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extensive light precipitation and more heavy precipitation. 
Several authors have noted that the change from convec-
tion-parametrised to convection-permitting models also 
affects land-surface interactions (e.g. Hohenegger et al. 
2009, Leutwyler et al. 2021, Folwell et al. 2022). Such inter-
actions become increasingly important when moving from 
weather to climate timescales, especially in seasonally dry 
regions, where soil moisture becomes the primary moisture 
source for evaporation during dry periods (e.g. Guo et al. 
2006; Denissen et al. 2020). Observational studies have 
demonstrated the importance of soil moisture in convective 
organisation, initiation and intensification (e.g. Guillod et 
al. 2015; Klein and Taylor 2020). Errors in moisture fluxes 
between the atmosphere and the soil can become large on 
longer timescales and lead to biases that impact atmospheric 
processes. Therefore, an increased understanding of land/
atmosphere interactions in CPMs is needed to ensure that 
they are appropriate for use in climate projections.

The land surface scheme exerts a control on the amount 
of rainfall intercepted by vegetation, so-called canopy 

1 Introduction

Global circulation models (GCMs) and Regional Climate 
Models (RCMs) used in multi-model ensembles to inform 
climate policy decisions still use fully parametrised con-
vection owing to their relatively coarse spatial resolution 
(approximately 1 degree in CMIP6). Convection-permitting 
models (CPMs) with typically < 5 km horizontal resolution, 
have been used for a number of years in weather forecast-
ing but are increasingly applied on climate timescales, at 
least at the regional scale (e.g. Kendon et al. 2021). One 
of the key benefits of CPMs is an improved precipitation 
distribution compared to observations, i.e. less persistent, 
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Abstract
We investigated positive temperature (warm) and negative precipitation (dry) biases in convection-permitting model 
(CPM) simulations for Europe (2.2 km grid spacing) that were considerably larger than in equivalent regional climate 
model (RCM) simulations (12 km grid spacing). We found that improvements in dry biases could be made by (1) using 
a more complex runoff scheme which takes into account topography and groundwater, (2) delaying the onset of water 
stress in vegetation to enhance transpiration, (3) changing the microphysics scheme to CASIM (Cloud AeroSol Interacting 
Microphysics) which also decreases heavy rainfall and increases light rainfall. Increasing soil moisture to the critical point 
can remove dry precipitation biases in southern Europe but not in northern areas, indicating that soil moisture limitation is 
a key contributor to precipitation biases in the south only. Instead, in the north, changing the cloud scheme of the model 
has more impact on precipitation biases. We found that the more intense and intermittent nature of rainfall in the CPM, 
which is more realistic leads to different canopy interception compared to the RCM. This can impact canopy evaporation, 
evapotranspiration and feed back on precipitation. Increasing rainfall storage in the canopy only leads to small improve-
ments in warm biases, since it still fills rapidly with intense CPM rainfall, suggesting the need for an additional moisture 
store via improved groundwater modelling or surface pooling. Overall, this work highlights the challenge of correctly 
capturing land surface feedbacks in CPMs, which play an important role in future climate projections in some regions.
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interception, and the amount that reaches the surface either 
directly or by falling through the canopy (throughfall). 
This partitioning depends on rainfall rate. The land surface 
scheme and rainfall rate also control the amount of rain that 
infiltrates the soil column or contributes to runoff. Evapora-
tion can occur either from the smaller canopy store or the 
large soil moisture store, either directly from the soil or 
through transpiration. Folwell et al. (2022) showed that in 
convection-permitting simulations for Africa (CP4 Africa, 
Stratton et al. 2018), the improved precipitation intensity 
distribution was accompanied by decreased canopy inter-
ception, decreased evapotranspiration (ET) and increased 
runoff. Similar results were also found over South Amer-
ica (Halladay et al. 2023). The more intense and intermit-
tent nature of rainfall in the CPM reduces the efficiency of 
canopy interception. Folwell et al. (2022) also highlighted 
the role of the subgrid rainfall parametrisation1 in addition 
to the precipitation intensity distribution in determining the 
partitioning of rainfall into canopy interception, infiltration 
into the soil and runoff and showed how these differences 
can feed back to the atmosphere.

Berthou et al. (2020) suggested that the treatment of soil 
hydraulics and runoff may be associated with summer warm 
and dry precipitation biases over Europe in 2.2 km CPM cli-
mate simulations with the Met Office Unified Model (UM). 
The dry biases were greater in 2.2 km CPM simulations 
than in similar 12 km RCM simulations with parametrised 
convection. We aim to understand why the summer (June-
July-August) dry precipitation bias is greater in the CPM 
simulations compared to the 12 km RCM simulations. We 
also investigate the sensitivity of the warm and dry biases to 
different aspects of the land surface scheme using the Met 
Office UM at the same version as Berthou et al. (2020) (ver-
sion 10.1, hereafter UM10.1-original) and in newer versions 
with the RAL3 (Regional Atmosphere Land 3) configura-
tion (Bush et al. in prep.) and test model developments that 
could potentially reduce biases. Although this analysis is for 
the UM, we anticipate these sensitivities will apply to other 
CPMs. We examine the following potential causes of the 
warm/dry bias:

1. ET/latent heat flux from land to atmosphere is too low, 
thus limiting precipitation. This could be caused by

 (a) limited or low soil moisture/water availability, or
(b) low canopy capacity, which may limit canopy 

evaporation and total evaporation. It was sug-
gested by Davies-Barnard et al. (2014) that the 
canopy store is too small in the model. This meant 
that the excessive drizzle found in low-resolution, 

1  The aim of the subgrid rainfall parametrisation is to account for the 
non-uniform distribution of rainfall within a gridbox.

convection-parametrised models led to the canopy 
store constantly being refilled making canopy evap-
oration too high. They suggest that improvements 
in the precipitation intensity distribution brought by 
CPMs, i.e. decreased drizzle and increased heavy 
precipitation, may allow the canopy capacity to be 
increased to more realistic values.

2. atmospheric factors. If land surface factors can be 
excluded then it is likely that the warm/dry biases are 
associated with the atmosphere. If moisture flux to the 
atmosphere (ET) is already comparable with observa-
tions or greater, it is likely that atmospheric processes 
are limiting the formation of precipitation in some way, 
e.g. the atmospheric stability is too high so that convec-
tion is limited, convection is not initiating frequently 
enough, there are changes in cloud radiative effect, 
circulation patterns are biased leading to insufficient 
horizontal moisture convergence. The testing of these 
factors is largely outside the scope of this study but 
experiments are performed in which the microphysics 
and cloud schemes are changed.

