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CoMorph is a new mass-flux convection parametrization under development
at the Met Office designed for use within the Unified Model and its successor
model, LFRic. Use of a three-dimensional idealised model enables controlled
tests of the performance of the scheme across different regimes. This includes
the interaction between the physical parametrizations and the resolved dynam-
ics, allowing study of the emergent organisation of convection on the resolved
scale. A selection of well-known cases is revisited here, with the purpose of
documenting the extent to which CoMorph captures a range of important,
but challenging, behaviour such as the diurnal cycle and sensitivity to tropo-
spheric moisture. Simulations using CoMorph-A, a new physics package, that
has been demonstrated to perform well at numerical weather prediction (NWP)
and climate scales, are compared against the current global atmosphere config-
uration and high-resolution results. In addition to an entirely new convection
scheme, the package of changes includes significant changes to the cloud, micro-
physics, and boundary-layer parametrizations. Recognising that CoMorph-A
is the first version of a scheme that will continue to be substantially devel-
oped and to obtain good performance, compromises in tuning have had to be
made. These idealised tests therefore show what works well in this configura-
tion, and what areas will require further work. As such, it is quite a demanding
testbed and could be viewed as some of the equipment required for a “convective
playground”.
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1 | INTRODUCTION

Convective clouds act to transport heat, moisture and
mass upwards, fuelled by the latent heat release of con-
densing water from rising air parcels. Since this motion
cannot accurately be represented on the resolved model
grid, a convection parametrization needs to represent the
effects of this dynamical process by estimating its influ-
ence on the temperature, moisture and horizontal winds
of the atmosphere, in addition to predicting the pre-
cipitation generated. The subsequent adjustment of the
temperature profile by the resolved scale has an influ-
ence on the wider circulation patterns. As such, whether
the convection scheme in a model adequately repre-
sents the spatial and temporal distribution of convective
precipitation and diabatic heating has implications not
only for local precipitation accumulations but also for
global circulation patterns through convective-dynamical
coupling.

The Met Office Unified Model (UM: Brown et al., 2012)
is used extensively across the world with partnership insti-
tutions including the Australian Bureau of Meteorology,
the National Centre for Medium Range Weather Forecast-
ing (NCMRWF) in India and the Meteorological Service
Singapore. For over 30years, the Met Office convection
scheme has been based on the mass-flux approach of
Arakawa and Schubert (1974), in which the role of the con-
vection scheme is to stabilise atmospheric profiles via the
removal of CAPE (convectively available potential energy)
through subsidence within a grid column. The existing
scheme, based on Gregory and Rowntree (1990), lacks
much of the structural flexibility required to address sys-
tematic biases generated by convection in the UM (e.g.
Walters et al., 2019). To address this, a new convec-
tion scheme, CoMorph, has been developed (see Whitall
et al. (2022) for full details). Whilst still a bulk mass-flux
scheme, CoMorph removes previously hardwired struc-
tural assumptions such as initiation from a predetermined
cloud-base height and the use of separate schemes for
shallow, deep and mid-level convection which must be
pre-diagnosed. CoMorph has been written in a way that
allows the inclusion of additional physics, and couples
more fully and consistently to other physics components
of the model (see Section 2.2). A package of changes called
CoMorph-A has been released and simulations in a full
global circulation model (GCM) have shown the positive
impact of including this package in the GCM (A. Lock,
submitted work). These benefits include a reduction in
radiative flux biases across the tropics, improvements in
tropical and extratropical cyclone statistics, strengthening
of the Madden-Julian Oscillation (MJO) and other trop-
ical waves as well as improvements in overall scores in
numerical weather prediction trials.

It is common to use single-column models (SCMs)
alongside convection-resolving models (CRM) or
large-eddy simulation (LES) together with field observa-
tions whilst developing and testing parametrizations (e.g.
Lenderink et al., 2004; Grabowski et al., 2006; Couvreux
et al., 2015). However, SCMs are unable to capture feed-
backs between subgrid- and grid-scale processes which
can lead to different behaviour than the full GCM. For
example, SCM cases have been successfully used to
develop improvements to convective parametrizations
to represent the diurnal cycle of convection over land
(e.g. Rio et al., 2009) but additional modifications may be
needed to perform well in the GCM due to interactions
not originally exposed by the SCM (e.g. Rio et al., 2013). In
a recent study, Hwong et al. (2022) found that as convec-
tion becomes more organised, there are larger differences
in results between one- and three-dimensional (3D) simu-
lations. Although the UM SCM has been used extensively
during development of CoMorph, this study uses the 3D
idealised UM. While still being substantially cheaper to
run than the full GCM, this enables controlled tests of the
interaction between the physical parametrizations and the
resolved dynamics, enabling more comprehensive testing
of the scheme, including the emergent organisation of
convection on the resolved scale.

