the box extends from the lower to the upper quartiles of the data, 
with the median shown by the solid horizontal line, and the whiskers show the full range of the data. 

Down-scaling the RCMs with the CPM leads to a reduction in the number of wet summer days across the 
UK, generally leading to better overall agreement with observations (as measured by the UK-wide RMS 
bias). The exception is CPM-MRI in the south because the negative bias in wet-day fraction in the parent 
RCM is exacerbated, becoming significant over England and Wales. CPM-MPI still has a significant wet bias 
across much of the UK, lying outside the range of CPM-PPE. Wet-day intensity and heavy daily precipitation 
in summer tend to increase over England in the CPMs, which can either reduce or increase biases, 
depending on the model pair. Biases in both metrics are similar to those in CPM-PPE.

To summarise how well the CMIP5-driven regional models are able to reproduce the observed shape of the 
full distribution of daily mean temperatures and precipitation amounts, we use the Perkins skill score (PSS; 
Perkins et al. 2007). This is a simple measure of the degree of overlap between two distributions, ranging 
from 0 for no overlap to 1 for a perfect match. Figure 28 displays PSS values for daily temperature and 
precipitation from the CMIP5-driven regional models, with the distribution of scores from RCM-PPE and 
CPM-PPE shown for comparison.
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The various CMIP5-driven regional models generally show good skill in capturing the shape of the observed 
distributions, with PSS values above 0.8 in all but 3 cases. Note that the PSS values always lie within the 
ranges of RCM-PPE and CPM-PPE, except for winter temperatures over Scotland in CPM-MRI. In other 
words, the CMIP5-driven regional models produce distributions of daily temperature and precipitation 
comparable to those obtained from existing UKCP18 regional simulations.

Over Scotland in winter, RCM-MRI produces distributions of daily temperatures and precipitation that are 
skewed towards lower temperatures and higher accumulations than observed, respectively, leading to low 
PSS values (note there is one member of RCM-PPE that gives lower PSS values though). This is consistent 
with the large (and significant) cold and wet biases seen in the north of the UK in this model in this season 
(Figures 16 and 18). The nested CPM-MRI reduces the contribution to the total rainfall from days with high 
rainfall accumulations, shifting the precipitation distribution back towards observations (consistent with 
reduced biases in Figures 18 and 24 and higher PSS compared to RCM-MRI), but winter days are generally 
colder than in the driving RCM (consistent with Figure 16), further skewing the distribution towards lower 
temperatures and leading to the lowest PSS value of any model. The distribution of temperatures in CPM-
IPSL is skewed in a similar way, but to a lesser extent, which is why this model also has a low PSS value for 
winter temperatures in Scotland (although there is one member of CPM-PPE with a lower value).

3.2.3	 Hourly precipitation variability

We now examine how well models can represent precipitation variability on hourly timescales. Given that 
CPMs have repeatedly been shown to offer added value over RCMs for short-duration precipitation (e.g. 
Chan et al. 2014, Kendon et al. 2017, Vanden Broucke et al. 2019, Ban et al. 2021, Caillaud et al. 2021), 
only the 2.2 km models are considered in this section. As discussed previously (Section 2.4), we only use 
CPM data that has been regridded onto a 5km OSGB grid to reduce the impact of any unphysical 
precipitation extremes generated by the model dynamics.

Figures 29 and 30 show biases in heavy hourly precipitation (defined as the 99.95th percentile of all hourly 
values, corresponding to approximately one event per season) in winter and summer, respectively. 
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Figure 29. Biases in heavy hourly precipitation amounts (defined as the 99.95th percentile of hourly precipitation, including all values) in winter for 
the baseline period (1980 – 2000). The top left panel shows CEH-GEAR observations (Lewis et al. 2018) for the period 1990 – 2014, regridded 
onto the 5km OSGB grid. Note that Northern Ireland is not included in the CEH-GEAR dataset. The top right panel shows biases in regionally 
averaged heavy hourly precipitation in the various CMIP5-driven CPMs and CPM-STD. The box-and-whiskers indicate the distribution of biases in 
CPM-PPE: the box extends from the lower to the upper quartiles of the data, with the median shown by the solid horizontal line, and the whiskers 
show the full range of the data. Plots on the second row show spatial maps of biases in heavy hourly precipitation in the CMIP5-driven CPMs and 
CPM-STD (the CPM data has been regridded onto the 5km OSGB grid). Hatched areas indicate where biases are significant compared to 
interannual variability at the 95% level, estimated using bootstrap resampling. Note that models are ordered according to the seasonal mean SST 
bias in their driving GCM (Figure 6), from most positive (left) to most negative (right). The mean or root-mean-square (RMS) bias across Great 
Britain is indicated in each panel as appropriate. 

Figure 30. Biases in heavy hourly precipitation amounts (defined as the 99.95th percentile of hourly precipitation, including all values) in summer 
for the baseline period (1980 – 2000). The layout of the plots is the same as in Figure 29.

In winter, the CPMs tend to under-estimate the intensity of heavy hourly precipitation events over high 
ground, particularly in Scotland where all CMIP5-driven CPMs and CPM-STD have a significant bias 
compared to interannual variability. Biases in CPM-ACCESS and CPM-IPSL are smaller and larger than in any 
member of CPM-PPE, respectively. Over England, the majority of CPMs also under-estimate heavy hourly 
precipitation on average, but biases are smaller and generally not significant. CPM-ACCESS is an exception, 
as this model over-estimates the intensity of these events over England, again lying above the upper end of 
the CPM-PPE distribution. 
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Figure 31. Diurnal cycle of precipitation, averaged over England in summer, for the baseline period (1980 – 2000). Results are shown for the 
CMIP5-driven CPMs and CPM-STD, along with the CPM-PPE range. NIMROD radar observations (Harrison et al. 2000) for the period 2003 – 2017 
are shown for comparison. All data has been regridded onto the 5km OSGB grid.

In summer, CPMs generally over-estimate the intensity of heavy hourly precipitation events across the UK. 
There is a large spread in biases across CPM-PPE, and all the CMIP5-driven CPMs lie within the ensemble 
range. Of the CMIP5-driven CPMs, CPM-MRI has the smallest overall bias (largely insignificant), and CPM-
IPSL the largest (significant across much of England and Wales). 

As a final comment, note that the spatial patterns of biases in heavy hourly precipitation amounts for each 
season are similar across the various CMIP5-driven CPMs. This possibly suggests that the biases are 
inherent to the CPM itself, with the driving GCM having less of an influence on intense hourly events.

The diurnal cycle of precipitation in the CMIP5-driven CPMs is shown in Figure 31, along with radar 
observations. We focus on England in summer months since this is when we expect the signal of the diurnal 
cycle to be clearest. The observations suggest an afternoon peak around 15 UTC, whereas rainfall in the 
CPMs peaks earlier, around 13 UTC in all models except CPM-MRI which has a later peak closer to the 
observations. However, the amplitude of the diurnal cycle is clearly too low in this model, lying below the 
observations (and all other models) at all hours of the day, consistent with the dry bias in summer mean 
precipitation over England (Figure 19). The other CMIP5-driven CPMs produce diurnal cycles that lie within 
the range of CPM-PPE, except for the secondary rainfall peak in the early hours of the morning in CPM-MPI.
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Figure 32. Fractional contribution of different hourly precipitation rates to the total precipitation over Great Britain, for each season. Precipitation 
rates for all hours (wet and dry) were placed in bins of 0.0, 0.1, 0.23, 0.41, 0.62, 0.95, 1.4, 2.2, 3.4, 5.1, 7.8, 11.9, 18.1, 27.5, 42.0, 63.9, 97.4, 148.0, 
500.0 mm/hr, and the counts in each bin were multiplied by the average rain-rate for that bin to give the contribution of each bin to the total 
rainfall. Results are shown for the CMIP5-driven CPMs and CPM-STD, along with the CPM-PPE range. CEH-GEAR observations (Lewis et al. 2018) 
for the period 1990 – 2014 are also shown for comparison. All data has been regridded onto the 5km OSGB grid.

Figure 32 evaluates the statistical distribution of hourly precipitation rates in the various CPMs for each 
season, considering all land points in Great Britain (because the CEH-GEAR dataset does not include 
Northern Ireland). Overall, the CMIP5-driven CPMs mostly generate distributions that lie within the range 
spanned by CPM-PPE. There are some exceptions, such as CPM-ACCESS in spring which produces a greater 
contribution to the total rainfall from high rain-rates, with less coming from low rain-rates. Nonetheless, the 
key point is that the ability of the CPM to better reproduce the observed distribution of hourly rainfall 
compared to the RCM is preserved when boundary conditions are supplied by alternative GCMs. 
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3.2.4	 High impact events

3.2.4.1    Extreme hourly precipitation

To characterise the extreme tail of the hourly precipitation distribution, we use the method described in 
Shooter and Brown (2024) to calculate 30-year return levels. This is an evolution of the approach used in 
the previous UKCP Local science report (Kendon et al. 2021). In short, generalized Pareto distributions are 
fitted spatially to the upper tail of hourly rainfall using the 98th percentile for wet hours as a threshold level. 
Stationary distributions are fitted to the 20-year baseline and future periods separately, for all grid-points 
simultaneously, using the Generalised Additive Modelling (GAM) framework developed by Youngman 
(2018).  The mean rainfall for each grid-box is used as a spatial covariate for each period.

Estimates of 30-year return levels derived from hourly precipitation data from the CPMs are shown in 
Figures 33 and 34, for winter and summer respectively. Note that we have not yet computed 30-year 
return levels from observational datasets using the method of Shooter and Brown (2024), so we cannot 
assess model biases. Instead, we focus on how the CMIP5-driven CPMs compare to CPM-PPE.