Ultimately, we aim to find a 2.2 km CPM configuration of 
the UM that provides an improved representation of the 
present-day European climate (at least in terms of 1.5 m tem-
perature and precipitation, and relative to the 12 km RCM) 
that can be used in climate-length, GCM-driven future 
simulations for Europe and potentially for other regions. 
First, we explore biases in ET in the CPMs and how they 
are related to dry/warm biases, breaking down ET into its 
canopy and soil components, building on work by Folwell 
et al. (2022) and Halladay et al. (2023). We test the impact 
on ET of increasing the capacity of the canopy store in line 
with observations and how this interacts with the different 
precipitation intensity distribution in CPMs. We also test the 
impact of changing the runoff scheme, soil properties and 
delayed onset of moisture stress in vegetation. Further we 
assess whether ET (and precipitation) can be increased by 
artificially removing soil moisture deficits, giving an indica-
tion of the contribution of soil moisture limitation to pre-
cipitation biases. Finally, we test the impact of changing the 
microphysics and cloud schemes.

Section 2 describes the model, differences between 
UM10.1-original and RAL3 and the setup of the vari-
ous sensitivity tests. Section 3 describes and discusses the 
results including differences between standard model con-
figurations, sensitivity tests, and their impact on biases. 
Summary and conclusions follow in Sect. 4.
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2 Model description and methods

2.1 Model description and experimental setup

The UM10.1-original configuration and domain including 
the JULES (Joint UK Land Environment Simulator) land 
surface scheme are described in Berthou et al. (2020). The 
2.2 km CPM experiments in this analysis use the same pan-
European domain (1536 × 1536 points, 70 vertical levels) 
with rotated pole and are directly downscaled (i.e. with no 
intermediate nest) from ERA-Interim2 with 6-hourly lat-
eral boundary conditions and daily SSTs from Reynolds 
et al. (2007). Other UM10.1 and Regional Atmosphere-
Land 3 (RAL3) simulations start from 1st September 1998 
and are initialised with the atmospheric and land surface 

2  The UM10.1 simulation ‘original hindcast’ was started before 
ERA5 was available and therefore the experiments are driven with 
boundary conditions from ERA-Interim. As we wanted to compare the 
effects of changing configuration, we did not want to add complexity 
by changing the driving data.

state from the UM10.1-original simulation with that date. 
We performed simulations with standard configurations: 
UM10.1-original, RAL3-package 1 (hereafter RAL3-p1) 
and RAL3-package 3 (hereafter RAL3-p3) and a 12 km 
RCM for which we have 6 years of data (1999 to 2004). 
We also performed sensitivity tests with the CPMs based 
on standard configurations, which are five (2000 to 2004) 
or three years (1999 to 2001) in length. The details of the 
simulations with standard configurations and the sensitivity 
tests are listed in Table 1.

This section describes the key differences between the 
UM10.1-original and the RAL3 configurations used in our 
analysis. Section 2.1.1 describes the GL-RL (Global Land 
– Regional Land) consolidation package changes, and the 
following sub-sections describe changes to the atmospheric 

component of the UM. Note that the bimodal cloud scheme 
is included in RAL3-p1 and RAL3-p3 but CASIM micro-
physics is included in RAL3-p3 only.

Table 1 Configuration of experiments with the 2.2 km convection-permitting model and 12 km RCM with parameterised convection. PDM = Prob-
ability Distributed Model, p0 is a parameter related to soil moisture stress in vegetation (Sect. 2.1.1), LAI = leaf area index, plant functional types 
are: broadleaf tree, needleleaf tree, C3 grass, C4 grass, shrub. * indicates the latest UM configuration
Short name Horiz.

res.(km)
Anal-
ysis 
period

Cloud 
scheme

Micro-
physics 
scheme

Runoff scheme, 
excess soil moisture, 
soil hydraulic scheme

p0 Irrigation Rate of change of 
canopy capacity with 
LAI (for each plant 
functional type)

notes

Standard configurations
UM10.1 2.2 1999–

2004
Smith Wilson & 

Ballard
PDM, up, van 
Genuchten

0 no 0.05, 0.05, 0.05, 0.05, 
0.05

UM10.1-original 
configuration

RAL3-p1 2.2 1999–
2004

bimodal Wilson & 
Ballard

TOPMODEL, down, 
Brooks-Corey

0.6 no 0.05, 0.05, 0.05, 0.05, 
0.05

RAL3-p1: includes 
a number of differ-
ences from UM10.1

RAL3-p3 2.2 1999–
2004

bimodal CASIM TOPMODEL, down, 
Brooks-Corey

0.6 no 0.05, 0.05, 0.05, 0.05, 
0.05

*RAL3-p3 with 
CASIM

RCM 12 1999–
2004

PC2 Wilson & 
Ballard

TOPMODEL, down, 
Brooks-Corey

0 no 0.05, 0.05, 0.05, 0.05, 
0.05

RCM

Sensitivity tests (3- and 5-year)
UM10.1 
TOP

2.2 2000–
2004

Smith Wilson & 
Ballard

TOPMODEL, down, 
Brooks-Corey

0 no 0.05, 0.05, 0.05, 0.05, 
0.05

UM10.1 with 
TOPMODEL

RAL3-p1 
cncpmx

2.2 1999–
2001

bimodal Wilson & 
Ballard

TOPMODEL, down, 
Brooks-Corey

0.6 no 0.44,1.05,
0.95,1.375,1.5

RAL3-p1 with 
increased canopy 
capacity

RAL3-p1 
irrig

2.2 1999–
2001

bimodal Wilson & 
Ballard

TOPMODEL, down, 
Brooks-Corey

0.6 yes 0.05, 0.05, 0.05, 0.05, 
0.05

RAL3-p1 with irri-
gation: i.e. no soil 
moisture limitation

RAL3-p1 
p0 = 0

2.2 1999–
2004

bimodal Wilson & 
Ballard

TOPMODEL, down, 
Brooks-Corey

0.0 no 0.05, 0.05, 0.05, 0.05, 
0.05

RAL3-p1 no p0 
change (i.e. original 
threshold for 
moisture stress in 
vegetation)

RAL3-p1 no 
bimod

2.2 1999–
2004

Smith Wilson & 
Ballard

TOPMODEL, down, 
Brooks-Corey

0.6 no 0.05, 0.05, 0.05, 0.05, 
0.05

RAL3-p1 no 
bimodal cloud

RAL3-p3 
cncpmx

2.2 1999–
2001

bimodal CASIM TOPMODEL, down, 
Brooks-Corey

0.6 no 0.05, 0.05, 0.05, 0.05, 
0.05

RAL3-p3 with 
CASIM and 
increased canopy 
capacity
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moisture is exhausted then transpiration must decrease 
later in the summer season.

