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Abstract
Despite some recent improvements, major deficiencies remain in model simula-
tions using parameterised convection in capturing both the phase and amplitude
of the daily cycle of precipitation in tropical regions. The difficulties are particu-
larly acute in regions of heterogeneous surface conditions, since the simulations
need not only to respond appropriately to the local forcing from surface fluxes
but also to capture the interactions with near-surface mesoscale circulations.
Here, we examine such a situation by means of idealised cloud-resolving sim-
ulations of deep convection over a heterogeneous surface, performed using
the cloud-resolving simulation known as the Met Office NERC Cloud model
(MONC). In these simulations, we show that precipitation forms preferentially
over dry and warm patches (“DRY”) compared with wet and cold patches
(“WET”), with the peak precipitation rates differing by a factor of approximately
4. The initiation of precipitation occurs approximately 1.5 hr earlier in the DRY
patches compared with the WET patches. Moreover, within the WET and DRY
patches there are marked differences in the spatial distribution of the precip-
itation. These cloud-resolving simulations are then used as a benchmark to
assess the behaviour of simulations using parameterised convection, performed
using the idealised configuration of the Met Office Unified Model (MetUM).
The MetUM simulations produce a response with some qualitative similarities
to the cloud-resolving simulations. In particular, although the simulations with
parameterised convection initiate precipitation too early, they are capable of cap-
turing the relative amounts of daily-mean precipitation in the DRY and WET
patches. We propose that the cloud-resolving simulations could be used further
to investigate the impact of fully interactive surface schemes and as benchmark
simulations to evaluate new parameterisation schemes.
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1 INTRODUCTION

Simulating the diurnal cycle of deep convection is a
long-standing problem in both numerical weather pre-
diction (NWP) and climate modelling. There are major
deficiencies in capturing both the phase and amplitude
of the daily cycle of precipitation in tropical regions (e.g.,
Yang and Slingo, 2001; Lee et al., 2008; Hohenegger and
Stevens, 2013; Christopoulos and Schneider, 2021). This
has implications on short weather time-scales for predict-
ing flash floods and droughts (e.g., Dipankar et al., 2020),
and also limits the ability to plan for food and water secu-
rity in our changing climate (e.g., Birch et al., 2014).

In observations for tropical regions over land, precip-
itation intensity tends to peak in the late afternoon or
early evening (Yang and Slingo, 2001; Liu and Zipser, 2008;
Tan et al., 2019). However, in NWP and global climate
models (GCMs), the peak precipitation often occurs too
early, alongside the peak in surface heating (e.g., Bech-
told et al., 2004; Dai, 2006; Stephens et al., 2010; Nikulin
et al., 2012). The timing can be improved if the horizon-
tal grid spacing is reduced enough to allow the develop-
ment of explicit convection within the model (e.g., Clark
et al., 2007; Sato et al., 2009; Pearson et al., 2014), but this
provides only a partial remedy and comes with a huge
computational cost. Convective parameterisation in global
models will still be needed for some time.

Improvements to the timing of the diurnal cycle of
convection in parameterised models have been made
by various methods. Some studies have embedded a
cloud-resolving model within a lower resolution GCM
(e.g., Khairoutdinov et al., 2005; Dirmeyer et al., 2012;
Kooperman et al., 2016), while another approach allows
the entrainment rate over land to vary with the height of
the lifting condensation level (Stratton and Stirling, 2012;
Stirling and Petch, 2004). Bechtold et al. (2014) achieved
improvements by modifying a Convective Available Poten-
tial energy (CAPE) closure scheme in order to distinguish
between boundary-layer and free-tropospheric forcings,
while Xie et al. (2019) did so by revising the triggering
formulation to take account of dynamic as well as thermo-
dynamic factors.

Another line of development has been based on the
idea of adding one or more prognostic variables to carry
information or “memory” of the previous behaviour of
the unresolved processes. Colin et al. (2019) note that
there is no consensus about which variable or variables
should be considered as prognostic, as evidenced by a
wide range of example studies (see references therein).
Some additional approaches include the prognostic treat-
ment of convective vertical velocity and area fraction by
Gerard and Geleyn (2005), considerations of area frac-
tions for multiple cloud types (Cardoso-Bihlo et al., 2019),

and a machine-learning-based approach for prognostic
cloud-base mass flux (Hagos et al., 2020).

Recent idealized cloud-resolving modelling studies by
Colin et al. (2019) and Daleu et al. (2020) have demon-
strated that memory from previous convective activity is
retained by low-level thermodynamic structures on scales
of (10) km. Those authors did not show the origin for
such structures, but pointed out that they might be pro-
duced as remnants of decaying cold pools, for example.
Their results are consistent with Davies et al. (2009), who
explored the persistence of similar structures on subdiur-
nal time-scales, and with Stirling and Petch (2004), who
showed that, in a 2D setup, the diurnal cycle of unorgan-
ised convection is strongly affected by variability of relative
humidity in the boundary layer.

The above modelling studies were based on
time-varying but horizontally homogeneous scenarios,
so that (aside from initial random perturbations) all spa-
tial variability arose as a consequence of prior convective
motions. In reality, spatial variability may also be induced
by variations in surface conditions. Many observational
studies in recent years have highlighted the importance of
surface heterogeneity for the triggering and development
of convection (e.g., Taylor et al., 2011; Petrova et al., 2018;
Fast et al., 2019). Differential heating patterns at the
surface generate horizontal pressure gradients, which
induce horizontal flows from cool/wet to warm/dry sur-
faces. Such flows are analogous to sea breezes (Segal and
Arritt, 1992). Over land, the onset of these circulations can
be due to the presence of gradients in soil moisture (Taylor
et al., 2007; Kang et al., 2007), cloud shading (Marsham
et al., 2007b; Marsham et al., 2007a), vegetation type and
pattern (Garcia-Carreras et al., 2010), and surface albedo
(Marsham et al., 2008).