Figure 33. 30-year return level of hourly precipitation in winter for the baseline period (1980 – 2000). The top right panel shows regionally 
averaged return levels in the various CMIP5-driven CPMs and CPM-STD. The box-and-whiskers indicate the distribution of return levels in CPM-
PPE: the box extends from the lower to the upper quartiles of the data, with the median shown by the solid horizontal line, and the whiskers show 
the full range of the data. All data has been regridded onto the 5km OSGB grid before computing return levels. Plots on the second row show 
spatial maps of 30-year return levels in the CMIP5-driven CPMs and CPM-STD (on the 5km OSGB grid). Note that models are ordered according to 
the seasonal mean SST bias in their driving GCM (Figure 6), from most positive (left) to most negative (right). The average 30-year return level over 
Great Britain is indicated in each panel.
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In winter, the intensity of rare rainfall extremes is greater in CPM-ACCESS than any other CPM (recall that 
this model produces the largest heavy hourly precipitation amounts too; Figure 29), with particularly high 
30-year return levels found in the west of the UK. Previous work suggests that CPM-PPE under-estimates 
the 30-year return level, especially in the north (see Figures 3.5.3 and 3.5.4 in Kendon et al. 2021), hence 
CPM-ACCESS may have smaller biases. The other CMIP5-driven CPMs tend to lie within the CPM-PPE 
range, apart from CPM-IPSL for Scotland which favours less severe rainfall extremes. Note that the ordering 
of the CMIP5-driven CPMs by their regional-average 30-year return levels is the same as for heavy hourly 
precipitation (Figure 29).  

In summer, 30-year return levels are considerably higher than in winter, with a larger spread across CPM-
PPE. Generally, the CMIP5-driven CPMs lie within the range of CPM-PPE; the only exception is CPM-IPSL 
which produces more intense rare extremes over England than any other CPM (this model had the largest 
positive bias in heavy hourly precipitation of all the CMIP5-driven CPMs for this region; Figure 30). Note that 
upper-end values for the 30-year return level in the CPM-PPE distribution in Figure 34 are higher than those 
presented in Kendon et al. (2021; see their Figures 3.5.2-3.5.4), because hourly precipitation data was 
regridded onto the 12 km RCM grid in Kendon et al. (2021), whereas we are using CPM data on a 5 km grid.

Figure 34. 30-year return level of hourly precipitation in summer for the baseline period (1980 – 2000). The layout of the plots is the same as in 
Figure 33.
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3.2.4.2   Hot and cold spells

The Met Office issues high temperature warnings based on multi-day temperatures; the threshold for public 
health is typically around 30°C for daily maximum temperature. We thus define a hot spell to be when the 
daily maximum temperature is above 30°C for two or more consecutive days. Similarly for low 
temperatures, a cold spell is said to occur when the daily mean temperature is below +2°C for two or more 
consecutive days. We also define intense cold spells using a more severe threshold of -2°C.

Figure 35 shows the number of hot spells, averaged over England. We focus on this region as hot spells only 
really occur in the southeast of the UK (and are still relatively rare). The CPM driven by MRI systematically 
predicts the highest number of hot spells of all the models, with a large positive bias compared to NCIC 
observations. This is consistent with summer mean temperatures and hot summer day temperatures being 
too high in this model in southern England (Figures 17 and 21). The CPMs driven by ACCESS and IPSL also 
over-estimate the number of hot spells but to a lesser extent. Note that all the CMIP5-driven CPMs except 
CPM-MRI lie within the range of CPM-PPE, which encompasses the observations. 

Cold spells in the UK occur mostly over high ground in Scotland, with intense cold spells being less frequent 
than cold spells. The number of cold and intense cold spells, averaged over Scotland, is shown in Figure 36. 
The CPM driven by MRI again stands out as having the largest numbers of both types of event, substantially 
over-estimating the observed numbers. This is consistent with CPM-MRI having a large cold bias in winter 
mean temperature (Figure 16) and the temperature of cold winter days (Figure 20) in the north of the UK. 
This model produces large amounts of lying snow over Scotland (see Section 3.2.4.4) which will be a 
contributing factor. CPM-IPSL also has a positive bias in the number of cold and intense cold spells, 
performing comparably to CPM-STD. The CPMs driven by ACCESS and MPI give similar results to each other, 
slightly under-predicting the number of cold and intense cold spells for shorter spell lengths but converging 
towards observations as the minimum spell length increases. Note that these models lie outside the range 
of CPM-PPE, as do the observed values. 

Figure 35. Frequency of hot spells over England in the baseline period (1980 – 2000), for a range of different minimum spell lengths. Results from 
the CMIP5-driven CPMs and CPM-STD are shown, along with observed values from NCIC. The distribution of hot spell frequencies in CPM-PPE is 
shown by the box-and-whiskers: the box extends from the lower to the upper quartiles of the data, with the median shown by the solid horizontal 
line, and the whiskers show the full range of the data. All data has been regridded onto the 5km OSGB grid.
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As a final comment, there is not always a simple correspondence between biases in the number of hot or 
cold spells and seasonal mean temperature biases. For example, CPM-ACCESS has a larger warm bias in 
average summer temperatures than CPM-MRI over England (Figure 17), consistent with drier soils, but 
fewer hot spells (Figure 35). Similarly, winter mean temperatures over Scotland are higher in CPM-ACCESS 
than CPM-MPI (Figure 16) yet they predict very similar numbers of cold and intense cold spells (Figure 36). 
This is because other factors also contribute to differences in the number of hot or cold spells between 
models, such as differences in the day-to-day variability of temperature and large-scale variability (i.e. the 
sequence of weather patterns and their persistence) inherited from the driving global model.

Figure 36. Frequency of cold (left panel) and intense cold (right panel) spells over Scotland in the baseline period (1980 – 2000), for a range of 
different minimum spell lengths. The layout of the plots is the same as in Figure 35. 

3.2.4.3   Soil moisture

Soil moisture provides an important control on near-surface air temperatures, especially for England in the 
summer months when evapotranspiration becomes limited by the available soil moisture, hence we focus 
on this region here. Figure 37 shows the annual cycle of soil moisture, averaged over England, for the top 1 
m of soil. The top 1 m of soil (referred to as the root zone) is most relevant for transpiration because land 
cover in the UK is mainly classified as grass and, for this surface type, 86% of the modelled root distribution 
lies within this layer (Best et al. 2011). This diagnostic is not available from the CMIP5-4 GCMs so only 
results from the RCMs and CPMs are presented in Figure 37 (even if root-zone soil moisture was available 
from the various GCMs, a comparison would be difficult as they all use very different land surface schemes, 
whereas the RCMs and CPMs both use JULES). 
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In RCM-PPE parameters in the land surface scheme are perturbed, leading to wide variations in soil 
moisture across the ensemble (Murphy et al. 2018), with RCM-STD having the driest soils. Soil moisture is 
similar in CPM-PPE members as no land surface parameter perturbations are applied. The CMIP5-driven 
RCMs and CPMs use the same land surface configuration as RCM-STD and CPM-STD, respectively. 

Soils are drier in summer in RCM-ACCESS and RCM-MRI than in the other CMIP5-driven RCMs, consistent 
with these models having higher summer mean temperatures over England (Figure 17) and larger positive 
biases in the temperature of hot summer days (Figure 21). Note that, except for RCM-MPI, soil moisture in 
summer months is lower in the CMIP5-driven RCMs than in RCM-STD (and thus any member of RCM-PPE) 
and soils are too dry compared to WFDEI-JULES.

When the CMIP5-driven RCMs are down-scaled further with the CPM, the amplitude of the annual cycle of 
soil moisture is increased, with the CPMs having wetter soils in winter and drier soils in summer. Drier soils in 
summer are likely due to the more intense but intermittent nature of rainfall in explicit-convection models 
(e.g. Berthou et al. 2020, Halladay et al. 2024), and are a likely driver of higher summer mean temperatures 
and higher temperatures on hot summer days over England in the CPMs compared to their driving RCMs 
(Figures 17 and 21).

Figure 37. Annual cycle of soil moisture in the top 1 m of soil, averaged over England, for the baseline period (1980 - 2000). Results from the RCMs 
and CPMs are shown, along with the annual cycle constructed from WFDEI-JULES data (Weedon et al. 2014), which is a proxy for the observed soil 
moisture. All CPM data has been regridded onto the 12 km RCM grid before spatial averaging. The horizontal blue line indicates the critical level 
below which transpiration from vegetation becomes limited by the available soil moisture.
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3.2.4.4   Snow

Lying snow in the UK is mostly found on high ground in Scotland in winter, hence we examine snow in the 
models for this region only. Observations of lying snow are available from NCIC, but these are subjective in 
nature, based on whether an observer judges the ground to be more than half covered by snow. Therefore, 
we do not assess the performance of the CMIP5-driven regional models using these observations, but 
instead compare their behaviour with the existing UKCP18 RCM and CPM ensembles which have already 
been deemed plausible (these models were compared with NCIC snow observations in Kendon et al. 2021). 

Figure 38 shows the annual cycle of snowfall amount and lying snow, averaged over Scotland, as well as the 
fraction of Scotland land area covered by snow. To compute this latter quantity, a threshold must first be 
applied to decide whether a grid box qualifies as being covered by snow or not. In Kendon et al. (2021) a 
threshold of 0.02 mm was used to define a day of lying snow; we adopt the same threshold here (noting that 
our results are qualitatively unchanged when using different thresholds ranging from 0.01 to 1 mm). 