 ● Rain fraction (i.e. fraction of gridbox covered by pre-
cipitation or ϵr) is passed from the microphysics scheme 
to the land surface. In the UM, precipitation is assumed 
to be exponentially distributed within a gridbox to take 
account of subgrid heterogeneity (Best et al. 2011). 
Rain fraction controls the shape of the distribution and 
is used in the calculation of infiltration-excess runoff3 
and throughfall (see Eqs. 46 and 48 in Best et al. 2011). 
Hence it has an impact on the amount of moisture reach-
ing the soil surface. Fractions of less than 1.0 mean less 
interception, less infiltration and more runoff for a given 
rainfall rate as the total gridbox rainfall is contained 
within a smaller area. Previously (pre- RAL3), rain frac-
tion would have been set to 1.0 for all precipitation in a 
CPM as convective and large-scale rain are not separat-
ed. Rain fractions output from the microphysics scheme 
in UM10.1 and RAL3-p1 are close to 1.0 suggesting that 
the change from a default value of 1.0 to using actual 
values from the microphysics scheme will not signifi-
cantly impact precipitation biases.

 ● Soil properties are calculated using a new method, in 
which the soil properties of the dominant soil type at 
a grid point are used as opposed to combining the soil 
properties from all the soil types present at that grid 
point. However, the soil properties are still based on 
the same soil data as described in Bush et al. (2020). 
This results in a map of soil properties that resemble 
real soil types as opposed to less realistic ‘hybrid’ types. 
The new critical points and wilting points are mostly re-
duced across the domain in RAL3, allowing vegetation 
to maintain transpiration in drier soils compared with 
UM10.1.

 ● Land cover ancillary data is based on the European 
Space Agency Climate Change Initiative land cover 
data set (Hartley et al. 2017) as opposed to the Interna-
tional Geosphere Biosphere Programme (IGBP) dataset 
(Loveland et al. 2000).

 ● Additional changes include adjustments to vegetation 
and thermal roughness lengths, and updated leaf area 
index values and canopy heights.

2.1.2 Bimodal cloud scheme

The bimodal cloud scheme (van Weverberg et al. 2021) 
replaces the Smith scheme (Smith 1990) in RAL3. The 
Smith scheme assumes a unimodal, symmetrical sub-grid 
probability distribution function to represent temperature 

3  Infiltration-excess runoff occurs when the rainfall rate exceeds the 
rate of infiltration into the soil column.

2.1.1 Land surface scheme

Key land surface differences between UM10.1-original and 
RAL3 configurations are as follows:

 ● Use of a more complex runoff scheme. The configuration 
used for UM10.1-original included the PDM (Probability 
Distributed Model, Moore, 1985) scheme for modelling 
of saturation- excess runoff, which is produced when the 
soil is saturated. This scheme only considers soil mois-
ture heterogeneity in the uppermost soil layer and does 
not represent the water table (Best et al. 2011). In other 
simulations the alternative TOPMODEL scheme (Ged-
ney and Cox 2003) was used. This is a more complex 
scheme that takes into account the topography, calcu-
lates a water table depth and includes an extra soil layer 
in which there is an exponential decrease of saturated 
hydraulic conductivity with depth controlled by a decay 
constant. Although the water table can move vertically 
according to saturation levels in the soil column, there is 
no lateral flow of groundwater between gridboxes.

 ● Excess soil moisture directed downwards as opposed to 
upwards. The default setting in UM10.1-original is for 
excess water in a supersaturated soil layer to be directed 
upwards towards the surface to be incorporated into sur-
face runoff. Alternatively, this can be set to direct excess 
moisture downwards to contribute to sub-surface runoff 
as is the default setting in RAL3. This setting would be 
expected to increase soil moisture in the lower layers.

 ● Brooks and Corey as opposed to van Genuchten for soil 
hydraulics. Berthou et al. (2020) found that soil parame-
ter sets used in these experiments were inconsistent with 
the van Genuchten scheme (van Genuchten 1980) re-
sulting in infiltration rates for soil moisture that were too 
low. They found that improvements could be made by 
switching to Brooks-Corey (Brooks and Corey 1964), 
thus many of the subsequent sensitivity tests include this 
this scheme. Brooks-Corey is now the default soil hy-
draulic scheme used in the latest RAL configuration of 
the UM (RAL3).

 ● Reduction of the threshold at which ET becomes soil-
moisture limited. Harper et al. (2021) suggest that veg-
etation is too responsive to moisture stress in JULES 
which can cause transpiration and hence ET to be too 
low. They recommend a change in the value of the pa-
rameter p0 which controls this response from the default 
value of 0 to 0.6. This parameter was introduced to delay 
the onset of moisture stress, i.e. the plant can continue 
transpiring at lower values of soil moisture. This would 
be expected to increase transpiration provided there is 
sufficient soil moisture availability. However, if soil 
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2.2.1 RAL3-p1 with irrigation

One way to investigate whether dry precipitation biases are 
related to negative biases in soil moisture is to artificially 
add moisture to the soil in order to remove any soil moisture 
deficits and maximise transpiration and soil evaporation. If 
negative precipitation biases still exist then soil moisture 
limitation can be ruled out as a cause. Bastin et al. (2018) 
carried out a saturated soil experiment for Europe to inves-
tigate the degree to which soil moisture limited transpira-
tion in summer. They found that in their model, the latent 
heat flux was still too low despite the removal of soil mois-
ture limitation. The irrigation demand scheme has recently 
become available in the UM as opposed to just the land-
surface model (JULES). This scheme adds water to the 
top two soil layers such that soil moisture does not drop 
below the critical point, thus avoiding soil moisture limita-
tion of transpiration. This experiment is therefore similar to 
that performed by Bastin et at (2018). It aims to establish 
whether areas of negative ET bias in the 2.2 km simulations 
are caused by soil moisture limitation. Note that amount 
of added water is unlimited so that with time, the total soil 
moisture increases towards saturation. It is nonetheless use-
ful to examine the effects on evapotranspiration for a limited 
period.