A selection of well-known cases is revisited here,
with the purpose of documenting the extent to which
CoMorph-A captures a range of important, but challeng-
ing, behaviour. These idealised cases have the advantage
that they can be accompanied by high-resolution ana-
logues, where the convection is well captured by the
resolved grid. Many of these cases were originally designed
for use in an SCM for testing parametrizations over a
grid box of order 100-200 km; however, the UM, along
with many other GCMs, is now routinely run at much
higher resolutions of order of 10-50km. Using the ide-
alised UM configured to use the same physics as in the
full GCM allows some exploration of how the model
will behave at these higher resolutions. Results from a
coarser resolution (10 km and lower) model set-up with
parametrized convection (with and without CoMorph-A)
are presented alongside high-resolution (250 m or higher)
CRM results. CoMorph has around 30 tuneable param-
eters, so many different versions have been tested in
the development of a package that performs well opera-
tionally. Recognising that CoMorph-A is the first version
of a scheme that will continue to be substantially devel-
oped, compromises in tuning have had to be made in order
to obtain good performance. These idealised tests evalu-
ate where this configuration performs well and identifies
any deficiencies that require further work. This testbed is
designed to serve as a reference for others to replicate, and
could be viewed as some of the equipment required for a
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“convective playground”; a platform to enable testing of
convection parametrizations with differing levels of com-
plexity, from simple idealised tests through to comparisons
with field campaigns.

The following section describes the idealised UM and
details of the CoMorph-A package of changes. Section 3
gives an overview of multiple experiments and documents
the performance of CoMorph-A. The results are sum-
marised in Section 4.

2 | MODEL EXPERIMENTS

2.1 | Model overview

The atmospheric model used is version 12.1 of the UM. In
the idealised configuration the model has bicyclic bound-
ary conditions over a limited area domain on a flat, Carte-
sian grid.

The full science set-up with parametrized convection
is based on the current operational global atmosphere and
land configuration, GALS8. This configuration is based on
that described by Walters et al. (2019) with updates to some
of the physics. These include the addition of a drag pack-
age, changes to the boundary-layer scheme to improve
representation of shear-driven boundary layers as well as
the numerical stability of stable boundary layers, and a
new riming parametrization in the large-scale precipita-
tion scheme. For the control run (CTRL) using GALS as
officially defined, that is with the current UM convection
scheme, there have been significant changes to the exist-
ing convection scheme including the use of a prognostic
entrainment rate to allow some memory of recent con-
vection (Willett & Whitall, 2017). The additional changes
in replacing the convection scheme with CoMorph-A are
detailed in Section 2.2.

For the CRM with only explicit convection, the trop-
ical regional atmosphere configuration, RAL2-T, is used
as described in detail by Bush et al. (2023) but using
the Smith (1990) cloud parametrization scheme and the
same higher-order interpolation scheme for dry poten-
tial temperature and moisture. Tests have shown bene-
fits of using the Smith (1990) diagnostic cloud param-
eterization scheme, as in the RAL2-M configuration
(Bush et al., 2023) instead of the PC2 scheme (Wilson
et al., 2008) when running at sub-km resolutions. Addi-
tionally, the Fountain Buster scheme is used which mod-
ifies the semi-Lagrangian advection scheme to address
local conservation errors caused by unrealistically intense
updraughts. Unless specified in the text, updraught mass
fluxes from the CRM are calculated over buoyant cloudy
updraughts whereby sub-grid velocity is upwards relative
to the layer mean (w’' > 0 m-s~1), cloudy points are defined

Royal Meteorological Society

by a cloud condensate mixing ratio greater than 1x 107>
(kg-kg™!) and are positively buoyant relative to the layer
mean (6, > 0).

A selection of idealised experiments has been used
to develop and test the performance of CoMorph-A.
Rather than provide details of all the idealised experi-
ments here, these are described in Table 1 and the rel-
evant results section where they are first mentioned.
The reader is directed to the original papers for full
details but any divergence from the original experiments
is outlined. Where available, the results are compared
against the CRM and previously documented results and
observations.

2.2 | The CoMorph-A physics package
The CoMorph convection scheme is detailed in Whitall
et al. (2022). Here we briefly describe some of the funda-
mental components of the scheme and detail differences
from the existing scheme.

+ Inthe previous scheme, updraughts are prescribed from
a predetermined cloud-base height with a CAPE clo-
sure assumption to calculate the mass flux at cloud
base. In CoMorph, mass flux is allowed to initiate inde-
pendently from all heights where there is local vertical
instability (dry-statically unstable layers such as near a
heated surface, or moist stratiform cloud layers which
become moist-unstable layers such as from large-scale
cloud). When convection triggers from non-cloudy
model-levels, the cloud-base height emerges from the
scheme when the modelled bulk plume rises high
enough to reach saturation. The amount of mass ini-
tiated is set to depend on the vertical instability, and
this is effectively the “closure” for the scheme. The
cloud-base mass flux then becomes determined by the
balance of entrainment versus detrainment in the layer
below cloud base.

« Entrainment rate scales with the inverse “parcel
radius”, which is based on a boundary-layer turbu-
lence length-scale in the parcel’s source-layer. The
parcel radius in CoMorph-A is also scaled by an
ad-hoc function of the previous time-step precipita-
tion rate allowing a crude representation of increased
organisation of convection by precipitation-driven cold
pools.

» The detrainment rate is based on a power-law proba-
bility distribution function of in-plume buoyancy and
other properties, with the core (lower entrainment rate)
and mean properties of the plume treated separately.
The ascent terminates at the level at which the parcel
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core is negatively buoyant. This detrainment calcula-
tion also uses an implicit method to ensure it evolves
smoothly over successive time steps.