Figure 38. Annual cycle of snowfall (top left) and lying snow (top right), averaged over Scotland, for the baseline period (1980 – 2000). Results 
from GCMs, RCMs and CPMs are shown (although note that the lying snow diagnostic is not available from IPSL) and all data has been regridded 
onto a common n96 grid (with spacings of 1.875º and 1.25º in the longitudinal and latitudinal directions, respectively) before spatial averaging. 
Note that a snow density of 250 kg/m3 has been assumed to convert the units of lying snow to mm. The bottom left panel shows the annual cycle 
of the fraction of Scotland covered by snow in the RCMs and CPMs only (since this is computed using daily data that is not available from the 
CMIP5-4 GCMs). This has been calculated by applying a threshold of 0.02 mm to decide whether grid boxes are snow covered or not on each day, 
where all CPM data was first regridded onto the 12 km RCM grid. 
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All the CMIP5-driven RCMs produce more snowfall in winter than their driving global models, commensurate 
with the general increase in precipitation upon down-scaling. Higher mountains, and thus lower air 
temperatures, in the RCMs will also be conducive to more snowfall and snow on the ground. Snowfall 
amounts in RCM-MRI are significantly greater than in any other model, in part because this model produces 
more winter precipitation over Scotland (recall the large wet bias in the north of the UK in Figure 18), but also 
because the fraction of precipitation falling as snow is higher, consistent with this model having lower air 
temperatures than the other RCMs in the lower troposphere (below 500 hPa), on average (not shown). 
Winter snowfall in the other CMIP5-driven RCMs lies within the range of RCM-PPE.

Apart from the MRI model, further down-scaling of the CMIP5-driven RCMs with the CPM leads to an 
additional increase in snowfall over Scotland, despite winter precipitation in these CPMs being similar to that 
in their driving RCMs, on average (Figure 18). This is because a greater fraction of precipitation falls as snow in 
the CPMs compared to the RCMs (not shown). Again, lower air temperatures associated with increased 
elevation will be a contributing factor. The annual cycle of snowfall in all CMIP5-driven CPMs except CPM-
MRI is comparable to CPM-PPE, whereas CPM-MRI produces substantially more snowfall than any member 
of this ensemble in winter and early spring.

The increased snowfall amounts in the CMIP5-driven regional models lead to more snow on the ground than 
in their driving global models (noting that a lying snow diagnostic is not available from IPSL). This is consistent 
with lower winter temperatures in the north of the UK (Figure 16) because the presence of snow will raise 
the surface albedo, reflecting more incident shortwave radiation and enabling lower temperatures and lying 
snow to persist for longer (the so-called snow albedo feedback). Lying snow amounts in the CMIP5-driven 
RCMs and CPMs are comparable to RCM-PPE and CPM-PPE, respectively, apart from those driven by MRI 
which produce much more snow on the ground than any other model. This is consistent with these models 
having the largest cold biases in winter mean temperature (Figure 16) and the temperature of cold winter 
days (Figure 20), and the CPM producing too many cold spells (Figure 36) over Scotland. 

In both regional models driven by MRI, snow cover persists throughout spring and into early summer, which is 
not seen in any other model. This has the potential to induce persistent temperature biases via snow albedo 
feedback effects, which could lead us to question the plausibility of temperature projections derived from 
these models. However, the magnitude of the snow albedo feedback is likely to depend more on the area of 
land covered by snow, rather than the snow depth itself. Figure 38 suggests that the fraction of Scotland 
covered by snow in RCM-MRI and CPM-MRI is comparable to some of the members of RCM-PPE and CPM-
PPE, albeit the more extreme ones. This is further reinforced by Figure 39 which compares snow cover in 
Scotland in May and June in CPM-MRI with the member of CPM-PPE that produces the most snow: although 
snow amounts are clearly much larger in CPM-MRI, the spatial coverage is similar. Therefore, despite the 
presence of lying snow late in the year in the MRI-driven models, it is possible that snow albedo effects will 
not be implausibly strong compared to (some of) the existing UKCP18 regional models.
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Figure 39. Monthly mean lying snow [mm] in Scotland in May (top row) and June (bottom row), comparing the CPM-PPE member that produces the 
most snow on the ground (left column) with CPM-MRI (right column). All data is on the native 2.2 km CPM grid. 
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4	 Summary of present-day performance
In preceding sections, biases in the CMIP5-driven regional models have been assessed for a broad selection 
of metrics relating to temperature and precipitation, across a range of timescales. Before moving on to 
examine future projections from these models, it is useful to summarise this information to enable us to 
easily identify any issues with model performance that may lead us to question their reliability.  

To judge whether the bias of a CMIP5-driven regional model for a particular metric is acceptable, we use 
the maximum absolute bias found in CPM-PPE, Bref, as a benchmark. This is appropriate since CPM-PPE 
members have already been deemed plausible and released as part of UKCP18. Note that the maximum 
absolute bias from RCM-PPE could equally have been used as a benchmark, but this would have been less 
of a stringent test since RCM-PPE typically has larger biases than CPM-PPE for the set of metrics 
considered here. The key point is that the same benchmark is used for assessing the performance of both 
CMIP5-driven RCMs and CPMs, ensuring a fair comparison. 

We have devised the following colour-coding system to characterise the bias, B, for a particular model and 
metric:

	• Grey. The bias is not significant (at the 95% level) compared to interannual variability, as estimated using 
bootstrap resampling (recall Section 2.6). Based on present-day performance, there is no reason not to 
use projections from this model for this metric.

	• Green. The bias is significant, but no larger than any found in CPM-PPE: |B| <= Bref. Projections from this 
model for this metric are thus considered equally as plausible as those from existing regional PPE 
members.

	• Yellow. The bias is significant and outside the range of CPM-PPE: Bref < |B| <=1.5 x Bref. Exercise caution 
when using projections from this model for this metric.

	• Orange. The bias is significant and large, |B| > 1.5 x Bref, but largely inherited from the driving GCM already 
included in UKCP Global as part of the CMIP5-13. Exercise caution when using projections from this 
model for this metric.

	• Red. The bias is significant and large, |B| > 1.5 x Bref, and generated by the down-scaling step. Projections 
from this model for this metric are considered unreliable.
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In the case where the bias is large (|B| > 1.5 x Bref), we need to decide whether a CMIP5-driven regional 
model bias is inherited from its driving model or not (to differentiate between orange and red flags). To do 
this, we compare the absolute difference in bias between a CMIP5-driven regional model and its driving 
model with the typical difference between pairs of ensemble members in the corresponding PPE:

and N=12 is the number of PPE members. We consider a regional model to be following its driving model if  
J <=2 (an orange flag), and if J > 2 this is interpreted as a large departure of a regional model from its driving 
model (a red flag). In the case where a CPM has a large bias (|B| > 1.5 x Bref) and a small deviation from its 
driving RCM (J <= 2), and its driving RCM has a red flag, then the CPM will also be assigned a red flag 
(instead of orange) because this means the large bias has been generated by the GCM to RCM step, not 
inherited from the GCM.

The choice of the threshold values 1.5 x Bref and J = 2 are subjective, but we emphasise that the purpose of 
the scorecard is not to rigorously rank models, but simply to collate all the information from Section 3 and 
highlight any cases where there are issues with model performance that may lead to less confidence in 
model projections.

Figure 40 shows scorecards for biases in the CMIP5-driven RCMs and CPMs, for all the seasonal mean and 
daily metrics presented in Section 3. We focus on daily timescales and longer so that information is 
available from all GCMs, RCMs and CPMs. The main points to take from Figure 40 are as follows.

where

(Eq 1)

(Eq 2)
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Winter

	• Winter temperature biases in all CMIP5-driven regional models are either insignificant (grey flags) or 
comparable in size to those in CPM-PPE (green flags), apart from CPM-MRI which has (marginal) yellow 
flags for winter mean temperature and the temperature of cold winter days in Scotland because of 
slightly larger negative biases than found in CPM-PPE (see Figures 16 and 20, respectively). Although 
these biases are only just outside the CPM-PPE range, they are large (the average temperature on cold 
winter days is more than 5ºC too low). CPM-MRI also over-estimates the number of cold and intense 
cold spells over Scotland, lying outside the CPM-PPE range (Figure 36). RCM-MRI has a larger negative 
bias than CPM-MRI for the temperature of cold winter days in Scotland (Figure 20) and also receives a 
yellow flag (note that it lies within the RCM-PPE range though). These biases are consistent with the 
MRI-driven regional models producing much more snow on the ground in Scotland during winter than 
any of the other models (Figure 38). On balance, we advise caution if using winter temperature 
projections from the MRI-driven regional models for Scotland as we have lower confidence in them.

	• Significant biases in winter precipitation metrics in CPM-ACCESS and CPM-MPI are similar to those in 
CPM-PPE, all with green flags except for the positive bias in winter mean precipitation in Scotland in 
CPM-ACCESS that is given a yellow flag as it lies outside the CPM-PPE range (Figure 18). RCM-ACCESS 

Figure 40. Summary of the present-day performance of the CMIP5-driven regional models in winter (left panels) and summer (right panels), for a 
selection of regionally averaged temperature and precipitation metrics (on daily timescales and longer). All data has been regridded onto a common 
n96 grid with spacings of 1.875º and 1.25º in the longitudinal and latitudinal directions, respectively, and spatial averaging of metrics was 
performed before computing biases. The meaning of the various colours is briefly described in the legend; see the text for full details.
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and RCM-MPI have more yellow flags than their nested CPMs for winter precipitation metrics, most 
notably for wet day fraction where the RCMs have larger positive biases (Figure 22). Note that significant 
biases in winter precipitation metrics in RCM-ACCESS and RCM-MPI all lie within the range of RCM-PPE 
though. Based on present-day performance, we consider winter precipitation projections from the 
regional models driven by MPI and ACCESS to be as plausible as those from the existing regional PPEs.