2.2.2 RAL3-p1 and RAL3-p3 with increased canopy 
capacity

Canopy capacity is defined as the amount of intercepted 
water that vegetation can hold. It is calculated for each plant 
functional type according to Eq. 15 from Best et al. (2011):

Cm = Am + BmL

where Cm is canopy capacity (kg m− 2), L is leaf area index 
(LAI) (m2 m− 2), Am is puddling of water on soil surface and 
interception by leafless vegetation (kg m− 2) and Bm is rate 
of change of water holding capacity with leaf area index (kg 
m− 2). Am and Bm are tile-dependent parameters.

In these experiments, canopy capacity values were modi-
fied by changing the parameter ‘Bm’ (Table 2) so that the 
canopy capacity values matched maximum values listed for 
Europe in Table 8 in Breuer et al. (2003). The resulting can-
opy capacity values calculated with default LAI values are 
shown in Table 2. These values are intended as an unphysi-
cally large perturbation compared to the default values so 
that the signal can be maximised. The actual increases in 
canopy capacity for July with increased canopy capac-
ity, calculated using the prescribed LAI values show some 
considerable spatial variability which is related to the plant 
functional type composition in each gridbox (Supplementary 

and humidity fluctuations. It has been shown that this can-
not generally represent temperature and moisture variability 
especially in entrainment zones near the top of the boundary 
layer and tends to underestimate cloud cover (van Wever-
berg et al. 2021). The bimodal scheme includes two modes 
of variability (dry, warm, free-tropospheric and moist, 
mixed layer) to represent the different characteristics of air 
either side of entrainment zones to calculate cloud liquid 
water content and cloud fraction.

2.1.3 CASIM microphysics scheme

The CASIM (Cloud AeroSol Interacting Microphysics) 
scheme which is part of the RAL3-p3 configuration replaces 
the modified Wilson & Ballard scheme described in Bush 
et al. (2020). CASIM includes cloud ice as a hydrometeor 
species in addition to the 4 species used by Wilson & Bal-
lard: cloud droplets, rain, snow and graupel. CASIM is also 
a double moment scheme in the UM in that it is able to pre-
dict droplet mass as well as number. This means that for 
a given mass of droplets, the number of droplets can vary, 
thus allowing a broader range of particle sizes which in turn 
affects the precipitation intensity distribution. In the test 
using RAL3-p3 performed here, the cloud droplet number 
is fixed at 50 per cm3, but rain droplet number can still vary. 
Initial tests for other regions with the CASIM microphysics 
scheme show that it decreases the tendency of the CPM to 
produce too much heavy rainfall and provides more spatial 
coherence of convective cells (Field et al. 2023.). It also 
increases total precipitation amounts compared with RAL3-
p1 (which does not use CASIM) over the UK (Bush et al., 
in prep.).

2.2 Sensitivity tests

A number of sensitivity tests were performed based on the 
standard configurations of the 2.2 km CPM, in order to test 
some of the changes in configuration between UM10.1 
and RAL3 and to explore the response to very wet soil 
and to increasing the size of the canopy moisture store 
(Table 1). ‘UM10.1 with TOPMODEL’ (Table 1) is based 
on UM10.1-original but includes TOPMODEL as opposed 
to PDM, excess soil moisture is directed downwards and 
Brooks-Corey soil hydraulics are used as opposed to van 
Genuchten. The first year of this test (1999) was discarded 
as an error was found in the spin-up settings, which resulted 
in the soil being too wet during that year. Therefore, only 
the period 2000 to 2004 from this simulation is analysed. 
Two further tests based on RAL3-p1 exclude the p0 change 
(p0 = 0.0) and the bimodal cloud scheme (reverts to Smith 
scheme). Further sensitivity tests are described in the fol-
lowing sections.
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includes energy flux measurements from eddy covariance 
towers combined with remote sensing inputs from MODIS 
satellites and global meteorological data to produce an 
ensemble of estimates using different machine-learning and 
energy balance closure methods.

3 Results and discussion

The first Sect. (3.1) explores biases in the standard configu-
rations for the period 1999 to 2004. The subsequent sections 
discuss results from sensitivity tests, which are categorised 
as related to canopy, soil or atmospheric processes. For 
Figs. 1, 2, 3, 4, 5 and 6, sensitivity tests are grouped by 
duration (3 or 5 years) so that the relative impact of the tests 
can be compared for the same period.

3.1 Biases in precipitation, 1.5 m temp and ET for 
standard configurations

Berthou et al. (2020) described summer warm and dry biases 
in 2.2 km hindcast simulations for Europe using UM10.1-
original (Figs. 1b and 2b). The dry precipitation bias is 
greater in some areas of western and central Europe in 
UM10.1-original (with explicit convection) compared with 
the 12 km RCM (with parametrised convection) (Fig. 1a and 
b). In Figs. 1 and 2 we also compare biases with respect to 
E-OBS in other more recent configurations of the UM. The 
areas where the dry precipitation bias is greater in the CPMs 
are mostly over France (up to around 50%) compared to a 
maximum of around 25% in the RCM. However, the root 
mean squared error (RMSE) value for the whole domain 
(excluding masked areas4) is highest in the 12 km RCM due 
to some areas of strong positive bias. Lowest RMSE values 
among CPM configurations are associated with RAL3-p3. 
The spatial patterns and relative magnitudes of precipitation 
bias are similar when using the region-specific datasets used 
in Berthou et al. (2020) (Supplementary Figure 2).

For temperature, there are widespread warm biases across 
central Europe of over 0.5 K and up to around 3 K towards 

4  Regions with mean precipitation of less than 1 mm/day are masked 
as the percentage changes in these areas can appear very large although 
absolute changes are very small.

Figure 1). The same canopy capacity changes were applied 
to RAL3-p1 and RAL-p3 configurations to investigate the 
impact of canopy capacity changes with both Wilson and 
Ballard and CASIM microphysics schemes.

2.2.3 Additional sensitivity tests

In addition to the tests already described and listed in 
Table 1, sensitivity tests were performed to explore (1) 
changes in the land cover data, specifically increased grass 
and decreased bare soil fraction, (2) changes in the decay 
rate of saturated hydraulic conductivity with depth and 
maximum depth to the water table, (3) using soil proper-
ties based on the SoilGrids (Hengl et al. 2017) data set, (4) 
enhanced infiltration and (5) removing subgrid rainfall vari-
ability (Supplementary information).

2.3 Observational datasets

For the evaluation of precipitation and temperature biases 
for the 6 years over which RAL3-p1 can be compared with 
UM10.1 simulations at 2.2 and 12 km resolution, we have 
used E-OBS v20.0e as this covers the whole domain (Cornes 
et al. 2018). For precipitation, however, we also used the 
country- or region-specific datasets for France, Germany, 
UK and the Alps (including Switzerland, Austria, Slovenia, 
northern Italy and part of Croatia) that were used in Berthou 
et al. (2020), which cover a more limited area (Supplemen-
tary Figure 2). At the regional and monthly scale, we find 
minimal differences between the region-specific datasets 
and E-OBS for precipitation.