« CoMorph includes a microphysics parametrization
allowing formation of different hydrometeors within
the parcel and allows the parcel and detrained air
to remain supersaturated with respect to ice. All
convectively generated precipitation is passed on the
model-level where it falls out of the parcel to the
“large-scale” microphysics scheme, which then simu-
lates the fall to the surface, evaporation, melting, etc.
To aid coupling between CoMorph and the large-scale
microphysics at coarse resolution, both schemes update
a prognostic precipitation fraction, so that convection
can modify rain mass and area fraction consistently.

« CoMorph represents convective momentum transport
(CMT) by transporting the zonal and meridional wind
components within the bulk plume and allowing the
exchange of momentum between the plume and envi-
ronment with a parametrization of the horizontal pres-
sure gradient force based on a quadratic drag law.

Compared to the previous UM convection scheme,
CoMorph is much more closely coupled to the model’s
boundary layer, large-scale microphysics and prognostic
cloud schemes, and modifications to all four schemes
have been required to ensure they operate consistently
together. The improved coupling between CoMorph and
the resolved dynamics enables organised convective struc-
tures to develop over a range of scales.

3 | FOCUSSED TESTING OF
COMORPH-A

In this section we focus on the performance of CoMorph-A
in a range of different experiments targeting different
model behaviours. An overview of all the test cases is given
in Table 1 along with a summary of the rationale for selec-
tion of these cases. Since many of these cases are based on
field campaigns, where the large-scale forcings have been
observed/evaluated for specific areas, the domain sizes are
chosen to be the same as those original cases. Where the
original domain was smaller than 100 x 100 km? this has
been increased to allow large-scale circulations to form in
the parametrized cases. In cases where the domain size is
100-200 km?, the runs have been repeated to check for any
domain dependence. In all cases a discussion of the CRM
results compared to other high-resolution results will be
discussed and, where appropriate, plots are shown in a
form that can be directly compared with earlier papers
describing the case.

Royal Meteorological Society

3.1 | Modelled mean state

To give an idea of the mean state, radiative-convective
equilibrium (RCE) experiments were performed based
on the RCEMIP set-up (Wing et al, 2018) with a
sea-surface temperature of 300 K. The simulations are run
for 100 days, reaching equilibrium after 20 days. The orig-
inal RCEMIP CRM simulations show a large range of
results. Figure 1la—c show profiles of potential tempera-
ture, relative humidity and updraught mass flux averaged
over the final 70 days of the simulation. The parametrized
runs have a warmer troposphere and higher altitude
inversion than the CRM, leading to a higher termination
of the updraught mass flux. CoMorph-A has a slightly
warmer mid- to upper troposphere than CTRL and both
parametrizations have a sharper inversion at cloud top
than the CRM, with CoMorph-A slightly sharper than
CTRL, possibly due to the current lack of representation of
overshoots that would smooth out the inversion.

Consistent with other model results in Wing
et al. (2020), the mid-tropospheric humidity in the
parametrized runs is much lower than in the CRM where
it remains above 75% in both simulations and becomes
supersaturated with respect to ice above 8 km. This may
suggest not enough detrainment in the plume formu-
lation in both parametrizations. The CRM has a higher
mass flux near cloud base and in the mid-troposphere
but terminates at a lower altitude than both CTRL and
CoMorph-A. CoMorph-A is drier than CTRL in the low to
mid-troposphere with a resulting smaller mass flux.

A snapshot of the surface precipitation from day 50
of the 200m CRM, CTRL and CoMorph-A simulations
are shown in Figure 1d-f. Both parametrized runs show
some aggregation of convection that is not so evident in
the CRM simulation. The degree of aggregation in each
simulation is quantified by calculating the subsidence frac-
tion (fsuw), the fraction of the domain where there is
subsidence, as in Wing et al. (2020) using daily 500 hPa
vertical velocity averaged over 10 x 10 km? blocks (Figure
1g). The parametrized simulations were repeated using a
domain of 6000 x 400 km? to check how the spatial organi-
sation compares with the smaller domain. Using the large
domain, the dependence of fg, on the size of the blocks
(10x 10km? compared to 100 x 100 km? as used in the
original study) was investigated and the values of f,, were
found to be similar. The values of fg,;, in the CRM range
from 0.5 to 0.6 compared to 0.7-0.8 in the parametrized
runs, suggesting that there is greater organisation in the
parametrized runs which may be excessive. However,
these higher values of fg,, are within the same range as
other CRM models analysed in RCEMIP (fig. 12 in Wing
et al., 2020).
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FIGURE 1 Radiative—convective equilibrium (RCE). Profiles of (a) potential temperature [K], (b) relative humidity [%], with respect
to water (ice) above (below) 0°C, and (c) updraught mass flux, averaged over the final 70 days of simulation. Snapshot of surface precipitation
rate [mm-hr~!] on day 50 of the simulations from (d) 200 m CRM (native resolution), (¢) CTRL and (f) CoMorph-A, both 10 km resolution,
(g) time series of fy, calculated as in the text, for the CRM, CTRL and CoMorph-A. The dashed lines are the CTRL and CoMorph-A results
over the large 6000 X 400 km? domain. The vertical grey dotted line in (g) shows the timing of the snapshots in (d-f).