	• RCM-MRI and CPM-MRI have red and orange flags for metrics related to winter precipitation for 
Scotland and England. This is because both models significantly over-estimate winter mean precipitation 
(Figure 18), wet-day fraction (Figure 22; bias inherited from MRI itself) and wet-day intensity (Figure 23). 
Given these performance issues, we consider projections for all winter precipitation metrics from these 
models unreliable. 

	• RCM-IPSL and CPM-IPSL have an orange flag for wet-day frequency in England, due to a large positive 
bias inherited from the IPSL GCM (Figure 22), which translates into large positive biases in winter mean 
precipitation too (Figure 18). Biases in wet-day fraction are smaller for Scotland, but RCM-IPSL still 
receives an orange flag and CPM-IPSL has a yellow flag. On the other hand, biases in wet-day intensity in 
the IPSL-driven models are small and comparable to biases in the PPEs (CPM-IPSL has a yellow flag for 
wet-day intensity in England, but this is marginal), see Figure 23. Similarly for biases in heavy daily 
precipitation amounts (Figure 24). It is possible that the IPSL-driven regional models could give reliable 
projections for the intensity of winter precipitation, even if wet-day frequency is not well represented in 
the driving GCM, but an assessment of the underlying physical processes would be required first. 
Nonetheless, we suggest caution in using winter precipitation projections from RCM-IPSL and CPM-IPSL.

Summer

	• Biases are generally less significant in summer than in winter, presumably because there is more year-to-
year variability.

	• Summer temperature biases in all CMIP5-driven regional models are either insignificant (grey flags) or 
comparable in size to those in CPM-PPE (green flags), apart from CPM-MRI and CPM-ACCESS which 
have a yellow flag for the temperature of hot summer days in England because of a slightly larger 
positive bias than found in CPM-PPE (see Figure 21). We therefore consider summer temperature 
projections from CMIP5-driven models as plausible as those from the existing UKCP18 PPEs. However, 
users should be aware that both CPM-MRI and CPM-ACCESS considerably over-estimate the 
temperature of hot summer days (by ~3ºC) and the number of hot spells (Figure 35) for England.

	• Biases in all summer precipitation metrics are either insignificant (grey flags) or within the range of 
CPM-PPE (green flags) for CPM-ACCESS, CPM-IPSL and CPM-MRI. This is also the case for RCM-
ACCESS, RCM-IPSL and RCM-MRI, except for two yellow flags for wet day fraction in Scotland in RCM-
ACCESS and RCM-IPSL due to larger positive biases than found in CPM-PPE (Figure 25; note that these 
biases are within the range of RCM-PPE though). Based on the present-day performance of the regional 
models driven by ACCESS, IPSL and MRI we consider their projections for future changes in metrics 
related to summer precipitation equally as plausible as those from the existing regional PPEs.

	• RCM-MPI and CPM-MPI have large positive biases in wet-day fraction (Figure 25), resulting in large 
positive biases in summer mean precipitation (Figure 19). The regional model biases are much larger than 
in the MPI GCM too. Red flags are thus assigned to both metrics over Scotland. Over England, yellow 
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flags are assigned, but this is only because there are some poorly performing members of CPM-PPE. 
Biases in wet-day intensity are smaller (~10% level; Figure 26) and comparable to those in the PPEs 
(yellow flags for Scotland are marginal), as are biases in heavy daily precipitation amounts (Figure 27). 
However, the large biases in summer wet-day frequency and mean precipitation, which are generated by 
the down-scaling step, means we have low confidence in projections from the MPI-driven regional 
models for all summer precipitation metrics. 

In summary, biases in the regional models driven by the CMIP5-4 GCMs are mostly comparable to those in 
the existing UKCP18 regional PPEs, at least for the metrics considered here. We therefore have no reason to 
consider projections from these models any less plausible than those from RCM-PPE and CPM-PPE. Two 
important exceptions are winter and summer precipitation in the regional models driven by MRI and MPI, 
respectively, where issues with model performance in the present-day lead us to consider projections for 
future changes in precipitation in these seasons to be unreliable. In addition, caution should be applied if 
using projections for (i) winter temperatures over Scotland from the MRI-driven regional models, and (ii) 
winter precipitation from the IPSL-driven regional models.
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5	 Future changes
In this section we examine climate change projections for the UK (under the RCP8.5 emissions scenario) 
from the regional models driven by the CMIP5-4 set of GCMs, focussing on temperature and precipitation. 

5.1	 Seasonal mean changes

Future changes in near-surface air temperature in winter and summer are shown in Figures 41 and 42, 
respectively. In all models, mean temperature increases everywhere in both seasons, with larger absolute 
increases in summer. In these figures, and equivalent ones in the following sections, regional models are 
ordered by the future SST increases (averaged over an area around the UK; recall Figure 10) in their driving 
GCMs, because this is a key driver of temperature changes over UK land. Note this results in a different 
ordering of models compared to similar plots in Section 3.

Figure 41. Future changes in seasonal mean air temperature at 1.5m in winter, defined as differences between a 21-year future period, centred on 
the year when the global mean surface temperature reaches 3ºC above pre-industrial (see Table 5), and baseline period (1980 – 2000). The panels 
on the top row show changes in regionally averaged winter mean temperature in the various CMIP5 GCMs and their nested regional models, for 
England and Scotland respectively. The box-and-whiskers indicate the distribution of responses in HadGEM-PPE, RCM-PPE and CPM-PPE: the box 
extends from the lower to the upper quartiles of the data, with the median shown by the solid horizontal line, and the whiskers show the full range 
of the data. Plots on the second row show spatial maps of winter mean temperature changes in the CMIP5-driven RCMs and RCM-STD, with 
equivalent plots for the CMIP5-driven CPMs and CPM-STD on the third row (the CPM data has been regridded onto the 12 km RCM grid). Hatched 
areas indicate where future changes are significantly different from zero (at the 95% level), estimated using bootstrap resampling. Note that 
models are ordered from left to right by increasing seasonal mean SST change averaged over a region around the UK (see Figure 10). The UK-mean 
response is indicated in each panel. 
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Future temperature increases in winter in the CMIP5-driven regional models are significant across the UK, 
and typically lie towards the lower end of the distribution of responses from RCM-PPE and CPM-PPE (i.e. 
less future warming). In particular, RCM-IPSL and CPM-IPSL project less winter warming over England than 
any member of RCM-PPE and CPM-PPE, respectively. The regional model responses largely follow those of 
the CMIP5-4 GCMs which, in the UK-average sense, are positively correlated with future increases in SSTs 
around the UK (computed as the average over the green box in Figure 10). 

Recall that RCM-MRI and CPM-MRI produce much more snowfall and lying snow over Scotland in the 
present-day than MRI itself (Figure 38), consistent with the significant cold bias in winter mean temperature 
flagged in Figure 16. As this snow melts in the future, temperature increases could be amplified by snow-
albedo feedback effects. However, the responses of MRI and its nested regional models are similar, 
suggesting this is not having a large effect, likely because there is still a significant amount of snow 
remaining in these regional models when the global warming level reaches 3ºC above pre-industrial; see 
Section 5.4.4 below. Although we see no evidence from the projections themselves that the MRI-driven 
models should not be used, we recommend that caution is exercised because of the large present-day 
biases in winter temperature in the north of the UK. Winter temperature projections from the other CMIP5-
driven regional models are considered equally as plausible as those from the UKCP18 regional PPEs since 
there are no notable performance concerns in the present-day.

Figure 42. Future changes in seasonal mean air temperature at 1.5m in summer. The layout of the plots is the same as in Figure 41.
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In summer, the CMIP5-4 GCMs project smaller future temperature increases than HadGEM-PPE, apart from 
ACCESS over England. When the CMIP5-4 GCMs are down-scaled, summer temperature responses in the 
nested regional models (which are significant across the UK) are similar to those of their driving global 
models. As a result, the regional models driven by IPSL and MRI project notably less future warming than 
any member of RCM-PPE and CPM-PPE, while the responses of the regional models driven by ACCESS and 
MPI lie close to the lower bound of the PPEs. Based on present-day performance, we have no reason to 
consider these projections any less plausible than those from the existing UKCP18 regional PPEs. Therefore, 
we have successfully extended the range of plausible future summer outcomes now available from 
UKCP18, one of the main aims of down-scaling alternative global models from CMIP5.

In Figure 38 it was noted that snow remains on the ground too long in Scotland in the regional models 
driven by MRI, lasting into early summer, which is not the case in MRI itself. This snow is no longer present 
when the global warming level reaches 3ºC above pre-industrial (see Section 5.4.4 below), but any 
additional warming related to the melting of snow and associated snow-albedo feedback effects must be 
small since summer temperature responses in RCM-MRI and CPM-MRI are comparable to those of the MRI 
GCM over Scotland. Therefore, the persistence of lying snow in the MRI-driven regional models does not 
appear to negatively affect their summer temperature projections. 

Projected changes in precipitation in winter and summer are presented in Figures 43 and 44, respectively. 