For evaluation of ET biases we used GLEAMv3.5a 
(Miralles et al. 2011; Martens et al. 2017). This data set uses 
a set of algorithms to estimate evapotranspiration and its 
components. Potential evaporation is calculated using the 
Priestly and Taylor equation, which is multiplied by output 
from the stress module combining observed precipitation 
and satellite-derived soil moisture. The result is then added 
to an estimated value of rainfall interception using the Gash 
analytical model to provide an estimation of evapotranspi-
ration. The inputs to the algorithms come from a combina-
tion of reanalysis and satellite observations. For ET we also 
use the FluxCom data set (Jung et al. 2019). This data set 

Table 2 Default and Breuer et al. (2003) values of canopy capacity in mm (Cm) calculated from minimum canopy capacity (Am), rate of change 
of canopy capacity with LAI (Bm) and default LAI values for 5 plant functional types

Broadleaf tree (leaf 
area index = 5)

Needleleaf tree
(leaf area index = 4)

C3-grass
(leaf area index = 2)

C4-grass
(leaf area index = 4)

Shrub
(leaf area 
index = 1)

Default Am, Bm
Cm

0.5, 0.05
0.75

0.5, 0.05
0.7

0.5, 0.05
0.6

0.5, 0.05
0.7

0.5, 0.05
0.55

Breuer Europe 
(max)

Am, Bm
Cm

0.5,0.44
2.7

0.5,1.05
4.7

0.5,0.95
2.4

0.5,1.375
6.0

0.5,1.5
2.0
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Further investigation showed that there is also a differ-
ence in the ET bias between the 12 km and 2.2 km models. 
Comparisons with GLEAM suggest a positive ET bias over 
France, UK and Germany in the 12 km RCM, but negative 
biases over southern Europe (Fig. 3a). In UM10.1-original 
(Fig. 3b) there is a negative bias in all regions except the 
Alps and NE Germany. Given the uncertainty in gridded ET 
products, bias has also been calculated relative to the Flux-
Com data for 2001 to 2004 (Supplementary Figure 5). The 
spatial pattern of bias is similar to that of GLEAM, though 
negative biases in southern areas are greater (up to 2 mm/
day in the southeast of the domain) and positive biases in 
the RCM and RAL3-p3 are close to zero or slightly nega-
tive. With both ET datasets, the greatest negative biases and 
highest RMSE values are in UM10.1-original and lowest 
RMSE values occur with the RCM.

the eastern edge of the domain (Fig. 2). The total RMSE for 
the domain is greater in UM10.1-original compared to the 
12 km RCM and is lowest in RAL3-p3. A decrease in the 
warm bias between UM10.1-original and RAL3-p3 is also 
visible in the maps (Fig. 2b and d).

We note that the period of evaluation is relatively short, 
therefore, we have plotted precipitation and temperature 
biases for each year (Supplementary Figs. 3 and 4). For 
precipitation, there is some year to year variability in the 
sign of bias, e.g. over France in the 12 km RCM, though the 
dry bias at the eastern edge of the domain and the wet bias 
over the Alps are relatively consistent. In RAL3-p1 there 
are widespread dry biases each year, which are generally 
weaker in RAL3-p3. For 1.5 m temperature, there is more 
consistency in the location and sign of the bias from year 
to year.

Fig. 1 June-July-August (JJA) percent precipitation bias 1999–2004 
for standard configurations compared with observations from E-OBS 
for (a) 12 km RCM (b) UM10.1-original, (c) RAL3-p1, (d) RAL3-p3. 

Regions with mean precipitation of less than 1 mm per day during the 
period of evaluation are masked
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in Fig. 4). The mean contribution to the ET5 difference in 
UM10.1 with TOPMODEL is dominated by the difference 
in canopy evaporation as opposed to soil evaporation during 
most of the annual cycle except in June (Fig. 5). This may 
be because canopy evaporation requires canopy intercep-
tion and rainfall, which is at a minimum in June (Fig. 4). 
Therefore, moisture for ET is derived predominantly from 
the soil and differences between RCM and CPM are larger 
in soil evaporation. Similar results were found for RAL3-p3 
(not shown).

To understand the CPM/RCM difference in canopy evap-
oration, we investigated the effect of the precipitation inten-
sity distribution (i.e. the relative contribution from heavy and 

5  Note that ET is approximately equal to the sum of soil evapora-
tion (including bare soil evaporation and transpiration) and canopy 
evaporation.

3.2 Canopy processes

3.2.1 Understanding ET differences between the RCM and 
CPMs

Comparing annual cycles of monthly mean canopy evapora-
tion and ET in the RCM and CPMs (standard configurations 
and 5-year sensitivity tests) averaged over France (Fig. 4) 
shows that in summer, ET and canopy evaporation are lower 
in the CPM simulations, indeed, canopy evaporation is con-
sistently lower throughout the annual cycle. Canopy evapo-
ration was also found to be lower in the CPM simulations 
throughout the annual cycle averaged over Spain, Germany 
and southern UK (not shown). The CPMs with the smallest 
difference in ET compared to the RCM are UM10.1 with 
TOPMODEL and RAL3-p3 (dashed red line and blue line 

Fig. 2 JJA 1.5 m temperature bias (K) for standard configurations (1999–2004) compared with observations from EOBS for (a) 12 km RCM (b) 
UM10.1-original, (c) RAL3-p1, (d) RAL3-p3
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by light rainfall in the RCM compared to the CPM that it 
more than compensates for the adjustment.

The change in ET partitioning in the CPM can result 
in decreased ET, increased runoff and reduced coupling 
between land surface and atmosphere as shown for Africa 
in Folwell et al. (2022). Reduced coupling occurs when ET 
is too dependent on ‘fast’ storage such as the canopy store, 
which is quickly emptied and thus ET cannot be maintained 
in the summer without an adequate moisture source for tran-
spiration. A low ratio of transpiration to total ET (i.e. too 
much canopy evaporation) was cited by Dong et al. (2022) 
as a cause of warm biases in the simulations for the central 
US.