Various modelling studies have focussed on the
impacts of surface heterogeneity on boundary-layer circu-
lations and the shallow cumulus clouds that are embed-
ded within such flows (e.g., Patton et al., 2005; Avissar
and Schmidt, 1998; Kirshbaum and Fairman, 2015). Rieck
et al. (2014) and Baur et al. (2018), however, studied the
impact of heterogeneity on the development of deep con-
vection in the midlatitudes. Lee et al. (2019) considered
the transition from shallow to deep convection for a com-
posite case study over the US Southern Great Plains, while
Rochetin et al. (2017) considered the impact of a circu-
lar sensible heat flux anomaly on the transition to deep
convection over a semi-arid region in the Sahel. A study
by Cioni and Hohenegger (2018) provides an interesting
perspective on the roles of local and advected moisture
sources in determining the total precipitation within dry
and moist patches.

The examples above show that there are good observa-
tional and modelling studies available for understanding
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HARVEY et al. 3511

the influence of heterogeneity on scales of approximately
10–25 km. Also, many such studies advocate for (or are at
least partially motivated by) incorporating such influences
within parameterisations. However, this goal remains
challenging, not least because of the multiple parameteri-
sations involved in simulating the diurnal cycle of convec-
tion in a GCM or global-scale NWP model. Boundary-layer
turbulence, shallow convection, and deep convection
parameterisations are key at different stages within the
diurnal cycle and a successful simulation requires that
they interact with each other appropriately, as well as
being able to respond appropriately to the heterogeneous
conditions. Their interactions with parameterised radia-
tion and microphysics can also have leading-order roles to
play.

The goal of this article is to assess an idealized con-
figuration that may provide a useful intermediate point to
support model development, by isolating the role of the
deep convection parameterisation. We consider the diur-
nal cycle in a configuration with prescribed surface fluxes
and radiative cooling and without a distinct shallow phase,
in which the first moist convective elements rise to the
tropopause. The value of such idealisations and simplifica-
tions is that the configuration places the emphasis firmly
on the response of the deep convection parameterisation
to the surface heterogeneity and to the low-level circu-
lations that may have developed as a result. This allows
us to make a clean assessment of the performance of an
example parameterisation, and so to isolate and highlight
any deficiences in its response.

More specifically, we compare the simulations per-
formed using a high-resolution cloud-resolving model
against equivalent simulations using parameterised con-
vection. The high-resolution simulations were performed
using the new Met Office Natural Environment Research
Council (NERC) Cloud model (MONC) and the simu-
lations using parameterised convection were performed
using the idealised version of the UK Met Office Uni-
fied Model (MetUM). The surface is formed from a
patchwork of warm/dry and cool/wet areas, and vari-
ous patch sizes and MetUM grid spacings are consid-
ered. Their relative sizes vary such that patches may be
well resolved or may be at the grid scale in the case
of the parameterised model. This allows for compari-
son of the response of the cloud-resolving model with
a developing, resolved low-level circulation between the
patches, as against a purely localised response from the
parameterised model. Our analysis includes considera-
tion of the timing of precipitation, its relative magnitudes
for the patches, and its spatial distribution within the
patches.

Section 2 describes the model setups and experimental
design, with analysis of MONC and the idealised MetUM

results being shown in Sections 3 and 4, respectively. A
summary, conclusions, and implications for future work
are presented in Section 5.

2 MODEL DESCRIPTION
AND EXPERIMENTAL DESIGN

2.1 Met Office NERC Cloud
Model—MONC

MONC (Brown et al., 2015) is used in this study. MONC is
a recent rewrite of the UK Met Office Large Eddy Model
(LEM) to improve computational efficiency. The LEM has
been used for numerous cloud and turbulence studies
in a wide range of regimes for over two decades (e.g.,
Brown, 1999; Brown et al., 2002; Marsham et al., 2006;
Davies et al., 2009; Young et al., 2017). Full details of the
LEM can be found in Shutts and Gray (1994). MONC ben-
efits from much-improved parallelisation and has been
optimised such that simulations with large 3D domains
can be run at high resolution. It has already been used
to perform a number of studies on cloud microphysics
(Dearden et al., 2018), boundary-layer turbulence (Kealy
et al., 2019), equilibrium shallow and deep convection (Gu
et al., 2020), and the diurnal cycle of deep convection
(Daleu et al., 2020).

MONC solves a set of anelastic, quasi-Boussinesq
equations. Lateral boundary conditions are biperiodic and
the model top is buffered with a damping layer to absorb
vertically propagating waves. Subgrid processes are param-
eterised using the Smagorinsky–Lilly approach. Cloud
processes are represented using the Cloud AeroSol Inter-
acting Microphysics scheme (CASIM), a configurable,
multimoment bulk microphysics scheme that represents
cloud water, rain, ice, snow, and graupel. CASIM has
been developed to replace the microphysics scheme in
the MetUM and has been used in a variety of studies
(e.g., Shipway and Hill, 2012; Hill et al., 2015; Grosvenor
et al., 2017; McCoy et al., 2018; Miltenberger et al., 2018).
Note that this is a change from the microphysics scheme
used in the LEM.

2.2 The idealised Met Office Unified
Model

To investigate the influence of surface heterogeneity on
the diurnal cycle of deep convection with parameterised
convection, a number of companion simulations were per-
formed using the idealised configuration of the MetUM.
The idealised MetUM can be configured to use the
same dynamical core and parameterisation schemes as
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3512 HARVEY et al.

the operational Met Office models, but uses a Carte-
sian rather than a latitude–longitude grid. It is assumed
to be at a fixed latitude (f -plane) as far as the Corio-
lis term is concerned and has bicyclic boundary condi-
tions. It can be initialised with simple profiles and forced
by prescribed large-scale tendencies and surface fluxes
in a similar way to MONC. It has been used to inves-
tigate a variety of atmospheric processes and phenom-
ena (e.g., Boutle et al., 2015; Volonté et al., 2020; Wing
et al., 2020).