Figure 43. Future changes in seasonal mean precipitation in winter. The layout of the plots is the same as in Figure 41.

www.metoffice.gov.uk


 Source: Met Office © Crown Copyright 2024www.metoffice.gov.uk Pg 63 of 91

Model projections for winter precipitation mostly suggest an increase in the future, particularly over 
England. As noted in Kendon et al. (2021), CPM-PPE consistently shows larger increases (or smaller 
decreases) than RCM-PPE (and HadGEM-PPE) over land, linked to more convective showers in the CPM, 
likely advected inland from over the sea (Kendon et al. 2020). Over England, ACCESS projects the largest 
future increase, lying above the upper bound of HadGEM-PPE. This is also the case in the regional models 
driven by ACCESS, where increases are significant compared to natural variability and can exceed 50% 
locally in the CPM. Such an outcome would have impactful consequences in terms of river flows and flood 
risk. Given that there were no notable issues with regional model performance in the present-day, these 
projections are considered plausible. 

The other CMIP5-driven regional models mostly project a future increase in winter precipitation over 
England, with little change or a decrease over Scotland. The responses are generally not significantly 
different from zero (the IPSL-driven models over southeastern England are an exception) and lie within, or 
just outside, the ranges of RCM-PPE and CPM-PPE. However, recall that projections from the MRI-driven 
regional models are considered unreliable because of large (and significant) present-day biases in winter 
precipitation that were generated by the down-scaling step (e.g. Figure 18). The projections from the 
IPSL-driven models should also be used with caution, because of large biases inherited from the IPSL GCM 
itself. The MPI model is an interesting case because the GCM projects a future increase in winter 
precipitation over Scotland, lying in the upper quartile of the HadGEM-PPE distribution, but the sign of the 
projected change is reversed upon down-scaling, with the nested RCM lying towards the lower end of the 
RCM-PPE distribution. This is explored further below. Note that CPM-MPI predicts a larger future decrease 
in winter precipitation over Scotland than any member of CPM-PPE.

Figure 44. Future changes in seasonal mean precipitation in summer. The layout of the plots is the same as in Figure 41.
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In summer, most members of the various PPEs project a substantial decrease in precipitation, particularly 
over England, although responses span a broad range. Note that future decreases are not as large as 
reported in Kendon et al. (2021; see their Figure 5.1) because they computed them using a later future 
period (2060 – 2080), when the global mean warming level is above 3ºC in these models. 

The regional models driven by MPI and ACCESS also project future decreases in summer precipitation 
across the UK, typically lying towards the lower end of the PPE distributions. These signals are significant 
across England and parts of Scotland. Based on our assessment of present-day performance, projections 
from the ACCESS-driven models are considered plausible, but those from the MPI-driven models are 
deemed unreliable because of large (and significant) wet biases in summer mean precipitation generated 
during the down-scaling step (e.g. Figure 19).

The regional models driven by MRI display little future change in summer precipitation, across the UK, with 
responses typically lying in the upper quartile of the distribution of responses from RCM-PPE and CPM-PPE. 
The same is true for the IPSL-driven models over Scotland (over England these models project a future 
decrease, significant in the south). There are no reasons to consider projections from these models any less 
plausible than those from the existing UKCP18 regional PPEs. Sampling future summer outcomes with less 
of a reduction in precipitation was another key motivation for this work.

5.2	 Future changes at the daily time scale

Projected changes in the temperature of cold winter days are presented in Figure 45. All models project an 
increase in temperature in the future, but increases are generally smaller in the IPSL, ACCESS and MPI GCMs 
and their nested regional models than most members of the corresponding PPEs. Indeed, the models driven 
by IPSL and ACCESS offer outcomes previously unsampled by the UKCP18 regional ensembles, following 
their driving global models. There are no performance issues in the present-day that would lead us to doubt 
the plausibility of these projections. By contrast, the MRI-driven models project larger future increases in the 
temperature of cold winter days than most members of RCM-PPE and CPM-PPE, but we have less 
confidence in these projections since there are large cold biases in the present-day, especially over Scotland 
(where biases can be ~ -5ºC; Figure 20), consistent with excessive snow on the ground (Figure 38). 
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Figure 45. Future changes in the temperature of cold winter days (the 1st percentile of the distribution of daily mean air temperatures at 1.5m in 
winter, where the daily mean temperature is computed as the average of the daily maximum and minimum temperatures), defined as differences 
between a 21-year future period, centred on the year when the global mean surface temperature reaches 3ºC above pre-industrial (see Table 5), 
and baseline period (1980 – 2000). The panels on the top row show changes in the regionally averaged temperature on cold winter days in the 
various CMIP5 GCMs and their nested regional models, for England and Scotland respectively. The box-and-whiskers indicate the distribution of 
responses in HadGEM-PPE, RCM-PPE and CPM-PPE: the box extends from the lower to the upper quartiles of the data, with the median shown by 
the solid horizontal line, and the whiskers show the full range of the data. Plots on the second row show spatial maps of changes in the temperature 
of cold winter days in the CMIP5-driven RCMs and RCM-STD, with equivalent plots for the CMIP5-driven CPMs and CPM-STD on the third row (the 
CPM data has been regridded onto the 12 km RCM grid). Hatched areas indicate where future changes are significantly different from zero (at the 
95% level), estimated using bootstrap resampling. Note that models are ordered from left to right by increasing seasonal mean SST change 
averaged over a region around the UK (see Figure 10). The UK-mean response is indicated in each panel. 

Figure 46 shows future changes in the temperature of hot summer days. The IPSL and MRI GCMs project 
smaller future increases than most members of HadGEM-PPE, lying in the lower quartile of the distribution. 
By contrast, the responses of the ACCESS and MPI models lie closer to the centre of the distribution. When 
the CMIP5-4 GCMs are down-scaled, their future changes are largely preserved by the nested RCMs and 
CPMs, with the exception of ACCESS over England where RCM-ACCESS displays considerably less warming 
than its driving model. The responses of the ACCESS-driven regional models lie below the lower bound of the 
regional PPEs over England, as do those of the regional models driven by IPSL and MRI across the UK, 
representing new future outcomes. However, it should be remembered that the regional models driven by 
MRI and ACCESS have large positive biases in the temperature of hot summer days in England (~3ºC; Figure 
21), so we have lower confidence in their future changes. Nonetheless, some members of the PPEs display 
comparable biases, so we consider projections from the MRI-driven and ACCESS-driven models at least as 
plausible as those from the UKCP18 regional ensembles.
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Figure 46. Future changes in the temperature of hot summer days (defined as the 99th percentile of the distribution of daily mean air temperatures 
at 1.5m in summer, where the daily mean temperature is computed as the average of the daily maximum and minimum temperatures). The layout 
of the plots is the same as in Figure 45. 

Future changes in the fraction of wet days (defined as days where the accumulated precipitation exceeds 1 
mm), the average wet-day intensity, and heavy precipitation (defined as the 99th percentile of all daily 
values) are shown in Figures 47, 48 and 49 for winter and Figures 50, 51 and 52 for summer.

As discussed in Kendon et al. (2021), members of CPM-PPE tend to show a greater future increase, or less of 
a decrease, in wet-day fraction in winter than members of RCM-PPE. This is also true for all the regional 
models driven by CMIP5-4 GCMs (Figure 47). The regional models driven by ACCESS project an increase in 
the frequency of wet days across the UK, lying towards the upper end of the distribution of responses from 
RCM-PPE and CPM-PPE, largely inherited from the ACCESS GCM itself. By contrast, the other CMIP5-driven 
models project future decreases in wet-day fraction over Scotland, lying towards the lower end of the 
regional PPE ranges. However, future changes in winter wet-day fraction in all CMIP5-driven models are not 
significantly different from zero across most of the UK.
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Figure 47. Future changes in wet-day fraction (defined as days where the precipitation accumulation exceeds 1 mm) in winter. The layout of the 
plots is the same as in Figure 45.

Over England, all the CMIP5-driven regional models except RCM-MRI and CPM-MRI project significant future 
increases in wet-day intensity, following their driving global models. Similar behaviour is seen in the various 
PPEs. Future increases in ACCESS lie at the upper end of the distribution of responses from HadGEM-PPE, 
and its nested regional models project larger increases than any members of RCM-PPE and CPM-PPE, 
respectively. This is also true for future changes in heavy daily precipitation amounts (Figure 49). Coupled 
with increases in wet-day frequency over England (Figure 47), this explains why future increases in winter 
precipitation over England are larger in the ACCESS-driven regional models than any of the others (Figure 
43). Future increases in wet-day intensity over England in the regional models driven by MPI and IPSL lie close 
to the centre of the distribution of responses from the regional PPEs, whereas those driven by MRI lie below 
the lower bound of the PPEs, projecting little future change in wet-day intensity. However, issues with the 
present-day performance of the MRI-driven models for winter precipitation means we do not consider these 
projections reliable.
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Figure 48. Future changes in wet-day intensity in winter. The layout of the plots is the same as in Figure 45.

The CMIP5-4 GCMs also project future increases in wet-day intensity for Scotland. However, when down-
scaled with the RCM, future increases are systematically reduced (or even become decreases in the case of 
RCM-MRI) and are not significantly different from zero. Similar behaviour is seen in the future changes of 
heavy daily precipitation amounts (Figure 49). Differences between GCM and nested RCM are most 
pronounced for the MPI model. This was also the case for winter mean precipitation: recall from Figure 43 
that the MPI GCM projects an upper-end increase in winter precipitation over Scotland in the future, whereas 
RCM-MPI suggests a lower-end decrease. From Figures 47 and 48 it is evident the GCM response is driven by 
an increase in wet-day intensity, whereas the RCM response is the result of a decrease in the frequency of 
wet days. Further analysis would be required to understand the underlying physical mechanism behind this 
interesting difference. 
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Figure 49. Future changes in heavy daily precipitation amounts (defined as the 99th percentile of the distribution of daily precipitation, including all 
values) in winter. The layout of the plots is the same as in Figure 45.