This section has shown the mean profiles under RCE 3.2 | Sensitivity to tropospheric
and how convection self-aggregates using CoMorph-A, humidity
with similar performance to CTRL. The following

section will examine how convection is related to mid-  For models to adequately represent convective clouds,
tropospheric humidity, and the organisation of convection = they must capture the interaction between convection and
in the different simulations will be revisited. mid-tropospheric humidity. This moisture-convection
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relationship has been found to be important for simulat-
ing the MJO (e.g. Hirons et al., 2013; Kim et al., 2014),
but is poorly simulated in the UM, in terms of amplitude
and propagation across the maritime continent (Williams
et al., 2017; Ahn et al., 2020).

The experimental set-up has been kept as similar to
Derbyshire et al. (2004) as possible, although accounting
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for a higher model top in more recent versions of the
model. The model is initialised and above 1 km is relaxed
back to fixed profiles of potential temperature, zonal wind
and relative humidity (RH) with a relaxation time-scale of
1 hr. Between 2 and 16 km there are four different experi-
ments with reference values of RH of 25%, 50%, 70% and
90%. The simulation is run for 5 days with the initial day
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EUROCS. (a) Precipitation [mm-hr~1] against relative humidity and (b-d) updraught mass flux [kg-m~2-s~!] for the 25%,

70% and 90% cases. Results for multiple resolutions from the 50 x 50 km? domain CRM (black), large (1200 km domain) CTRL (red) and
CoMorph-A (blue). Snapshot of surface precipitation rate [mm-hr~'] on day 4 of the 90% case, 1200 x 1200 km? domain simulations from the
(e) 1 km CRM,; re-gridded to same 10 km grid (f) CTRL and (g) CoMorph-A.
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discarded from the analysis. The 3D idealised set-up of
this case has been useful for investigating propagating
convective bands that have been seen in earlier versions
of the UM (e.g. Roberts, 2001; Tomassini et al., 2017).
In addition to the results shown here for 50X 50km?
(CRM) and 1200 x 1200 km? domains, the CRM has been
run at 100m, 200m, 500m and 1km resolution over
25% 25, 50 x50, and 100 % 100 km? domains and CTRL
and CoMorph-A at 10, 20, 30 and 60 km resolutions over
100 x 100 km? (10 km resolution only), 600 X 600 km? and
1200 x 1200 km? domain sizes.

The original paper showed the sensitivity to humid-
ity was highly variable depending on the single-column
model analysed. While the CRM results show a similar
overall increase in precipitation rate from 25% to 90%
humidity as documented in Derbyshire et al. (2004), there
is clear variation with resolution: The highest resolution
(100 m; solid line) tends to have the lowest precipitation
values whilst the coarsest resolution (1 km; dotted line) has
the largest values, with large differences in the mass-flux
profiles for the 25% experiment (Figure 2b), consistent
with the results of the original study (fig. 4 in Derbyshire
et al., 2004).

Using this experimental set-up, CoMorph-A rapidly
responds to the unstable profile and has too high precip-
itation amounts for all humidity cases (Figure 2a). This
is a similar result to the SCMs examined in the original
study (see fig. 15 in Derbyshire et al., 2004). The mois-
ture sensitivity is lower in CoMorph-A than CTRL with an
increase of 1.0 mm-hr~! between the 25% and 90% cases
compared to 1.4mm-hr~! in CTRL. CoMorph-A shows
more resolution sensitivity than CTRL particularly at the
higher humidities but is relatively insensitive to domain
size (not shown). The updraught mass-flux profiles from
the 70% and 90% experiments (Figure 2c,d) show both
parametrized runs peaking at too high altitude relative to
the CRM, with CoMorph-A also terminating too low. The
peak values of mass flux are more similar to the CRM
in CoMorph-A than CTRL, but this is associated with
much higher precipitation rates in CoMorph-A. The CRM
has additionally been run over the same 1200 x 1200 km?
domain as CTRL and CoMorph-A but at 1 km resolution. A
snapshot of precipitation rate over this large domain after
4 days is shown in Figure 2e-g with the CRM re-gridded
to the same 10km grid as CTRL and CoMorph-A. Both
parametrized runs have too much background precipita-
tion and a less cellular structure than is evident in the CRM
although this is arguably improved in CoMorph-A rela-
tive to CTRL. Developments to allow a greater sensitivity
to relative humidity in future versions of CoMorph will be
discussed in Section 4.

This is a highly idealised case which relaxes back
to the same profiles and, like the RCE, generates a

steady state enabling the analysis of mean profiles and
precipitation rates as well as the emergent spatial struc-
tures. In the following section the model uses time-varying
forcings to represent the initiation and development of
convection during the day.

3.3 | Diurnalcycle

The failure of models with parametrized convection to
fully represent the diurnal cycle is well known, with
convection often occurring too early in the day, particu-
larly over land (e.g. Yang & Slingo, 2001). This has been
an issue in earlier versions of the UM (e.g. Christopou-
los & Schneider, 2021). Here we examine the perfor-
mance of CoMorph-A at simulating the diurnal cycle using
three well-documented experiments examining different
aspects of the development of convection: a shallow con-
vection case, transition to deep convection in a semi-arid
environment and a midlatitude, deep convection case. All
three cases have interactive radiation turned off. To help
understand the sensitivity of the parametrized simulations
in the single-day cases (ARM and AMMA), an ensemble
of six simulations is performed by perturbing the initial
random noise.