For this study the idealised MetUM is configured to run
over a flat surface, located at the Equator, with roughness
lengths appropriate for land as in the MONC simulations.
The model radiation scheme is switched off. The model is
run for several relatively coarse horizontal resolutions. It
has a model top at 38.5 km and uses the bottom 63 levels
of the standard vertical level set that is used for the opera-
tional global model (which has a top at 80 km). The vertical
resolution is slighter higher than MONC for the lowest
levels, but is coarser higher up (cf. Section 2.3.1). The
MetUM uses a Charney–Phillips grid in the vertical, with
the lowest potential temperature level being at 20 m and
the lowest wind level at 10 m. The Even Newer Dynam-
ics for General atmospheric modelling of the environment
(ENDGame) dynamical core solves for a nonhydrostatic
fully compressible deep atmosphere and is semi-implicit
and semi-Lagrangian (Wood et al., 2014). Although it does
not exactly conserve energy, dry mass, and water locally,
in this configuration it conserves dry mass and water for
the bicyclic domain. Like MONC, the idealised MetUM
uses a damping layer over the top quarter of the ver-
tical domain in order to absorb vertically propagating
waves. (This differs from the global MetUM, which has
no damping but some diffusion and filtering depending on
latitude.)

The idealised MetUM has been set up to use the suite of
parameterisation schemes in the global atmospheric con-
figuration known as GA7 (Walters et al., 2019). A brief
description of the parameterisations that are key for this
diurnal convective case is given here. The boundary-layer
scheme (Lock et al., 2000) is a first-order turbulence
closure scheme mixing momentum and conserved heat
and moisture variables. The scheme applies mixing over
the whole depth of the atmosphere. GA7 uses a mass
flux convection scheme based on Gregory and Rown-
tree (1990), with many subsequent extensions, includ-
ing convective momemtum transport and downdraughts.
The convective parameterisation takes its diagnosis of
whether convection is possible from the boundary-layer
scheme (Lock et al., 2000) and, if so, whether it will
be shallow or deep. The shallow scheme includes differ-
ent entrainment rates from the deep convection scheme
and is more appropriate for shallow oceanic convection

rather than nonequilibrium developing convection over
land. Midlevel convection (convection triggering from
above the boundary-layer top) is also possible. Over land,
this may occur in the evening, when the near-surface
boundary layer becomes stable such that deep convec-
tion can no longer be diagnosed. The GA7 convective
parameterisation does not include the most recent exten-
sion to the convection scheme (Willett and Whitall, 2017),
which links entrainment to the past history of precip-
itation, helping to improve the diurnal cycle of con-
vection over land, and so suffers from the well-known
problem of diurnal convection over land triggering too
early in the day. The convection scheme is able to detrain
condensate to the cloud scheme known as Prognostic
Cloud Fraction and Prognostic Condensate (PC2: Wilson
et al., 2008). The large-scale microphysics scheme is that
of Wilson and Ballard (1999) and this will operate on
any large-scale anvil cloud detrained by the convection
scheme.

2.3 Experimental setup

2.3.1 High-resolution simulations

MONC is employed to simulate an idealised diurnal cycle
of deep convection over a flat tropical continental area. The
computational domain spans 512 × 512 × 99 grid points
with a horizontal grid spacing of 200 m. In the vertical,
a stretched grid ranges from a spacing of Δz = 25 m in
the boundary layer up to Δz = 500 m in the free tropo-
sphere. As in earlier studies by Davies et al. (2009); Daleu
et al. (2020), and as discussed in Section 1, the forcings
for the case are designed such that deep convection devel-
ops as soon as moist convection occurs. In most other
respects, the configuration follows that of the EUROpean
Cloud Systems (EUROCS) case study over the southern
Great Plains (Guichard et al., 2004), including the ini-
tial temperature and humidity profiles as presented in
Figure 1.

The lower boundary condition is set by specifying sur-
face sensible and latent heat fluxes. In the homogeneous
control simulation (M-CON) used for comparison in this
study, these vary sinusoidally for the first 12 hr of the sim-
ulation, with peak values at t=6 hr, and between 12 and
24 hr the surface fluxes are set to zero. The peak values
of the sensible and latent heat fluxes, 130 and 400 W⋅m−2

respectively, are taken from observations of the EUROCS
field campaign (Guichard et al., 2004). With the exception
of M-CON, we perform the high-resolution simulations for
two days, taking the first as spin-up and analysing results
from the second day. The M-CON simulation is extended
to 10 days. This allowed us to check that the spin-up period
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HARVEY et al. 3513

(a) (b) (c)

F I G U R E 1 Profiles of (a) initial potential temperature, (b) initial specific humidity, and (c) the large-scale cooling profiles applied. In
(c), the dashed and dotted lines show the daytime and night-time profiles, respectively

was sufficient and to provide an indication of the statistical
variability in our results, based on the range for days 2–10.
As in Daleu et al. (2020), a large-scale cooling profile is also
applied, as shown in Figure 1c. Specifically, the cooling
is 𝜕𝜃∕𝜕t = −1.75 K⋅d−1 throughout the troposphere during
the day, and an additional near-surface cooling of up to
−3.1 K⋅d−1 is imposed at night. The cooling rates are cho-
sen such that the column-integrated moist static energy
budget is balanced by the combination of all forcings over
the course of a day. The Coriolis force is set to zero and no
mean wind is applied.