In summer there is a decrease in the frequency of wet days in nearly all models (Figure 50), with larger 
decreases in CPMs compared to RCMs, including in the models driven by CMIP5-4 GCMs. There are 
significant decreases across the UK in the regional models driven by MPI and ACCESS, and also RCM-IPSL 
and CPM-IPSL in southern England. By contrast, the models driven by MRI show little future change in 
summer wet-day fraction, with responses lying above (in the case of RCM-MRI) or close to (in the case of 
CPM-MRI) the upper bound of the corresponding regional PPEs. Future changes in the CMIP5-driven regional 
models largely follow those of their driving global models. 

Future changes in the amount of rainfall on wet days in summer in the CMIP5-driven regional models are 
small and not significantly different from zero (Figure 51), as are changes in heavy daily precipitation amounts 
(Figure 52). In both cases, responses of the CMIP5-driven models lie within the envelope of the regional PPEs. 
Increases in wet-day intensity are larger (or decreases are smaller) in all CMIP5-driven CPMs compared to 
their driving RCMs, which balances the larger reduction in wet-day frequency in the CPMs (Figure 50), leading 
to similar projections for changes in summer mean precipitation (Figure 44). 
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Figure 50. Future changes in wet-day fraction (defined as days where the precipitation accumulation exceeds 1 mm) in summer. The layout of the 
plots is the same as in Figure 45.

In light of Figures 50 and 51, it is clear that the upper-end reductions in UK summer mean precipitation in the 
regional models driven by MPI and ACCESS (Figure 44) is driven by decreases in wet-day frequency in 
summer. Similarly for the IPSL-driven models over England. Over Scotland, a small future decrease in summer 
wet-day frequency in the IPSL-driven models is offset by a small future increase in the intensity of rainfall on 
those days, leading to little overall change in summer mean precipitation. In the MRI-driven models there is 
little future change in either wet-day frequency or intensity across the UK, and thus little change in summer 
mean precipitation.

www.metoffice.gov.uk


 Source: Met Office © Crown Copyright 2024www.metoffice.gov.uk Pg 71 of 91

Figure 51. Future changes in wet-day intensity in summer. The layout of the plots is the same as in Figure 45.
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Figure 52. Future changes in heavy daily precipitation amounts (defined as the 99th percentile of the distribution of daily precipitation, including all 
values) in summer. The layout of the plots is the same as in Figure 45.
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5.3	 Future changes at the hourly time scale

Figures 53 and 54 show future changes in heavy hourly precipitation (defined as the 99.95th percentile of  
all hourly values, corresponding to approximately one event per season) in winter and summer, respectively. 
We only consider the CPMs since we have more confidence in their projections on sub-daily timescales 
compared to those from coarser resolution models. As before, all CPM data has been regridded onto the  
5km OSGB grid. 

In winter, CPM-PPE projects a future increase in heavy hourly precipitation across the UK, with more of an 
increase over England than Scotland. This is also the case in the CMIP5-driven CPMs. CPM-ACCESS is 
notable since it projects the largest future increases of any model over England. Responses are significant in 
southern England where CPM-ACCESS also projects significant future increases in winter mean precipitation 
(Figure 43), wet day intensity (Figure 48) and heavy daily precipitation amounts (Figure 49). Future changes in 
the other CMIP5-driven CPMs are smaller (not significantly different from zero) and similar to each other, 
typically lying towards the lower end or below the lower bound of the CPM-PPE distribution. 

Figure 53. Future changes in heavy hourly precipitation amounts (the 99.95th percentile of hourly precipitation, including all values) in winter, 
defined as differences between a 21-year future period, centred on the year when the global mean surface temperature reaches 3ºC above 
pre-industrial (see Table 5), and baseline period (1980 – 2000). The top right panel shows changes in regionally averaged heavy hourly precipitation 
in the various CMIP5-driven CPMs and CPM-STD. The box-and-whiskers indicate the distribution of responses in CPM-PPE: the box extends from 
the lower to the upper quartiles of the data, with the median shown by the solid horizontal line, and the whiskers show the full range of the data. 
Plots on the second row show spatial maps of changes in heavy hourly precipitation in the CMIP5-driven CPMs and CPM-STD (the CPM data has 
been regridded onto the 5km OSGB grid). Hatched areas indicate where future changes are significantly different from zero (at the 95% level), 
estimated using bootstrap resampling. Note that models are ordered from left to right by increasing seasonal mean SST change averaged over a 
region around the UK (see Figure 10). The UK-mean response is indicated in each panel. 
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Figure 54. Future changes in heavy hourly precipitation amounts (defined as the 99.95th percentile of the distribution of hourly precipitation, 
including all values) in summer. The layout of the plots is the same as in Figure 53.

In CPM-PPE there is a larger spread in future changes in heavy hourly precipitation in summer compared to 
winter, with future decreases over England being possible. Responses tend to be larger over Scotland than 
England, and this is also the case for all the CMIP5-driven CPMs except CPM-MPI which projects no future 
change in heavy hourly precipitation across the UK (although it should be remembered that we consider 
projections for changes in summer precipitation from CPM-MPI to be unreliable due to large biases in the 
present-day, e.g. Figure 19). As in winter, future changes from the CMIP5-driven CPMs are similar to each 
other, lying at the lower end of the CPM-PPE distribution and not significantly different from zero. Note that 
CPM-STD displays an upper-end response, which is significant in the north, and thus is very different from the 
CMIP5-driven CPMs. 

Figure 55 shows future changes in the statistical distribution of hourly precipitation rates in the various CPMs, 
for each season. In all seasons, there is a general shift in the CMIP5-driven CPM distributions so that 
moderate-to-heavy hourly rain-rates contribute more to the total rainfall, and low-to-moderate rain-rates 
less, than in the present-day. This is similar to the behaviour of CPM-PPE members. An exception is CPM-IPSL 
in spring where there is a decrease in the contribution from moderate rain-rates, an increase from low rain-
rates and little change in the contribution from high rain-rates. Note that changes in the shape of the 
distribution in CPM-MPI and CPM-MRI in this season are small too. In winter, CPM-ACCESS stands out as 
having a more pronounced intensification of hourly rainfall than the other CMIP5-driven models, consistent 
with Figure 53. In summer, changes in the distribution of hourly rain-rates in the CMIP5-driven CPMs are 
notably smaller than in CPM-STD (which lies at the outer edge of the CPM-PPE envelope) consistent with 
Figure 54. To a lesser extent, this is the case in autumn too.
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Figure 55. Future changes in the fractional contribution of different hourly precipitation rates to the total precipitation over the UK, defined as 
differences between a 21-year future period, centred on the year when the global mean surface temperature reaches 3ºC above pre-industrial (see 
Table 5), and baseline period (1980 – 2000). For each time period, fractional contributions were calculated by assigning precipitation rates for all 
hours (wet and dry) to bins of 0.0, 0.1, 0.23, 0.41, 0.62, 0.95, 1.4, 2.2, 3.4, 5.1, 7.8, 11.9, 18.1, 27.5, 42.0, 63.9, 97.4, 148.0, 500.0 mm/hr, then 
multiplying the counts in each bin by the average rain-rate for that bin to give the contribution of each bin to the total rainfall. Results are shown for 
the CMIP5-driven CPMs and CPM-STD, along with the CPM-PPE range, for each season. All data has been regridded onto the 5km OSGB grid.
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5.4	 Future changes in extreme events

5.4.1	 Extreme hourly precipitation

Future changes in estimates of the 30-year return level of hourly precipitation in the CPMs are displayed in 
Figures 56 and 57, for winter and summer respectively. 

In winter, the 30-year return level is projected to increase in the future in all models, with increases generally 
being larger for England than Scotland. As for heavy hourly precipitation amounts (Figure 53), CPM-ACCESS 
projects the largest future increases in hourly extremes for England, particularly in the south. By contrast, 
CPM-MPI and CPM-MRI provide low-end responses, with the latter lying below the lower bound of CPM-
PPE and projecting little future change in the 30-year return level of hourly precipitation extremes. However, 
based on present-day performance, we have low confidence in projections for winter precipitation from the 
MRI-driven models (e.g. Figure 18).

Figure 56. Future changes in 30-year return levels of hourly precipitation in winter, defined as differences between a 21-year future period, centred 
on the year when the global mean surface temperature reaches 3ºC above pre-industrial (see Table 5), and baseline period (1980 – 2000). The top 
right panel shows changes in regionally averaged return levels in the various CMIP5-driven CPMs and CPM-STD. The box-and-whiskers indicate the 
distribution of responses in CPM-PPE: the box extends from the lower to the upper quartiles of the data, with the median shown by the solid 
horizontal line, and the whiskers show the full range of the data. All data has been regridded onto the 5km OSGB grid before computing return 
levels. Plots on the second row show spatial maps of changes in 30-year return levels in the CMIP5-driven CPMs and CPM-STD (on the 5km OSGB 
grid). Whether future changes are significantly different from zero or not has not been assessed. Note that models are ordered from left to right by 
increasing seasonal mean SST change averaged over a region around the UK (see Figure 10). The UK-mean future change in 30-year return level is 
indicated in each panel. 
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Future increases in extreme hourly precipitation in summer tend to be larger for Scotland than England, 
opposite to winter. CPM-IPSL is different from all other models as it projects a small decrease for England, 
whereas the other CMIP5-driven CPMs project small increases, lying at the lower end of the CPM-PPE 
distribution. It is likely these responses are not significantly different from zero though. For Scotland, future 
increases in CPM-MPI are smaller than in any other model, although we have low confidence in projections 
for summer precipitation from the MPI-driven models because of large biases in the present-day (e.g. Figure 
19). The other CMIP5-driven models lie within the CPM-PPE range. Note how CPM-STD is very different to 
the CMIP5-driven CPMs, projecting much larger increases in the 30-year return level. This is consistent with 
the behaviour seen for heavy hourly precipitation amounts in summer (Figure 54).