3.3.1 | Shallow ARM case

The first diurnal case is based on observations made at
the midlatitude Southern Great Plains (SGP) site of the
Atmospheric Radiation Measurement (ARM) Program on
21 June 1997 (Brown et al., 2002; Lenderink et al., 2004),
commonly referred to as the ARM case. This tests the
development of shallow cumulus over land with no devel-
opment to deep convection. The original paper had a
very small (6.4 x 6.4km?) domain with a low model top
depth (4.4km) and 40m vertical resolution. Here, the
same operational global and regional stretched grid verti-
cal levels (Bush et al., 2023) are used with a 40 km model
top, and consequently the vertical resolution above the
near-surface layer is lower.

Figure 3a-c show the evolution of the cloud in the
three simulations. In the high-resolution run this is sim-
ilar to previous studies (fig. 2b in Lenderink et al., 2004;
fig. 5in Brown et al., 2002; fig. 2a in McIntyre et al., 2022).
Both CTRL and CoMorph-A overestimate the cloud frac-
tion relative to the high resolution, consistent with early
SCM results (Lenderink et al., 2004). The cloud fraction
near cloud base is significantly higher in CoMorph-A than
both the CRM and CTRL. The evolution of the height of
cloud base is well simulated by both parametrized runs
and both remain shallow although the cloud-top height
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differs between the runs, with CoMorph-A increasing  semi-arid region with a much larger amplitude diurnal
more gradually than CTRL. All runs generate precipita-  cycle (Couvreux et al., 2012). Comparison of Figure 4a
tion (Figure 3d) unlike the original simulations where  with fig. 2 in Couvreux et al. (2015) shows that the CRM
microphysical parametrizations were switched off. CTRL  differs somewhat from the original LES results, with the

has a small cloud fraction at 1900 UTC, after precip- onset of precipitation and its subsequent peak occurring
itating, before increasing again in both amplitude and  ~2hr earlier. CTRL initiates precipitation almost 2 hr too
altitude. Both parametrized runs also have a rapid reduc- early relative to the CRM and only persists for 3 hr before

tion in cloud-top height at the end of the simulation  abruptly stopping. CoMorph-A initiates an hour earlier
once they stop precipitating. Although the cloud fractions ~ than the CRM and has almost double the precipitation

have larger maxima in CTRL and CoMorph-A, the val-  rate, which is maintained into the evening.

ues of updraught mass flux remain lower than the CRM Observations from the AMMA case-study (fig. 3
(Figure 3e) and remain almost identical for the different in Couvreux et al.,, 2012) showed the boundary layer
ensemble members. grows throughout the morning, reaching 2.5km in the

mid-afternoon, consistent with the present CRM results
(Figure 4b). This was associated with a decrease in con-
332 | AMMA case vective inhibition (CIN; Figure 4c) during the morning.
The CRM shows a decrease in boundary-layer height and
The second diurnal case is based on observations from  slight increase in CIN into the evening. Both CTRL and
the African Monsoon Multidisciplinary Analysis (AMMA)  CoMorph-A capture the growth of boundary-layer height
showing the development of daytime convection in a  and evolution of CIN although these evolve too quickly,
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FIGURE 3  Atmospheric radiation measurement (ARM). Time evolution of cloud fraction in (a) 100 m CRM, (b) CTRL and (c)
CoMorph-A simulations of the shallow ARM case. (d) Time series of precipitation [mm-hr~!] from the three simulations. (¢) Updraught mass
flux [kg-m~2-s7!] profiles between 1800 and 2300 local time. (d) and (e) are shown for each ensemble member (thin lines) and the ensemble
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African monsoon multidisciplinary analysis (AMMA). Time series of (a) surface precipitation [mm-day], (b)

boundary-layer depth [m] and (c) CIN [J-kg™!] from the 100 m CRM (black), CTRL (red) and CoMorph-A (blue) ensemble members (thin
lines) and ensemble mean (thick line) simulations of the AMMA case. (d) Hourly mass-flux [kg-m~2-s7!] profiles from 1300 to 1800 local time.

consistent with the earlier development of precipitation.
The positive values of mass flux (Figure 4d) are con-
fined to lower altitudes in the CRM than CoMorph-A. The
CTRL convective mass flux is zero for 1600 LST with only
large-scale precipitation contributing to the total surface
precipitation rate.

3.3.3 | Deep ARM case

The final diurnal case is based on the same field campaign
as in Section 3.3.1 but for a different day (27 June 1997:
Guichard et al., 2004) using the experimental set-up of
Daleu et al. (2020). The model is forced with surface sensi-
ble and latent heat fluxes which vary sinusoidally through-
out the day (0-12 hours), reaching a peak at 6 hours and
set to zero overnight (12-24 hours) with a prescribed radia-
tive cooling applied to the potential temperature (Daleu
et al., 2020). The original papers (Chaboureau et al., 2004;
Guichard et al., 2004) applied the same fluxes but with an
earlier start time of 6 hours which is accounted for when
comparing the results. This forcing is repeated over 10 days
to get the mean diurnal cycle, with the initial day excluded
from the diurnal means.