A variety of methods have been considered for
introducing surface heterogeneity into numerical
experiements, including simple stripes, patches, and
checkerboard patterns in surface fluxes (Patton et al., 2005;
Courault et al., 2007; Rieck et al., 2014; Rochetin
et al., 2017b; Lee et al., 2019), assignments based on
land-use classes (Huang and Margulis, 2009; Maronga
and Raasch, 2013) or surface precipitation patterns (Wu
et al., 2015), through to the use of a fully interactive
land-surface model (Rieck et al., 2014; Xiao et al., 2018).
Here, for simplicity, a checkerboard pattern is chosen. For
the majority of this article two configurations are used,

one with a patch size of 51.2 km (representing the size of
a typical GCM grid box) and another with a patch size
of 12.8 km (representing the size of a typical global NWP
grid box). These simulations are henceforth referred to as
M-P50 and M-P12, respectively.

The functional form of the surface fluxes is identical
for each patch, with a half-sine wave for 12 hr followed by
zero fluxes for 12 hr as in M-CON, but the amplitudes of
the half-sine waves differ. The patches labelled DRY have
peak values of sensible and latent heat fluxes of 250 and
280 W⋅m−2 respectively, whereas the patches labelled WET
have peak sensible and latent fluxes of 90 and 440 W⋅m−2.
These choices mean that the total surface flux is the same
within each patch but the partitioning differs, with the
Bowen ratio alternating between 0.2 and 0.9. Our focus on
variations in the partitioning, and the association of warm
(cold) with dry (wet) surface flux anomalies, is consistent
with the observations of Mahrt (1991) for scales of order
10 km. Our choices also result in a larger domain-mean
Bowen ratio for the heterogeneous configurations than
M-CON. To aid with the comparisons, further companion
simulations have been performed with spatially homoge-
neous surface flux conditions matching the WET (M-WET)
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3514 HARVEY et al.

T A B L E 1 Summary of the domain size, patch size, horizontal grid spacing, how convection is treated and the maximum values of
latent (L) and sensible (H) heat flux in all of the simulations analysed in this study

Simulation
Domain
size (km)

Patch
size (km)

Horizontal grid
spacing (km)

Parameterised
convection?

Maximum
H (W⋅m−2)

Maximum
L (W⋅m−2)

M-CON 102.4 × 102.4 HOM 0.2 No 130 400

M-WET 51.2 × 51.2 HOM 0.2 No 90 440

M-DRY 51.2 × 51.2 HOM 0.2 No 250 280

M-P50 102.4 × 102.4 1.2 0.2 No 90/250 440/280

M-P12 102.4 × 102.4 12.8 0.2 No 90/250 440/280

UM-G24 192 × 192 HOM 24 Yes 130 400

UM-G12 192 × 192 HOM 12 Yes 130 400

UM-G06 192 × 192 HOM 6 Yes 130 400

UM-P48G24 192 × 192 48 24 Yes 90/250 440/280

UM-P48G12 192 × 192 48 12 Yes 90/250 440/280

UM-P48G06 192 × 192 48 6 Yes 90/250 440/280

UM-P12G12 192 × 192 12 12 Yes 90/250 440/280

UM-P12G06 192 × 192 12 6 Yes 90/250 440/280

and DRY (M-DRY) patches. M-WET and M-DRY have a
smaller domain size (51.2 km × 51.2 km) than M-CON
in order to match them with the heterogeneous patch
size in M-P50. However, in additional experiments not
shown here, it was established that results to be presented
for the homogeneous simulations are not sensitive to
domain size.

2.3.2 Simulations with parameterised
convection

The simulation domain used for the idealised MetUM sim-
ulations is (192 km)2. The numbers of grid points used
are 8 × 8, 16 × 16, and 32 × 32, giving grid spacings of
24 km (G24), 12 km (G12), and 6 km (G06), respectively.
The model time step is varied with resolution from 15 min
for a grid spacing of 24 km to 2.5 min for 6 km. The patch
sizes used for the tiling of WET and DRY are 12 km (P12)
and 48 km (P48). As in the high-resolution MONC simula-
tions, the surface heat fluxes are varied sinusoidally, with
the peak values 6 hr after the start of the forcing, and the
same cooling profile is applied (Figure 1c).

Each MetUM simulation is run for 10 days, with anal-
ysis presented from the last 9 days to avoid issues with
model spin-up. As in the high-resolution simulations,
companion simulations with no imposed surface hetero-
geneity are also performed. These simulations have the
same domain as the simulations with surface heterogene-
ity. A full list of the simulations considered is provided in
Table 1.

3 THE EVOLUTION
OF CONVECTION IN THE
HIGH-RESOLUTION MONC
SIMULATIONS

3.1 Domain-mean precipitation
and cross-patch circulations

Figure 2a shows the domain-mean precipitation rate for
the two patch experiments (M-P50 and M-P12), the smaller
domains with uniform surface forcing (M-DRY, M-WET),
and M-CON. The zero time corresponds to 24 hr into
the simulation, at the start of the second period of sur-
face forcing. The simulations with surface heterogeneity
initiate precipitation approximately 2.5 hr after start of
the surface forcing, with a peak in precipitation occur-
ring one hour later. The simulations with homogeneous
surface conditions (M-CON, M-DRY, and M-WET) pro-
duce a precipitation peak approximately one hour later
again, at 4.5 hr after the start of surface forcing. M-DRY
and M-WET initiate their first precipitation after approx-
imately 3 hr. In all of the simulations, the first precipita-
tion occurs within the range of initiation times found in
diurnal cycles 2–10 of the M-CON simulation. As the sur-
face forcing decreases (beyond hour 6), the precipitation
rates in all of the simulations decay and the precipita-
tion stops shortly after the surface forcing ends at hour
12. The domain-mean daily-mean precipitation rates for
the simulations with surface heterogeneity are very simi-
lar to those of M-CON, balancing with the total imposed
forcing.
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HARVEY et al. 3515

(a)

(b)

(c)