Figure 57. Future changes in 30-year return levels of hourly precipitation in summer. The layout of the plots is the same as in Figure 56.

5.4.2	 Future changes in hot and cold spells

We now examine future changes in hot spells over England and cold/intense cold spells over Scotland (see 
Section 3.2.4.2 for details of how spells are defined), corresponding to the regions most strongly affected by 
each type of event in the present-day. 

Figure 58 shows CPM projections for how the number of hot spells, averaged over England, could change in 
the future. All models predict more hot spells (for a range of minimum spell lengths) which is consistent 
with large-scale warming, although other effects (e.g. land-atmosphere interactions) will exert an additional 
influence. Responses from the CMIP5-driven CPMs typically lie within the CPM-PPE range, with CPM-MRI 
and CPM-ACCESS consistently predicting the smallest and largest increases in the number of hot spells, 
respectively (note that CPM-ACCESS produces more hot spells in the future period than any other CMIP5-
driven model). CPM-ACCESS has drier soils than CPM-MRI in present-day summer (Figure 37), with more of 
a decrease in the future (see Figure 60 below), consistent with the larger decrease of summer mean 
precipitation in this model (Figure 44). This could explain, at least in part, why there is more of a future 
increase in summer mean temperature (Figure 42) and in the number of hot spells in CPM-ACCESS 
compared to CPM-MRI. However, recall that both CPM-MRI and CPM-ACCESS considerably over-estimate 
the temperature of hot summer days (Figure 21) and the number of hot spells (Figure 35) in the present-day 
(as do some members of CPM-PPE), so we have lower confidence in projected changes in the number of 
hot spells from these models.
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Future changes in the number of cold and intense cold spells over Scotland are shown in Figure 59. As one 
might expect in a warming climate, both types of event become less frequent in the future in all models. 
Considering cold spells, the responses of the CMIP5-driven CPMs lie within the range of CPM-PPE. However, 
for intense cold spells, new outcomes are possible, with CPM-MRI suggesting a greater decrease, and the 
CPMs driven by ACCESS and MPI a smaller decrease, than any member of CPM-PPE. More of a future 
decrease in the number of cold and intense cold spells in CPM-MRI than CPM-ACCESS and CPM-MPI is 
consistent with a greater increase in winter mean temperature (Figure 41) and the temperature of cold 
winter days (Figure 45) in this model. However, recall that we have lower confidence in projections from 
CPM-MRI because of large biases in winter mean temperature (Figure 16), the temperature of cold winter 
days (Figure 20) and the number of cold and intense cold spells (Figure 36) in the present-day (noting that 
some members of CPM-PPE also have large biases). As a result of these biases, CPM-MRI still has lower 
winter temperatures, and more cold and intense cold spells, in the future than CPM-ACCESS and CPM-MPI, 
even with greater warming. This is consistent with CPM-MRI having the most lying snow of any model in the 
future (see Section 5.4.4 below).

Figure 58. Future changes in the frequency of hot spells over England, 
defined as differences between a 21-year future period, centred on the 
year when the global mean surface temperature reaches 3ºC above 
pre-industrial (see Table 5), and baseline period (1980 – 2000). Results 
from the CMIP5-driven CPMs and CPM-STD are shown, for a range of 
different minimum spell lengths. The distribution of responses in 
CPM-PPE is shown by the box-and-whiskers: the box extends from the 
lower to the upper quartiles of the data, with the median shown by the 
solid horizontal line, and the whiskers show the full range of the data. 
All data has been regridded onto the 5km OSGB grid.

Figure 59. Future changes in the frequency of cold spells (left) and intense cold spells (right) over Scotland. The layout of the plots is the same as in 
Figure 58. 
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5.4.3	 Soil moisture

Future changes in the annual cycle of soil moisture are shown in Figure 60, averaged over England and 
Scotland, along with the resulting soil moisture in the future period. As in Section 3.2.4.3, only moisture in 
the top 1m of soil is considered, and only the RCMs and CPMs are compared.

Figure 60. Future changes in the annual cycle of soil moisture (left column) and the annual cycle of soil moisture in the future period (right column), 
averaged over England (top row) and Scotland (bottom row). Only the top 1m of soil is considered (the root zone). Future changes are defined as 
differences between a 21-year future period, centred on the year when the global mean surface temperature reaches 3ºC above pre-industrial (see 
Table 5), and baseline period (1980 – 2000). Results from the RCMs and CPMs are shown, and all CPM data has been regridded onto the 12 km 
RCM grid before spatial averaging. The horizontal blue line indicates the critical level below which transpiration from vegetation becomes limited by 
the available soil moisture.

In summer months, the RCMs and CPMs driven by ACCESS, MPI and IPSL all show a future decrease in 
root-zone soil moisture for England, whereas the regional models driven by MRI show little overall change. 
The CMIP5-driven models behave similarly for Scotland, except those driven by IPSL which show little 
future change in soil moisture in this region. These signals are consistent with the projections for changes in 
summer mean precipitation from these models (Figure 44). Interestingly, RCM-STD and CPM-STD project 
larger future decreases in soil moisture in summer than any of the CMIP5-driven models, in both England 
and Scotland, yet display little future change in summer precipitation (Figure 44). Greater evaporative 
losses associated with larger future increases in summer mean temperature in these models (Figure 42) 
could be a factor here. Another contributing factor, at least in CPM-STD, could be the more pronounced 
intensification of short-duration rainfall in the future (Figure 55), which is less effective at wetting the soil 
(e.g. Berthou et al. 2020, Halladay et al. 2024).
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In winter, the regional models driven by ACCESS show an increase in soil moisture across the UK, which is 
consistent with the projected increases in winter precipitation in this model (Figure 43). Likewise for the 
IPSL-driven models over England.

In the present-day, evapotranspiration becomes soil-moisture limited in England in summer months in all 
CMIP5-driven RCMs and CPMs, all members of CPM-PPE, and five members of RCM-PPE (Figure 37). As 
soils dry out in the future, models tend to enter the moisture-limited regime earlier in the year and move 
further into this regime in summer. This has the potential to amplify positive soil moisture-precipitation 
feedback effects, increasing the frequency, intensity and duration of temperature extremes such as hot 
spells. However, understanding how soil moisture influences the number of hot spells would require a more 
detailed analysis than possible with simple regional monthly mean data. Note that some models (CPM-
ACCESS and three members of CPM-PPE) also move into the moisture-limited regime of evapotranspiration 
in Scotland in summer in the future (none are in this regime in the present-day).

5.4.4	 Snowfall and lying snow

In a warming climate, one would expect snowfall and lying snow to decrease. From Figure 61 we see this is 
indeed the case: all models project less snowfall and snow on the ground in Scotland in the future. The 
decrease in winter snowfall is larger in the RCMs than the CPMs, consistent with more of a future increase 
(or less of a decrease) in winter mean precipitation in CPMs (Figure 43). In addition, the fraction of 
precipitation falling as snow decreases more in the future in the RCMs compared to the CPMs (not shown).

As in the present-day, the regional models driven by MRI produce more snowfall and snow on the ground in 
the future than any other model. The other CMIP5-driven RCMs and CPMs typically lie within the RCM-PPE 
and CPM-PPE range, respectively, apart from CPM-IPSL which also has considerably more snow on the 
ground in Scotland in the future than any member of CPM-PPE (as it did in the present-day; Figure 38). 
However, if we consider the fraction of Scotland covered by snow in the future, which is also reduced 
compared to the present-day, then the MRI-driven models are again similar to some of the more extreme 
members of the UKCP18 regional PPEs, and CPM-IPSL is within the CPM-PPE spread.

The presence of substantial snow on the ground in the future in RCM-MRI and CPM-MRI is potentially the 
reason why winter temperature projections from these models are comparable to those from their driving 
GCM (Figure 41). If the snow had all melted (i.e. if we were considering a more extreme global warming 
level), then we would likely have seen an enhanced warming in the MRI-driven regional models compared to 
MRI itself, due to a larger reduction of the surface albedo. Such an effect could be operating in summer in 
the MRI-driven regional models since they both have some snow over Scottish mountains in early summer 
in the present-day (recall Figure 38), but this has all melted when the global warming level reaches 3ºC 
above pre-industrial. However, the effect must be small since MRI, RCM-MRI and CPM-MRI all project 
similar future changes in summer mean temperatures (Figure 42), likely because the fraction of Scotland 
covered by snow in present-day summer is small, restricted to mountainous regions (Figures 38 and 39).
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Figure 61. Future changes in the annual cycle of snowfall (top left) and lying snow (centre left), and the annual cycle of snowfall (top right) and lying 
snow (centre right) in the future period, averaged over Scotland. Results from GCMs, RCMs and CPMs are shown (although note that the lying snow 
diagnostic is not available from IPSL) and all data has been regridded onto a common n96 grid (with spacings of 1.875º and 1.25º in the 
longitudinal and latitudinal directions, respectively) before spatial averaging. Note that a snow density of 250 kg/m3 has been assumed to convert 
the units of lying snow to mm. The bottom left panel shows future changes in the annual cycle of the fraction of Scotland covered by snow, and the 
bottom right panel shows the annual cycle of the fraction of Scotland covered by snow in the future period. The fractional coverage has been 
computed by applying a threshold of 0.02 mm to decide whether grid boxes are snow covered or not on each day, where all CPM data was first 
regridded onto the 12 km RCM grid. Only results from the RCMs and CPMs are shown since the required daily data is not available from the 
CMIP5-4 GCMs. Future changes are defined as differences between a 21-year future period, centred on the year when the global mean surface 
temperature reaches 3ºC above pre-industrial (see Table 5), and baseline period (1980 – 2000).
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6	 Summary of future changes
Model projections for a wide range of metrics related to temperature and precipitation have been presented 
in the preceding section. To condense all this information, we now construct a summary scorecard, similar 
to that in Section 4. The main aim is to help easily identify any situations where down-scaling the CMIP5-4 
GCMs has broadened the range of future outcomes available from UKCP18, and whether these are to be 
considered plausible or not, based on present-day model performance (Section 3).