The time series of precipitation is shown along with
the mean diurnal cycle (Figure 5a,b). All simulations
reach peak precipitation rate prior to the peak in surface
fluxes (6 hours into run); 3-4hours earlier than in the
original papers (fig. 2a, Chaboureau et al., 2004; fig. 3,
Guichard et al., 2004). As with the previous cases, CTRL

initiates convection earlier than CoMorph-A and the CRM
which is also evident in the updraught mass-flux profiles
(Figure 5c). CoMorph-A initiates slightly earlier than the
CRM and the peak precipitation rate in both parametrized
runs is greater than in the high-resolution run. CTRL
peaks at hour 3, decreases until hour 5 before peaking
again at hour 8. CoMorph-A precipitation rate reaches an
initial peak after 4 hours and then declines rapidly over
the next 3 hours before decreasing more gradually until
12hours. The CRM has a higher rate than CoMorph-A
between hours 6 and 9, consistent with the higher values
of mass flux at these times. but after this the rate remains
similar to CoMorph-A.

This section has highlighted an improvement in the
timing of the diurnal cycle using CoMorph-A. The follow-
ing section extends this diurnal cycle analysis by examin-
ing how the development of convection is influenced by
previous convection.

3.4 | Memory in the diurnal cycle

Using the set-up from Section 3.3.3 (Guichard et al., 2004),
Daleu et al. (2020) introduced a memory function which
could be separated into three phases: the first represent-
ing the persistence of convection, the second representing
the suppression of convection in areas which had precip-
itation in the previous few hours, and the third repre-
senting a secondary enhancement of precipitation. This is
calculated for each of the final 9days of the simulation
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FIGURE 5 Deep atmospheric radiation measurement (ARM). (a) Time series of precipitation [mm-hr~!] over 10 days of the

simulation of the deep ARM case, (b) mean diurnal cycle of precipitation [mm-hr~'] and (c) mean updraught mass flux [kg-m~2-s7!] profiles
shown for the first 12 hr. Means are calculated over the final 9 days of the simulation.

as with the mean diurnal precipitation rate shown in
Figure 5b.

The memory function, M, is defined in Daleu
et al. (2020), and is based on the probability of finding
rain (mean precipitation greater than 0.1 mm-hr=!) at
both time, #, and at an earlier time, t, — At, over a given
area, A, compared to the expected probability assuming
that these two events occur independently of each other
(P2[R(A, to, AD)] = P[R(A, o)] X PIR(A, to — AD)]):

M(A, ty, Af) = P[R(A, tp) N R(A, o — AD)] — P*[R(A, ty, AD)].
(Y]

A value of zero indicates that there is no memory in
the system, while positive values indicate an increased
chance of raining at the later time, f, if it rained at the
earlier time, fyp — At, and a negative value suggests that
there is suppression of rainfall linked to the earlier rain-
fall event. The threshold for Figure 6 shows the probability
of finding rain (P[R(A, t)]) and the memory function for
a box of size A =10x 10 km? and f,=2, 2.5, 3.5, 4, 5,
6, 7, and 8.5 hr after the initial precipitation (triggering).

The memory function is set to zero beyond time lags (i.e.
prior to triggering).

The results using the UM CRM differ slightly from
those in Daleu et al. (2020) which used the Met Office
NERC cloud model (MONC: Brown et al., 2015). The
results using A =4 x 4 km? are shown for comparison with
Figure 6 in the original paper. The UM CRM triggers
slightly later than MONC and the increase is more grad-
ual over the initial 30 min, but rainfall remains higher for
a longer time. The initial persistence of convection and
subsequent suppression (phase 2) is weaker in the CRM
than MONC. The secondary enhancement (phase 3) can
only be seen after 5 hours for convection produced 8 hours
after triggering and is weaker than MONC. The differ-
ence between using different values of A (A=4x4 and
A=10x10km?) are consistent with results using MONC
(fig. 5c in Daleu et al., 2020). Results using A = 10 x 10 km?
for CRM, CTRL and CoMorph-A will now be compared to
assess the performance of CoMorph-A.

In the previous section we noted that CTRL triggers
over an hour earlier than CoMorph-A and the CRM.
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There are bigger differences in the probability of find-
ing rain (Figure 6a) in the two parametrized simulations
than we saw in the rainfall rate in Figure 5 due to differ-
ences in the number and spatial size of the events. Both
CTRL and CoMorph-A show a higher probability of find-
ing rain over the first hour than the CRM, remaining
lower for subsequent times (Figure 6a). The probability
of rain in CTRL decreases after the first 2 hr, reaching a
minimum 3-4 hr after triggering before increasing again.
Neither CoMorph-A or the CRM show this secondary
peak. Over the first 2 hours after triggering (first phase),
CTRL and CoMorph-A have comparable memory with
persistence of convection maintained for longer than the
CRM (Figure 6b). The suppression of convection (second
phase) in the CRM starts within 1.5 hr for convection pro-
duced 2.5hr after triggering (Figure 6c). For CoMorph,
there is an indication of suppression for convection pro-
duced before to=3.5hr (Figure 6d) but this is weak, and
only lasts 15 min. For convection produced from ¢, =4 hr
(Figure 6e), the initial persistence of convection is followed
by a suppression for a further 2.5hr in both CoMorph-A

and CRM with a maximum suppression of 4 hr (for con-
vection produced from t, =7 hr; Figure 6h). This suppres-
sion of convection happens much later in CTRL and is
only evident after 5hr for convection produced over 7 hr
after triggering (Figure 6g-i). The secondary enhancement
of convection (third phase) is weak but evident in the
CRM for convection produced over 8.5hr after trigger-
ing (Figure 6i). This weak secondary enhancement can
also be seen in CoMorph-A for convection produced at
t=7hr (Figure 6h) but is not captured by CTRL. It is
found that this secondary enhancement can be enhanced
using CoMorph-A but with a fixed low entrainment rate
(not shown).