F I G U R E 2 The time evolution of spatial-mean surface precipitation in the high-resolution simulations, for averages over (a) the whole
domain, (b) just the DRY patches, and (c) just the WET patches. The evolutions from the M-DRY and M-WET homogeneous MONC
simulations are shown with dashed and dotted lines, respectively. The blue shading indicates the range of precipitation rates across days 2–10
of M-CON. The domain-mean daily-mean precipitation on day 2 is 0.16, 0.21, and 0.25 mm⋅h−1 for M-WET, M-CON, and M-DRY, respectively

Precipitation over the DRY patches occurs earlier than
that over the WET patches by 1.5 hr (Figure 2b,c) in both
the M-P50 and M-P12 simulations. The precipitation over
the DRY patches is also much stronger than that over the
WET patches (by more than 400% at the times of their
respective peak precipitation). Also, the peak precipita-
tion rates within the DRY patches are double those in
M-CON. The WET patches initiate precipitation approx-
imately an hour after M-CON and have much less pre-
cipitation. These points highlight the strong impacts that
surface heterogeneity can have on local precipitation rates
and timings. There may be a relationship between patch

size and the timing of peak precipitation (M-P12 peaks just
before M-P50), but it is not possible to show this robustly
using the simulations available in this study (cf. Rieck
et al., 2014).

The heterogeneity provides a source for increased
low-level variability, and it is interesting to note that the
change in the time of peak precipitation between the het-
erogeneously and homogeneously forced simulations is
comparable with that found in Stirling and Petch (2004),
when the variability in temperature and moisture was
increased in the boundary layer. Stirling and Petch (2004)
also found that rainfall amounts could change by 70%.
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3516 HARVEY et al.

(a)

(b)

F I G U R E 3 Vertical
cross-section of mean liquid
water (the solid black contour
denotes 0.01 g⋅kg−1) and
mean horizontal wind (filled
contours) for (a) M-P50 and
(b) M-P12, 2.7 hr after the
start of surface forcing. In
each case, values are
averaged in the y-direction
across the row of patches that
starts at y = 51.2 km. Dashed
vertical lines indicate the
location of patch boundaries

However, because the studied regime is one for which
the daily-mean domain-mean precipitation balances with
the imposed forcing, no increase in domain-mean rainfall
totals is seen in the high-resolution simulations performed
here.

Figure 3 shows the mesoscale circulations in the
x-direction that develop due to the surface heterogene-
ity. Differential heating patterns at the surface generate
horizontal pressure gradients, which induce flow from
the cool/wet to the warm/dry surfaces. Locations with a
sharp horizontal gradient in u show the position of the
breeze front. In the simulations presented here, the max-
imum horizontal flow is approximately 2 m⋅s−1, which is
similar to that found in Rieck et al. (2014). Cloud devel-
opment is enhanced at the leading edge of the front
where air is lifted (as in, e.g., Garcia-Carreras et al., 2011).
This is particularly pronounced 2 hr after the start of the
surface forcing and leads to the formation of the first
clouds along the sea-breeze-like front induced by the dif-
ferences between the surface properties of the patches
(not shown). Thus, the development of these mesoscale

circulations is responsible for the earlier initiation of pre-
cipitation within the DRY patches in the heterogeneous
simulations.

The low-level convergence into the DRY patches is
also demonstrated by Figure 4, which shows the trans-
port across the patch boundaries for the M-P50 and M-P12
simulations. The magnitude of the transport is larger in
the M-P12 simulation with the smaller patch size. After
approximately 3.5 hr, the circulation at 169 m switches
sign, indicating convergence into the WET patches for
both M-P12 and M-P50, although M-P12 transitions before
M-P50. By this time, deep convection is well developed
over the DRY patches, and the deep convective circula-
tions generate outflow and cold pools within the bound-
ary layer (not shown). Due to the earlier development
and enhanced convection over the DRY patches, the
overall effect is to cool the boundary layer and pro-
duce a superposition of convective outflows that causes
the net low-level flow across the boundary to reverse.
Again the magnitude of the circulation is largest in the
M-P12 simulation. At later times, once deep convection
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HARVEY et al. 3517

F I G U R E 4 Time evolution
of transport from wet to dry
patches across the boundaries of
the DRY and WET patches for
M-P50 (red) and M-P12 (blue) at a
height of 169 m. The transport is
obtained from ∮ u.d𝓁, where d𝓁 is
normal to the patch boundary and
directed towards the adjacent DRY
patch

has become established within both sets of patches, there
are low-level cold-pool outflows across the boundaries in
both senses. A coherent circulation signal is re-established
between hours 5 and 7 in MP-12, which is forced by
differential heating between the DRY and WET patches
(Figure 5c).

The signature of the circulation switch can also be seen
in Figure 5, which shows time–height cross-sections of
the mean differences between the DRY and WET patches
for three atmospheric variables in the M-P12 simulation.
Also marked on the figure are the heights of the inver-
sion for the two patches, defined from the maximum in
the second derivative of potential temperature. The circu-
lation change is most evident in the patch difference in the
mean vertical velocity (Figure 5a), for which variable the
differences extend throughout the troposphere (heights
above 5 km not shown). Associated changes of sign can
also be seen in the patch differences in potential temper-
ature (Figure 5c), although these differences are largely
confined within the well-mixed part of the boundary layer.
Differences in the water vapour (Figure 5b) are more con-
sistent in time. Above the boundary layer, ascent acts to cool
and moisten the atmosphere over the DRY patches (and vice
versa over the WET patches), these tendencies being offset by
the enhanced deep convective activity over the patches. The
net effect is to adjust the patch-scale free-tropospheric state
in the direction of the additional convective forcing, so that
the DRY patches above the boundary layer are more cooler
and more moist than the WET patches. The slight initial
moisture difference at the start of the forcing is caused by
the differences in convective activity from the previous day
of the simulations. Similar vertical structures for the patch
differences were also found in the M-P50 simulations (not
shown).