3.2.2 Impact of increased canopy capacity

Artificially increasing the canopy capacity in the CPM 
results in widespread increases in canopy evaporation 
with both microphysics schemes in 3-year sensitivity tests 
(Fig. 6d and i). We note that regions of increased canopy 
evaporation are not entirely consistent with the areas of 
increased canopy capacity (Supplementary Figure 1), as 
canopy evaporation is also influenced by rainfall amount 
and intensity distribution. We also find that there is a 
lesser effect on ET than canopy evaporation (Fig. 6c and 
h) with most areas seeing a small increase. This indicates 
that most of the increase in canopy evaporation is balanced 
by a decrease in soil evaporation as opposed to increas-
ing total ET. The effects on cloud fraction (Fig. 6e and j) 

light rainfall) on canopy evaporation using timestep (1 min) 
output. We identified precipitation events during summer 
2000, which were defined as having a peak in precipitation 
rate of > 0.05 mm/minute or 3 mm/hr. This threshold was 
chosen as it identified a manageable number of events. We 
find that when precipitation occurs, the canopy water con-
tent is often already at or close to its maximum level, so 
rainfall can no longer be intercepted and canopy evaporation 
cannot increase. Therefore, the intensity and intermittency 
of rainfall are key in determining the amount of rainfall that 
can be intercepted. Moreover, in summer when evapora-
tion rates are high, ET is moisture-limited, and given that 
the canopy store is small (< 1 mm based on default values), 
the intercepted water usually evaporates very quickly after 
rain. More intense and intermittent rainfall, as seen in the 
CPM compared to the RCM, results in a greater number of 
timesteps when the canopy water content is zero and there is 
no canopy evaporation, even though the total amount of pre-
cipitation may be similar. Other explanations were consid-
ered (see Supplementary information), however, our results 
suggest that changes in the precipitation intensity distribu-
tion (as shown by Berthou et al. 2020) affect the amount of 
canopy evaporation and hence ET. This is in agreement with 
the findings of Folwell et al. (2022) for CPM simulations 
over Africa. They showed that despite adjustments to the 
subgrid rainfall parametrisation of canopy interception in 
the RCM compared to the CPM, the canopy evaporation dif-
ference remained. The canopy store is so frequently refilled 

Fig. 3 ET bias for JJA (mm/
day) for standard configurations 
compared with observations from 
GLEAM v3.5 (1999–2004) based 
on monthly mean data from (a) 
12 km RCM, (b) UM10.1-origi-
nal, (c) RAL3-p1, (d) RAL3-p3
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and ET to the increase to be low as the canopy store is still 
far smaller than the soil moisture store. Although increasing 
canopy capacity can decrease warm biases in this region and 
is more consistent with observations, this contrasts with the 
result from Dong et al. (2022) which attributed warm biases 
to too much canopy evaporation relative to transpiration. 
Moreover, canopy evaporation in the CPM may already be 
consistent with observations (Folwell et al. 2022), though 
canopy evaporation observations are limited making true 
values are difficult to constrain. Therefore, it may not be 
appropriate to increase it further.

3.3 Soil processes

3.3.1 Impact of removing soil moisture deficits (irrigation)

The third 3-year sensitivity test involved removal of soil 
moisture limitation (irrigation experiment – Sect. 2.2.1). 

and shortwave and longwave radiation at the surface are 
very small (Supplementary Figure 6a to d). In many areas, 
there is a cooling effect from increased canopy capacity of 
approximately 0.25 °C (Fig. 6b and g). In RAL3-p3 with 
increased canopy capacity there is slightly more widespread 
cooling effect and increased precipitation in some areas 
(Fig. 6f and g). This is accompanied by more negative net 
surface shortwave (SWnet) and more positive net surface 
longwave (LWnet) radiation (Supplementary Figure 6e,f).

We find that precipitation biases and RMSE are largely 
unchanged compared with RAL3-p1 (Supplementary Fig-
ure 7), however, the cooling effect slightly reduces the 1.5 m 
temperature bias and RMSE (Supplementary Figure 8b,d) 
for the same period compared with standard configurations 
(Supplementary Figure 8a,c). So despite large increases 
in canopy capacity, changes in ET and precipitation are 
small. This result is in agreement with Davies-Barnard et al. 
(2014) who also found that the sensitivity of precipitation 

Fig. 4 Annual cycles of canopy evaporation, soil evaporation, pre-
cipitation, ET, total runoff and soil moisture content on each layer 
(2000–2004) in standard configurations: 12 km RCM, UM10.1-orig-
inal, RAL3-p1, RAL3-p3 and 5-year sensitivity tests: UM10.1 with 

TOPMODEL, RAL3-p1 with p0 = 0, RAL3-p1 with no bimodal cloud 
averaged over France. Soil layer depths for layers 0 to 3 are 0.1, 0.25, 
0.65 and 1.0 m, making a total depth of 3 m
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generating rainfall is less important in northern areas than 
in southern Europe, and that increasing soil moisture in 
southern Europe could reduce dry precipitation biases via 
increases in ET. In the case of 1.5 m temperature (Fig. 6l), 
decreases in excess of 1 °C are evident in southern Europe 

This results in increases in precipitation of more than 1 mm/
day in many areas (Fig. 6k) particularly across southern 
Europe, however, there are some areas in the north of the 
domain where dry precipitation biases persist (Fig. 7b). This 
suggests that the role of soil moisture and transpiration in 

Fig. 6 Mean JJA difference (1999–2001) between standard RAL3 
configurations and 3-year sensitivity tests. Top row: RAL3-p1 with 
increased canopy capacity, middle row: RAL3-p3 with increased can-
opy capacity and bottom row: RAL3-p1 with irrigation for (a),(f),(k) 

precipitation (mm/day), (b),(g),(l) 1.5 m temperature (K), (c),(h),(m) 
ET (mm/day), (d),(i),(n) canopy evaporation (mm/day) and (e),(j),(o) 
cloud fraction

 

Fig. 5 Mean contribution to 
monthly mean ET difference 
between UM10.1 with TOP-
MODEL and 12 km RCM from 
canopy evaporation (Ecan) and 
soil evaporation (Esoil) based on 
data from 2000 to 2004 averaged 
over France
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(Fig. 9b and c). Precipitation also increases in most areas 
(Fig. 9a) and there are small increases in cloud fraction 
(Fig. 9e), more negative SWnet and more positive LWnet at 
the surface (Supplementary Figure 9a and b). Dry precipita-
tion biases are decreased over France and towards the east of 
the domain although there are increased wet biases in some 
areas such as the Alps contributing to an increase in RMSE 
(Fig. 10). Warm biases are decreased in the southeast of the 
domain with an overall decrease in RMSE (Fig. 11). Addi-
tional sensitivity tests over Europe (not shown) and similar 
tests over the UK (Bush et al., in prep.) showed that of the 
three settings (runoff, soil hydraulics, direction of move-
ment of excess soil moisture), the change in runoff scheme 
is the main factor leading to the changes in precipitation and 
temperature. Focussing on mean values over France (Fig. 4: 
red and brown lines), the change results in decreased total 
runoff in autumn and winter and increased top layer soil 
moisture and ET in summer and the increase in ET occurs 
through soil as opposed to canopy evaporation. This sensi-
tivity of ET to runoff scheme, especially when soil moisture 
is limited is in agreement with Gedney et al. (2000).