These results show that CoMorph-A has a more real-
istic relationship between earlier precipitation than CTRL
and although it is able to capture the secondary enhance-
ment form of memory, the timings and strength vary
from the CRM. This was a multi-day case but applying
the same forcing each day to build up an ensemble. The
next section evaluates a multi-day case using time-varying
forcing based on observations to show the performance
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of CoMorph-A in simulating convective systems over a
longer time period.

3.5 | Multi-day tropical case
The multi-day analysis uses a well-documented
case based on observations from the Tropical Warm
Pool-International Cloud Experiment (TWP-ICE: May
et al., 2008) using a set-up based on Fridlind et al. (2012).
This involves a 16-day period during the Australian
monsoon featuring an active monsoon period followed
by suppressed conditions and a monsoon break (May
etal., 2008). This case has interactive radiation, so provides
evaluation of the influence of cloud-radiative feedback
on CoMorph but is highly constrained by the nudging to
observational data.

The CRM results compare well with other models
(Petch et al., 2014). The peak precipitation values differ

(a)
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slightly from observed as they did in the original compar-
ison (Fridlind et al., 2012; Petch et al., 2014), particularly
when there is only very light precipitation in the later part
of the period. CTRL shows more high-frequency variability
than CoMorph-A.

The mass-flux profiles from the wet and dry periods
are shown in Figure 7. The mass-flux profiles from the wet
period are very similar to those from the 90% EUROCS case
(Figure 2d) with the parametrized runs peaking at higher
altitude than the CRM. Like that case, CoMorph-A has a
higher mass flux than CTRL while both are lower than
the CRM peak. Although, in this case both parametrized
runs terminate 4 km lower than the CRM, again suggest-
ing a need for the representation of overshoots in the
parametrization. For the dry period all mass-flux profiles
show the expected bottom-heavy profile and terminate
at the same altitude. The CRM has a higher mass flux
throughout the profile than both parametrized runs. Com-
pared to CTRL, CoMorph-A has a lower mass flux in the
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FIGURE 7 Tropical warm pool-international cloud experiment (TWP-ICE). (a) Time series of 15 min precipitation rates [mm-hr~!],

and mean updraught mass flux [kg-m~2-s71] during the (b) wet and (c) dry period of TWP-ICE from the 100 m CRM (black), CTRL (red) and
CoMorph-A (blue) simulations. The wet and dry periods are shown by the grey dashed lines on (a).
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lower troposphere but higher in the upper troposphere.
The CoMorph-A results from the dry period are very dif-
ferent from the 25% humidity case shown in Section 3.2
(Figure 2b) suggesting that under a different experimen-
tal set-up CoMorph-A could be more sensitive to humidity
than the earlier results implied.

All cases so far have assumed a homogenous sur-
face. The following section details a new idealised case
for evaluating the behaviour of convection when there is
a strip of land (an island) in the domain and how this
affects the propagation of convection under different wind
regimes.

(a) CRM 11UTC (b) CTRL 11UTC

3.6 | Inland propagation and nocturnal
convection

The Maritime Continent is difficult to represent accurately,
with the initiation of convection by the convergence of
sea-breeze circulations (Birch et al., 2015) and offshore
gravity waves (Love et al., 2011) being vital for simulation
of the region. An idealised island case has been developed
to analyse this behaviour and examine the ability of propa-
gation of convection both on and off land. This new set-up
has an idealised island set at the Equator, with interac-
tive radiation and a real sandy land surface with plenty of

(c) CoMorphA 11UTC
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FIGURE 8 Island case. Snapshots of precipitation [mm-day~!] at (a—c) 1100 and (d-f) 2300 UTC on day 3 of the island simulation

with a 5 m-s~! background wind (U = 5) for (a,d) the CRM; regridded to 10 km, (b,e) CTRL and (c,f) CoMorph-A. Hovmiiller of precipitation
[mm-day~'] averaged over full y-domain from (g) CRM (250 m; re-gridded to 10 km), (h) CTRL and (i) CoMorph-A. The vertical black lines
show the location of land (x = 600-900 km). The diagonal black line shows the background wind (5 m-s~!) with the grey line showing

20 m-s~!. Red dashed lines show the times of the snapshots in (a-f).
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moisture initially. It has been run with (U=5m-s};

Figure 8) and without a background wind (U=0m-s};
Figure 9). The case with the wind has a gravity wave prop-
agating off the land initiating convection over the sea due
to the heating profile of late afternoon convection over
the land. The case with no wind illustrates the impact of
land/sea breezes.

With a background wind (Figure 8), snapshots of pre-
cipitation rate at 11am and 11pm show the location of
precipitation in each simulation. At 11am on day 3 there is
much more rain over land in the parametrized runs than
the high-resolution CRM (Figure 8a-c), although there is a
line of precipitation over the ocean in all three simulations.
At 11pm (Figure 8d-f) there is a distinct line of precipi-
tation associated with the gravity wave in the CRM. The
CTRL has convection just off-land which is not evident in
CoMorph-A.