3.2 What is the spatial distribution
of the surface precipitation?

As discussed above, larger amounts of precipitation fall on
the DRY patches. Figure 6 shows the spatial distribution of
accumulated precipitation for 8 hr after the surface forcing
starts in both the M-P50 and M-P12 simulations. The dis-
tinction between the WET and DRY patches is very clear
in both simulations, although the boundary edges of the
patches are less readily apparent in M-P12.

To assess the impact of patch size more systematically,
Figure 7 shows the accumulated precipitation compos-
ite for WET and DRY patches, while Figure 8 shows the
precipitation as a function of distance from the patch
edges. In the M-P50 simulation, the precipitation does not
have strongly preferred locations within the WET patches
(Figures 7a and 8a). In the DRY patches, there is enhanced
rainfall at the centre of the patch, and also around 2.5–5 km
into the patch, where the first convective cells are trig-
gered by the low-level circulation (Figure 3a). In the M-P12
simulation, there is some preference for precipitation to
fall at the centre or along the edges of the WET patches
(Figures 7c and 8b) and a clear preference in the DRY
patches for precipitation to increase towards the centre
(Figures 7d and 8b). A peak at around 3 km from the edge
of the DRY patches corresponds to the distance at which
there is reduced precipitation in the WET patches and is
consistent with the propagation of the low-level circula-
tion at the time when the first, and strongest, convection
develops. Precipitation in the DRY patches also extends
somewhat into the adjoining WET patches, particularly at
the corners.

Aspects of these distributions can be interpreted in
terms of the spatial distribution of 200-m vertical velocity,
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3518 HARVEY et al.

(a) (b) (c)

F I G U R E 5 Time–height sections of differences between the mean properties of the DRY and WET patches for (a) vertical velocity, (b)
water vapour, and (c) potential temperature for the M-P12 simulation. Black crosses indicate the potential temperature inversion height
diagnosed from patch-mean profiles over the DRY patches and black circles indicate the corresponding inversion height for the WET patches

(a) (b)

F I G U R E 6 The spatial distribution of precipitation in the (a) M-P50 and (b) M-P12 simulations. Accumulations are presented for the
first 8 hr after the start of forcing on the second day of each simulation. In each case a DRY patch is found in the top left corner. The dotted
lines indicate the patch boundaries

as shown in Figure 9 for 2.7 hr after the start of surface forc-
ing. In the M-P50 simulation, the sizes of the developing
convective cells in the WET and DRY patches are simi-
lar, but the magnitude of the overturning is larger in the
DRY patches. There are relatively small vertical velocities
around the edges of the DRY patches (co-located with the
smaller aggregated precipitation rates) behind propagating
frontal features that mark the low-level circulation. There
are also diagonal bands of high vertical velocity (>4 m⋅s−1)
that occur in the DRY patches, where the circulations asso-
ciated with adjacent edges meet each other. These bands
pass through the corners of the patches and hence pro-
vide a link between the DRY areas. The M-P12 simulation
presents some similar features, but the concentration of
convection within the centre of the DRY patches leads to a

small square of enhanced convection. Locations of strong
descent with associated developing cold pools are also
apparent in this simulation, especially towards the edge
and corners of the DRY patches where other circulations
meet. The structures shown here become somewhat less
marked after approximately 3.5 hr, due to the continuing
action of deep convection.

4 THE EVOLUTION OF
CONVECTION IN THE IDEALISED
METUM SIMULATIONS

Section 3 describes the impact of surface heterogene-
ity on the evolution of spatial mean precipitation rate,
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HARVEY et al. 3519

(a) (b)

(c) (d)

F I G U R E 7 Composite spatial precipitation distributions averaged over all (a, c) WET and (b, d) DRY patches in the (a, b) M-P50 and
(c, d) M-P12 simulations

(a) (b)

F I G U R E 8 Precipitation within the WET (red) and DRY (green) patches as a function of distance from the nearest patch edge. All
edge points have distance zero, while the centre point has a distance corresponding to half the patch size. The precipitation is accumulated
over time for the second day and is averaged over all contributing grid points for the given distance. (a) M-P50 simulation and (b) M-P12

local circulations, and the spatial distribution using a
high-resolution cloud-resolving model. In this section
the same analysis is applied to examine the compan-
ion simulations with parameterised convection performed
using the idealised configuration of the MetUM. The
aim is to assess whether simulations of the diurnal
cycle of deep convection with parameterised convection

are able to produce a similar response to the surface
heterogeneity.

Figure 10 shows the evolution of precipitation over
the whole domain with heterogeneous surface forcing
(Figure 10a), the whole domain with homogeneous sur-
face forcing (Figure 10b), and over the DRY patches
(Figure 10c) and WET patches (Figure 10d) for the eight
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3520 HARVEY et al.

(a) (b)

F I G U R E 9 Plan view of vertical velocity at 200 m above the surface for the centre of the computational domain at 2.7 hr after the start
of surface forcing for (a) M-P50 and (b) M-P12. The dotted lines indicate the patch boundaries

simulations performed using the idealised MetUM (five
with heterogeneous surface forcing and three with homo-
geneous surface forcing). Also shown is the evolution of
the MONC reference simulations M-CON, M-DRY, and
M-WET. The shading indicates the range in precipitation
rates over the last 9 days of the simulations. Qualitatively,
the simulations with heterogeneous patches have simi-
lar domain-mean precipitation evolutions to those of the
high-resolution simulations M-P50 and M-P12 (Figure 2).
As in the high-resolution simulations, precipitation over
the DRY patches is much larger (here by up to ten times)
than over the WET patches. Peak local values of precip-
itation rate in the MetUM (not shown) are larger than
those in high-resolution M-P50 simulation by approx-
imately a factor of four. The DRY patch precipitation
starts approximately 1 hr after the surface forcing starts
(Figure 10c), which is approximately 1.5 hr earlier than in
the high-resolution simulations (Figure 2b). The precipi-
tation is a little delayed in the mean for the 48-km patches
relative to the 12-km patches, and consistent with the
sense of the patch size differences in MONC (Figure 2b).
However, some caution is needed in interpreting those
differences, given the timing variations seen for differ-
ent days of the MetUM and MONC simulations. The wet
patch precipitation starts at approximately 2.25 hr after
the start of the surface forcing (Figure 10d), which is
approximately 1.75 hr earlier than in the wet patches of
the high-resolution simulations with heterogeneous forc-
ing (Figure 2c), but similar to the time of initiation of
precipitation in the homogeneous high-resolution simu-
lations with MONC. The evolution of the convection is
similar over both patch types: an initial peak with a rapid
reduction in precipitation rate, followed by a more gradual
decay in line with the reduction in surface forcing. The
homogeneous MetUM simulations (Figure 10b) initiate