and cooling occurs almost everywhere, as 1.5 m temperature 
is modified through increases in latent heat at the expense of 
sensible heat. Despite this, there are still areas of warm bias 
in central Europe (Fig. 8b). This may relate to the pattern of 
ET change in this test (Fig. 6m). ET changes are negative in 
some regions, notably the Alps. This could be because there 
are widespread increases in cloud cover (Fig. 6o), which 
may cause ET to become more energy-limited in agreement 
with Stéfanon et al. (2014). However, in regions where 
ET is moisture-limited, it can increase even though cloud 
cover has increased and SWnet, dominated by changes in 
downwelling surface shortwave radiation (SWdown) has 
decreased (Supplementary Figure 6i to l). Local and/or 
regional circulation changes are also possible but have not 
been investigated.

3.3.2 Impact of a change in runoff scheme

The change in runoff scheme in UM10.1 from PDM to 
TOPMODEL6 results in significant increases in ET and 
decreases in 1.5 m temperature over much of the domain 

6  This change is implemented in combination with the change in 
direction of movement of excess soil moisture from up to down and 
the change in soil hydraulic scheme from van Genuchten to Brooks-
Corey (Table 1).

Fig. 8 Mean JJA 1.5 m tempera-
ture bias (K) for 1999 to 2001 in 
(a) RAL3-p1 and (b) RAL3-p1 
with irrigation compared with 
E-OBS

 

Fig. 7 Mean JJA precipitation 
bias (%) for 1999 to 2001 in (a) 
RAL3-p1 and (b) RAL3-p1 with 
irrigation compared with E-OBS. 
Regions with mean precipitaion 
of less than 1 mm per day dur-
ing the period of evaluation are 
masked
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is the result of updated soil properties; however, ET stays 
relatively high due to the change in the p0 parameter which 
delays the onset of soil moisture limitation of transpiration. 
This acts to limit high 1.5 m temperatures by increasing 
the latent heat flux and reducing the sensible heat flux, for 
example, in the southeast UK (Bush et al., in prep.). The 
p0 change, which is part of all RAL3 configurations (i.e. 

3.3.3 The combined effect of the changes in soil properties, 
moisture stress threshold and cloud scheme

In all RAL3 simulations, we see lower moisture in all soil 
layers (Fig. 4: purple, yellow, blue and grey lines) compared 
with UM10.1 and the RCM. This also occurs in UK simula-
tions with the same configuration (Bush et al., in prep.) and 

Fig. 10 JJA percent precipitation 
bias (2000–2004) and RMSE 
compared with observations from 
E-OBS for (a) UM10.1-original, 
(b) UM10.1 with TOPMODEL. 
Regions with mean precipita-
tion of less than 1 mm per day 
during the period of evaluation 
are masked

 

Fig. 9 Mean JJA difference (2000–2004) between standard UM10.1 
and RAL3-p1 configurations and 5-year sensitivity tests. First row: 
UM10.1 with TOPMODEL, second row: RAL3-p1 with p0 = 0, third 
row: RAL3-p1 with no bimodal cloud scheme and fourth row: RAL3-

p3 (includes CASIM microphysics scheme) for (a),(f),(k),(p) precipi-
tation (mm/day), (b),(g),(l),(q) 1.5 m temperature (K), (c),(h),(m),(r) 
ET (mm/day), (d),(i),(n),(s) canopy evaporation (mm/day) and 
(e),(j),(o),(t) cloud fraction
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(Fig. 9t). There are also large increases in SWdown and 
SWnet in northern parts of the domain, which is consistent 
with increased ET, and small decreases in LWdown and 
LWnet (Supplementary Figure 9m to p). These results sug-
gest that the relationships between cloud fraction, radiation 
and precipitation and 1.5 m temperature have been altered 
by the change in microphysics scheme. The changes asso-
ciated with the introduction of the CASIM microphysics 
scheme (RAL3-p3) (i.e. lower temperatures, higher ET, less 
cloud, increased SWdown and increased light and decreased 
heavy precipitation) are consistent with changes found in 
equivalent simulations performed for the UK and Africa 
in summer. Increased total precipitation in many areas 
was also found for the UK and Europe. These changes are 
mostly beneficial and act to reduce dry and warm biases 
and RMSE values compared to other CPM configurations 
(Figs. 1 and 2).

Although CPMs generally improve the precipitation 
intensity distribution, the heavier precipitation tends to be 
too intense in the older configurations (Berthou et al. 2020). 
The switch to CASIM shifts the precipitation intensity dis-
tribution back towards that of the RCMs i.e. there is more 
light and less heavy precipitation (Figure 12), This is also 
seen in results for the UK (Bush et al., in prep.). An impact 
of the change in precipitation distribution is that there is 
more canopy evaporation (Fig. 4: blue line and Fig. 10s), 
as the increased frequency/duration of precipitation (but not 
necessarily the total amount) increases the availability of 
moisture on the canopy as is also the case in RCMs with 
frequent, light rainfall.

3.5 Additional sensitivity tests

Additional sensitivity tests (as described in the Supple-
mentary information) including updated IGBP land cover, 
removing subgrid rainfall variability, changes to TOP-
MODEL parameters relating to sub-surface hydrology, soil 
properties from SoilGrids and enhanced infiltration did not 

p0 = 0.6 as opposed to 0.0) leads to widespread decreases in 
temperature, increases in ET and smaller increases in pre-
cipitation (Fig. 9f to j). However, the dry precipitation bias 
worsens in many areas in RAL3-p1 compared with UM10.1 
(Fig. 1b and c), despite decreases in the ET bias (Fig. 3b 
and c). This may be explained at least in part by the use of 
the bimodal cloud scheme in RAL3, as shown in sensitivity 
tests (Fig. 9k to o) and in similar experiments for the UK 
(Bush et al., in prep.). This is discussed further in Sect. 3.4. 
Here we have shown that although the p0 change produces 
higher ET for a given soil moisture content, it is counter-
acted by other changes in the RAL3-p1 configuration.