Given a CMIP5-driven model response, R, for a particular metric, we compare it with the range of 
responses from the corresponding PPE, and classify it using the following colour-coding system:

	• Blue. The response lies below the minimum response in the PPE, R < Rmin, and is thus a new  
future outcome.

	• Grey. The response lies within the PPE range.

	• Purple. The response lies above the maximum response in the PPE, R > Rmax, and is thus a new  
future outcome.

In cases where a CMIP5-driven regional model has a warning flag for a present-day bias in a particular 
metric (Figure 40), we outline the response on the scorecard using the same colour as the warning flag, 
which gives an indication of its plausibility. If the outline is yellow or orange, caution is to be exercised when 
using projections from this model for this metric, and if the outline is red, projections from this model for 
this metric are to be considered unreliable.  

Stippling is added to the scorecard to highlight situations where a regional model response is largely 
inherited from the driving global model. This is judged using a condition similar to Eq. 1 but with biases, B, 
replaced by responses, R. Note that a CPM response can only be stippled if the response of its parent RCM 
was also stippled, because we are aiming to trace the origin of the response back to the source GCM. The 
stippling is for information only; a large difference between the response of a nested model and its driving 
model is not necessarily a cause for concern, if there is a well-understood physical mechanism driving it (a 
good example is the larger future increase in winter precipitation in CPM-PPE compared to RCM-PPE, 
attributed to the improved representation of convection in the CPM, specifically its ability to advect winter 
showers inland from over the sea, Kendon et al. 2020).

Figure 62 shows the scorecard for future changes projected by the CMIP5-driven RCMs and CPMs. As 
before, only metrics on daily timescales and longer are included so that we have information from all 
GCMs, RCMs and CPMs available. The main points to note are as follows.
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Figure 62. Summary of future changes in regionally averaged temperature and precipitation metrics (on daily timescales and longer) from the 
CMIP5-driven regional models, for winter (left panels) and summer (right panels). Future changes are defined as differences between a 21-year 
future period, centred on the year when the global mean surface temperature reaches 3ºC above pre-industrial (see Table 5), and baseline period 
(1980 – 2000). All model data has been regridded onto a common n96 grid with spacings of 1.875º and 1.25º in the longitudinal and latitudinal 
directions, respectively, and spatial averaging of metrics was performed before computing future changes. The meaning of the various colours is 
briefly described in the legend; see the text for full details. 

Winter

	• The regional models driven by ACCESS, MPI and IPSL generally project smaller future increases in winter 
mean temperature (Figure 41) and the temperature of cold winter days (Figure 45) than most members 
of the regional PPEs. Responses from the regional models driven by ACCESS and IPSL (especially the 
CPMs) can be smaller than any in RCM-PPE or CPM-PPE (blue flags), largely inherited from their driving 
GCMs. There is nothing in the present-day performance of these models that would lead us to doubt 
the plausibility of these projections. Future increases in the temperature of cold winter days in the 
MRI-driven regional models lie at the upper end of the PPE distributions, but it should be remembered 
that we have less confidence in winter temperature projections from these models over Scotland due 
to large cold biases in the present-day (Figure 20) and too many cold spells (Figure 36), consistent with 
excessive snow on the ground (Figure 38). 

	• Future increases in winter mean precipitation over England are larger in RCM-ACCESS and CPM-
ACCESS than any member of RCM-PPE and CPM-PPE (purple flags), respectively, particularly in the 
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south (Figure 43). The dominant contribution to this signal comes from future increases in precipitation 
intensity (Figures 48 and 49), rather than increases in wet-day frequency (Figure 47). This new future 
outcome is potentially high impact and, based on the present-day performance of the ACCESS-driven 
models (Figure 40), we have no reason to doubt its plausibility. Note that CPM-ACCESS also projects a 
greater future intensification of heavy hourly precipitation (99.95th percentile; Figure 53) and 
precipitation extremes (30-year return level; Figure 56) over England than any member of CPM-PPE. 

	• RCM-MPI and CPM-MPI project future decreases in winter mean precipitation over Scotland (Figure 
43), which is driven by future decreases in wet day fraction (Figure 47) since there is little change in 
wet-day intensity (Figure 48). Winter mean precipitation responses from the MPI-driven models lie at 
the lower end of the respective RCM-PPE and CPM-PPE distributions (blue flag for CPM-MPI), both of 
which favour a future increase in winter precipitation over Scotland. Based on present-day performance 
(Figure 40), we believe the MPI-driven regional models offer plausible low-end future outcomes for 
Scotland. 

	• RCM-IPSL and CPM-IPSL also provide low-end outcomes for Scotland, with little future change in 
winter mean precipitation (Figure 43), the result of an increase in wet-day intensity (Figure 48) being 
balanced by a decrease in wet-day fraction (Figure 47). However, recall that RCM-IPSL and CPM-IPSL 
have orange/yellow warning flags for wet-day frequency (Figure 40), with biases largely inherited from 
the IPSL GCM (Figure 22). Therefore, we have lower confidence in the projected change in winter 
precipitation from the IPSL-driven regional models. 

	• Projections for metrics related to winter precipitation from the MRI-driven regional models are not 
considered reliable due to red flags for biases in the present-day (Figure 40).

Summer

	• The regional models driven by IPSL and MRI project notably less of a future increase in summer mean 
temperature across the UK than any members of the regional PPEs (blue flags). The models driven by 
ACCESS and MPI also offer low-end outcomes for UK summer mean temperatures, with responses lying 
close to the lower bound of the PPE ranges. The responses of the CMIP5-driven models largely follow 
their driving GCMs (Figure 42). Future changes in the temperature of hot summer days are more mixed. 
Again, the models driven by IPSL and MRI project smaller future increases than any member of the PPEs 
(blue flags), as do RCM-ACCESS and CPM-ACCESS over England (Figure 46). We consider these 
projections to be equally as plausible as those from the existing regional PPEs, although it should be 
noted that both CPM-MRI and CPM-ACCESS have large biases in the 99th percentile of daily 
temperatures over England in the present-day (Figure 21), and considerably over-estimate the 
frequency of hot spells (Figure 35). 

	• RCM-MRI and CPM-MRI exhibit little future change in summer mean precipitation across the UK, 
following MRI GCM, whereas most PPE members favour a substantial decrease (Figure 44). The 
responses of RCM-MRI and CPM-MRI either lie in the upper quartile of the distribution of responses 
from the corresponding PPEs, or above the ensemble maxima (purple flag for RCM-MRI over England). 
The main reason for this is that MRI and its nested regional models show little future change in wet-day 
frequency in summer, whereas there is typically a decrease in the various PPEs (Figure 50). Similarly, the 
regional models driven by IPSL also suggest little future change in summer mean precipitation, following 
the IPSL GCM itself, but for Scotland only (Figure 44). Based on present-day performance (Figure 40), 
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there is no reason to doubt the plausibility of projections for summer precipitation from the regional 
models driven by MRI and IPSL.

	• Projections for metrics related to summer precipitation from the MPI-driven regional models are not 
considered reliable due to red flags for biases in the present-day (Figure 40).

In summary, by down-scaling alternative GCMs from CMIP5 we have been able to sample new future 
outcomes for the UK with the RCM and CPM. In summer, the regional models driven by IPSL and MRI project 
less of a future increase in temperature than any member of the existing UKCP18 regional ensembles. The 
MRI-driven models also project little future change in summer precipitation – as do the IPSL-driven models 
over Scotland - whereas the existing UKCP18 PPEs favour a future decrease. Sampling a wider range of 
potential outcomes for summer was a key motivation for this work. In winter, future increases in 
precipitation over England are larger in RCM-ACCESS and CPM-ACCESS than in any member of RCM-PPE 
and CPM-PPE, respectively, which would have implications for increased flooding. At the other end of the 
scale, RCM-MPI and CPM-MPI project a decrease in winter precipitation over Scotland whereas most PPE 
members project future increases. Finally, future increases in temperature in winter in the models driven by 
ACCESS, MPI and IPSL are smaller than in most PPE members. Based on our assessment of present-day 
biases, we believe these are all plausible future outcomes.

As a final comment, we have demonstrated that down-scaling other GCMs works well for the UK, in the 
sense that future changes in the nested regional models largely follow their driving global model. The 
location of the UK is likely to be a key factor here: the jet stream influences the formation and movement of 
low-pressure systems affecting the UK, which enter through the western boundary of the RCM domain and 
travel eastwards towards the UK over open ocean. For more complex European regions (e.g. the 
Mediterranean area), there may be less consistency between the projections of the regional models and 
their driving global models. This needs further investigation, but users of the new CMIP5-driven UKCP 
Regional projections for regions other than the UK should bear this in mind.
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