precipitation approximately 2 hr after the start of surface
forcing and produce no immediate peak. Rather, there is a
much slower increase in precipitation rate and the peak is
delayed with respect to high-resolution homogeneous sim-
ulations. The peak of the domain-mean precipitation rate
in homogeneous parameterised simulations UM-G06 and
UM-G12 is comparable to that in M-CON (∼1 mm⋅h−1) but
is delayed by approximately 2 hr, while that in UM-G24 is
smaller (∼0.75 mm⋅h−1) and is delayed by approximately
0.75 hr or occurs approximately 1.25 hr earlier than in
UM-G06 and UM-G12. This latter result suggests that
reducing horizontal grid spacing may not by itself improve
the ability of the MetUM to capture the timing of diurnal
cycle of convection.

In the simulations performed using the idealised
MetUM, there is little indication of any coherent mesoscale
circulations having developed at the boundaries of the
patches. (We tested this statement by calculating the
cross-patch transport as in Figure 4.) In part, this will
reflect the earlier initiation of precipitation, which means
that there is less time for the differential surface heating
to develop a low-level circulation, and in part it will reflect
the difficulty in being able to resolve any such circulation
adequately. Thus, the rainfall characteristics of the patches
are not driven by a low-level dynamical forcing, but rather
are dominated by the evolution of differences in the ther-
modynamic profiles. The differences between the patches
are illustrated by Figure 11, which is the same as Figure 5
but for the second day of the simulation UM-P12G12. A
vertical velocity difference develops after precipitation ini-
tiates (approximately 2 hr after forcing starts) with descent
over the DRY patches, which is opposite to the difference
at the corresponding time in M-P12 (Figures 5a and 11a).
There is also a weak signal of a near-surface potential
temperature reversal between the DRY and WET patches
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HARVEY et al. 3521

(a) (b)

(c) (d)

F I G U R E 10 The time evolution of spatial-mean surface precipitation in the idealised MetUM simulations with parameterised
convection. Results are shown for averages over (a) the whole domain for the heterogeneous MetUM forcing cases, (b) the whole domain for
the homogeneous MetUM forcing cases, (c) the DRY patches of the heterogeneous MetUM forcing cases, and (d) the WET patches of the
heterogeneous forcing cases. The solid curves represent the mean, while the shading indicates the range of precipitation rates across days
2–10 of the MetUM simulations. In each panel, for comparison purposes, the results are also shown for the domain mean of high-resolution
MONC simulations with homogeneous forcing

between hours 5 and 7 (Figure 11c), which may be com-
pared with the reversal between hours 3 and 5 in the
MONC simulation M-P12 (Figure 5c). Another feature of
the MetUM simulation is that it exhibits a stronger mois-
ture difference between the patches within the free tropo-
sphere (Figures 5b and 11b). The contrast between MONC
and the MetUM is particularly notable at the start of the
surface forcing. The free-tropospheric moisture difference
has the opposite sign to that within the boundary layer and
is a consequence of the stronger precipitation (hence greater
moistening due to detrainment from deep convection) within
the DRY patches on the previous day. It is also a contribut-
ing factor that supports that precipitation difference on the
following day. Similar behaviour is present in all of the
simulations with parameterised convection with imposed
surface heterogeneity.

The potential temperature profile develops a near-
surface inversion associated with the imposed nocturnal
cooling, which is eroded by positive surface sensible heat
fluxes prior to the development of moist convection. There

is also an inversion at around 1.5 km associated with the
daytime boundary layer. The latter is found somewhat
higher in the MetUM simulations compared with MONC
(Figures 5 and 11) and it is consistently stronger than the
near-surface inversion (i.e., it is always picked out by the
inversion height diagnostic). The Lock et al. (2000) diag-
nosis of the boundary-layer height nicely picks out the
erosion of the near-surface inversion in the MetUM as
surface forcing becomes active, and corresponds with the
change in sign in the vertical of the patch differences in
water vapour and potential temperature (Figure 11b,c).

Figure 12 shows the spatial distribution of the
daily-mean precipitation for the simulations with parame-
terised convection and surface heterogeneity. The distinc-
tion between the DRY and WET patches is clear in all of the
simulations, but where the model grid size is similar to that
of the patch size the response to the patches become less
coherent. This may be contrasted with Figure 12c, where
the model grid length is an eighth of the patch length
and so the patch is resolved. In some of the WET patches
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3522 HARVEY et al.