3.4 Atmospheric processes

3.4.1 Impact of the change in cloud scheme

The bimodal cloud scheme leads to widespread increases in 
cloud fraction, more negative SWnet and decreased precipi-
tation and ET over more northern areas (Figure 4k to o, Sup-
plementary Figure 9i). Experiments over the UK showed 
that the bimodal cloud scheme is associated with less low 
cloud and more high cloud. Similar low cloud biases have 
also been linked to dry precipitation biases in RCM simula-
tions by Bastin et al. (2018).

3.4.2 Impact of change in the microphysics scheme in 
relation to the precipitation intensity distribution and 
canopy evaporation

Changing the microphysics scheme from Wilson & Bal-
lard (RAL3-p1) to CASIM (RAL3-p3) increases precipita-
tion across northern areas (Fig. 9p). ET also increases in 
the same region (Fig. 9r), suggesting that CASIM results in 
increased recycling of local moisture. CASIM also decreases 
1.5 m temperature in most areas (Fig. 9q). Cloud fraction 
decreases over most areas except the Alps and some areas 
in the north and east of the domain where it is unchanged 

Fig. 11 JJA 1.5 m temperature 
bias (K) (2000–2004) and RMSE 
compared with observations from 
E-OBS for (a) UM10.1-original, 
(b) UM10.1 with TOPMODEL
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 ● Changing the microphysics scheme to a new double-
moment scheme shifts the precipitation intensity distri-
bution towards more light and less heavy precipitation, 
which can decrease warm biases by altering land surface 
feedbacks.

 ● Removing soil moisture deficits in southern Europe can 
eliminate dry precipitation biases via a positive soil-
moisture precipitation feedback.

 ● TOPMODEL and delayed onset of moisture stress in 
vegetation (which increases transpiration) decrease 
warm/dry biases. In RAL3 configurations, these changes 
are counteracted by the bimodal cloud scheme, resulting 
in increased biases when these changes are combined.

We have seen that increasing soil moisture in the top lay-
ers can eliminate dry precipitation biases in many areas by 
increasing ET and those areas are broadly consistent with 
negative ET biases. We suggest that increasing ET through 
soil evaporation (including transpiration) in southern Europe 
could both increase the dependence on ‘slow’ as opposed to 
‘fast’ storage so that it is more consistent with observations 
and decrease the negative ET and precipitation biases. We 
note that areas with a negative ET bias and warm bias in 
the south and east (Figs. 2 and 3) correspond to areas with 
shallow water table depth in Figure 9 from Fan et al. (2013). 
Barlage et al. (2021) showed that in areas of the US with a 
shallow water table, warm biases were alleviated by using 
a groundwater scheme permitting lateral flows, two-way 
interactions with rivers and upward transport of moisture 

have significant effects on precipitation or total ET (Supple-
mentary Figure 12).

4 Summary and conclusions

In this study we have gained a better understanding of the 
summer precipitation and temperature biases in CPM simu-
lations for Europe and the differences in the magnitude of 
these biases between CPM and RCM simulations. We have 
also tested alternative model configurations and setups such 
as increased soil moisture and canopy capacity to investi-
gate the source of these biases. Our sensitivity tests show the 
following key results which are also summarised in Fig. 13:

 ● Using a more complex runoff scheme (TOPMODEL) 
that takes into account topography and represents the 
water table leads to improvements in warm and dry 
biases.

 ● When using the same runoff model, ET differences be-
tween RCM and CPM are dominated by differences in 
canopy evaporation (i.e. intercepted water) as opposed 
to evaporation from soil (including transpiration). This 
is explained by the modified precipitation intensity 
distribution.

 ● Large increases in the capacity of vegetation to inter-
cept rainfall have a modest cooling effect but have very 
little impact on precipitation, suggesting that a larger, 
‘slower’ soil or surface store is needed.

Fig. 12 JJA 1999 Precipitation 
intensity distribution based on 
hourly data over central France 
from RAL3-p1, RAL3-p1 
with increased canopy capac-
ity (RAL3-p1cncpmax) and 
RAL3-p3
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Schaap (2017) and van Genuchten soil hydraulics, which 
has been shown to increase soil moisture and decrease 
summer temperatures in the UM at lower resolution (P. 
McGuire, pers. comm.).

Although we have used the UM for our experiments, 
it is likely that many of our results are applicable to other 
regions where convection-permitting models are affected by 
warm and dry biases, not least because other CPMs tend to 
exhibit similar changes in the nature of precipitation com-
pared to traditional coarser resolution climate models. In 
relation to the cause of the biases, we conclude that the land 
surface scheme currently employed has not been designed 
for use with the different nature of rainfall at km-scales; 
rainfall rates are too high for the canopy to intercept a sig-
nificant proportion (even when capacity is increased) or for 
rainfall to infiltrate the soils. Therefore, a key longer-term 
challenge for land surface schemes in high resolution CPMs 
is that as model resolution increases and the nature of rain-
fall is more intense and intermittent, additional complexity 
and restructuring is required in order to take into account 
processes (e.g. horizontal groundwater transport, Barlage et 
al. 2021) that were previously neglected or less important at 

from the deep layer to the soil column. Importantly, this 
scheme showed increased benefits at high spatial resolution. 
Though the simulations were not convection-permitting, 
Martinez et al. (2016) showed that dry season soil mois-
ture, ET and downstream precipitation could be increased 
by adding a groundwater scheme. This suggests that addi-
tion of such a scheme may alleviate temperature and ET 
biases by increasing moisture availability for evaporation/
transpiration. Other ways to increase moisture in the soil 
store include increasing the depth of the lowest soil layer 
(which has been tested in JULES but not at high resolution 
in the UM), a surface pooling scheme to increase the sur-
face store and slow infiltration, implementation of a realistic 
irrigation scheme (Boone et al. 2021; Brooke et al. 2024). 
In future work, we would like to explore: (1) spatially vary-
ing values of decay of hydraulic conductivity with depth in 
TOPMODEL depending on bedrock properties as opposed 
to using fixed values, (2) sensitivity of precipitation to 
increased soil moisture in a future climate scenario to assess 
whether regions that are soil-moisture limited increase in 
spatial extent and (3) combining SoilGrids soil parame-
ters with different pedotransfer functions from Zhang and 

Fig. 13 Schematic diagram illus-
trating the sensitivity tests listed 
in Table 1. Green boxes indicate 
changes that decreased the dry 
or warm biases, dashed green 
boxes indicate changes that had 
minimal impact and red boxes 
indicate changes that increased 
biases
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