(a) (b) (c)

F I G U R E 11 Time–height sections of differences between the mean properties of the DRY and WET patches for (a) vertical velocity,
(b) water vapour, and (c) potential temperature for day 2 of the UM-P12G12 simulation. Black crosses indicate the potential temperature
inversion height diagnosed from patch-mean profiles over the DRY patches and black circles indicate the corresponding inversion height for
the WET patches. Green crosses indicate the mean MetUM boundary-layer height diagnostic (Lock et al., 2000) for the DRY patches and
green circles indicate the corresponding height for the WET patches. Note that, once convection is active, this metric is set to equal the lifting
condensation level (LCL)

(a) (b) (c)

(e)(d)

F I G U R E 12 The spatial distribution of the daily-accumulated precipitation in the (a) UM-P48G24, (b) UM-P48G12, (c) UM-P48G06,
(d) UM-P12G12, and (e) UM-P12G06 simulations. In each case a DRY patch is found in the top left corner. Results are averaged over days 2 to
10 of the MetUM simulations

on this panel, there are individual grid boxes of slightly
higher precipitation rates and in a number of DRY patches
there are regions at the edge of the patch with lower pre-
cipitation rates. Such observations can also be made in
Figure 12b, albeit to a lesser extent. These points suggest
that it is possible to capture some signals of the spatial

distribution of precipitation, even though the convection is
parameterised and the patch resolution may be poor. The
fractions of domain-mean precipitation in WET and DRY
patches of the high-resolution MONC simulations M-P50
and MP12 and all the MetUM simulations performed in
this study are shown in Table 2. For the high-resolution
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HARVEY et al. 3523

T A B L E 2 Fraction of domain-mean precipitation for grid
boxes that are WET and DRY for the high-resolution MONC
simulations and all the idealised MetUM simulations

Simulations DRY patches WET patches

M-P50 0.90 0.10

M-P12 0.87 0.13

UM-P48G24 0.94 0.06

UM-P48G12 0.91 0.09

UM-P48G06 0.91 0.09

UM-P12G12 0.88 0.12

UM-P12G06 0.89 0.11

MONC simulations, approximately 90% of the precipita-
tion falls in the DRY patches regardless of the patch size.
A similar result is obtained in all the MetUM simulations,
suggesting that patch size and grid resolution do not influ-
ence the location of precipitation on the patch scale in
simulations with parameterised convection.

5 SUMMARY AND CONCLUSIONS

This study investigates the impact of idealised surface
heterogeneity on the diurnal cycle of deep convection
using simulations performed using a high-resolution
cloud-resolving model (MONC) and the idealised config-
uration of the Met Office UM with parameterised con-
vection. Companion homogeneously forced simulations
using both models initiate precipitation at approximately
the same time, but with the precipitation rates reach-
ing their maximum earlier in MONC. For both models,
the development of convection responds to the inclu-
sion of surface heterogeneity. The heterogeneously forced
high-resolution simulations (M-P50 and M-P12) initiate
precipitation within the range of initiation times found
in the homogeneously forced high-resolution simulations.
Their precipitation rates reach their maximum before
the homogeneously forced high-resolution simulations,
and they have peak precipitation rates that are compara-
ble with M-CON (1 mm⋅hr−1). For the simulations with
parameterised convection, the inclusion of surface het-
erogeneity results in an earlier triggering of deep convec-
tion and an earlier initiation of precipitation for all patch
and grid sizes considered here, and also an increase in
the peak precipitation rate. Compared with the heteroge-
neously forced high-resolution simulations, the heteroge-
neously forced simulations with parameterised convection
initiate precipitation at least an hour earlier and have
peak precipitation rates that are at least 30% greater. In
both the high-resolution and parameterised simulations,

differential surface heating causes the precipitation to be
tied more closely to the DRY regions in all of the hetero-
geneously forced simulations studied, with around 90%
of the daily-mean precipitation falling in these regions.
The ratio between the peak precipitation rates in the DRY
and WET patches is around 10 in the parameterised sim-
ulations compared with 4–8 in the cloud-resolving sim-
ulations. The spatial distribution of precipitation within
patches was also considered. Among the high-resolution
simulations, heterogeneity within the patches is particu-
larly evident in the M-P12 simulation, where precipitation
in the DRY patches has a peak a few km from the edges,
while that in the WET patches has a minimum a few
km from its edges. There are also some indications of
within-patch heterogeneity of precipitation in simulations
with parameterised convection, so long as the patch itself
can be resolved by the model.

The contrast in precipitation between DRY and WET
patches in the parameterised simulations occurs despite
the absence of a coherent low-level circulation driven by
differential heating prior to the development of convec-
tion. The absence may be attributable in part to the lack of
resolution of the patches, but is also caused by the earlier
triggering of convection in the parameterised simulations
before such a circulation can become established. On the
other hand, the precipitation contrast in the parameterised
simulations is in part self-reinforced through the develop-
ment of a larger free-tropospheric moisture anomaly over
the DRY patches.

These results confirm and expand those in the cur-
rent literature in demonstrating that surface heterogeneity
has the potential to induce impacts on the local timing of
precipitation onset and magnitude and the spatial distri-
bution of precipitation, all of which are important factors
in forecasting local impacts such as flooding. The param-
eterised simulations in this case present a mixed picture
in reproducing the impacts found in the high-resolution
simulations: in general terms, the parameterised model
struggles with the aspects of the timing but nonethe-
less is able to capture aspects of the spatial differences
even for marginal patch resolution. Accounting for sub-
grid heterogeneity through land–atmosphere feedbacks is
likely to be an important factor in improving the simula-
tion of the diurnal cycle of convection in climate models,
even at coarse horizontal resolution. Natural extensions
of this study would be to consider heterogeneity with
smoother boundaries (e.g., a sine function as in Kang and
Davis (2008)), or to introduce a mean wind or simple verti-
cal wind shear profile to break the symmetry that is present
here. The addition of a fully interactive land-surface
scheme to MONC could be used to develop and evaluate
new parameterisation schemes that take into account sur-
face heteorogeneity and investigate the feedback on the
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day-to-day variability of convection over heteorogeneous
surfaces. Furthermore, the existing high-resolution sim-
ulations could be used to evaluate the impact of surface
heterogeneity on convective memory (using the memory
function introduced by Daleu et al. (2020)) or to assess
new parameterisation schemes. For example, it would be
valuable to assess a scheme such as that of Willett and
Whitall (2017), which includes a prognostic entrainment
term.
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