Propagation in the CRM (Figure 8g) is much quicker
(~20m-s71) than the lower-resolution parametrized con-
vection runs (Figure 8h,i) which propagate at a similar
speed to the background wind (5 m-s™!), particularly over
the ocean. CoMorph-A propagates at this higher speed
over land but struggles to propagate off the land, unlike
CTRL which is better at capturing this. CoMorph-A has
widespread mid-intensity precipitation but not the very
high intensities shown in CTRL.

Royal Meteorological Society

The case with no background wind (Figure 9a) shows
precipitation over the island tending to start close to the
coasts, likely initiated by sea breezes, and gradually mov-
inginland. Later in the day the convection tends to become
more widespread over the land. On some days convection
propagates for a small distance off land which is possible
evidence of cold pools and land/sea breezes. Both CTRL
and CoMorph-A (Figure 9b,c) show no evidence of the
convection over land starting at the coasts; instead there
is some evidence of convection in the centre of the island
starting far too early. This island set-up shows some more
work is needed to correctly represent the interaction with
sea breezes in CoMorph-A and will be a useful testbed
during future development of the scheme.

In the final case, we show the impact of different
tunings on the representation of CMT and the utility of
idealised cases to inform tunings of the GCM.

3.7 | Convective momentum transport

The transport of momentum vertically by convection
(i.e. CMT) is an important process, significantly affect-
ing upper-level wind speeds in global models (e.g. Gre-
gory et al., 1997), and needs to be parametrized. The
cold air outbreak case from Kershaw & Gregory (1997) is
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FIGURE 9 Island case. Hovmiiller (averaged over full y-domain) of precipitation [mm-day~] from (a) CRM (250 m; regridded to
10km), (b) CTRL and (c) CoMorph-A from simulations of the idealised island with no background wind (U =0).
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used to test CoMorph’s CMT behaviour. The CRM profiles
(black dotted, Figure 10) are similar to the results docu-
mented in the original paper (figs 7 and 9 in Kershaw &
Gregory, 1997). The mass-flux profiles (Figure 10a,b,e,f)
differ between the parametrized and CRM results with
CoMorph-A having a secondary peak in updraught mass
flux at 5-6km altitude compared with CTRL and CRM
where there is a single peak just above cloud base
(Figure 10a,e). The CTRL downdraught mass flux remains
fairly uniform with height whereas both CoMorph-A and
CRM show a peak at 1 km. Since the mass-flux profiles are
different between the simulations, we do not expect to have
the same wind profile; however, by changing the CMT
calculation we can see the effect on these profiles. The
shallower updraught mass-flux profile in the CRM than

the parametrized runs results in the winds reaching the
maximum value at lower altitude. Without the inclusion of
CMT the resulting winds are too weak at low levels and too
strong above 2 km (grey solid line; Figure 10c,g). Originally
the CMT was applied without a pressure gradient term to
account for the difference between in-cloud and environ-
mental momentum, resulting in the overly strong damping
of the upper-level winds (grey dotted line; Figure 10c,g)
which was also evident in global simulations (not shown).
Adding in a pressure gradient term with a quadratic drag
law leads to damping of the winds to an appropriate level,
taking into consideration that the mass-flux profile does
not compare perfectly with the CRM. The sensitivity to
the value of the drag coefficient in the pressure gradi-
ent term is also shown with a lower drag (dashed lines)
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FIGURE 10 Convective momentum transport (CMT). Profiles at 4 hr of (a) updraught mass flux [kg-m~2-s71], (b) downdraught mass

flux [kg-m~2-s7!], (c) meridional wind [m-s~'] and (d) the increment in meridional wind due to convection [m-s~!-day~!] in the parametrized
runs for the cold air outbreak case. (e-h) As (a-d) but 8 hr into the run. Results shown for the 100 m CRM (black), CTRL (red) and various
configurations of CoMorph: CoMorph-A (blue, solid), CoMorph-A with no CMT (grey), CoMorph-A but no pressure term in the CMT
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resulting in convection being more efficient at transporting
momentum in the vertical (e.g. Figure 8c,d,g,h). The mag-
nitudes of the convective increment to meridional winds
are similar between CTRL and CoMorph-A.

This final case has shown the impact of different
formulations and tunings of the parametrization on the
results. The following section will bring all these cases
together and summarise the results.

4 | SUMMARY AND CONCLUSIONS

CoMorph is a new convection scheme developed for the
UM, a model which is used extensively across the globe
by various institutions. The CoMorph-A package has been
shown to perform well in a global configuration, with
a reduction of biases under climate configuration and
improved NWP performance (A. Lock, submitted work).
Although ultimately it is the GCM performance that deter-
mines if a scheme becomes operational, throughout devel-
opment the scheme has been tested using a 3D idealised
UM which uses the same science configuration as the
full GCM but is substantially cheaper to run. This has
allowed us to understand in detail how the model behaves
as a function of regime. The present study has docu-
mented the performance of CoMorph-A in a selection of
idealised experiments, ranging from highly idealised with
only high-resolution convection-resolving data as a refer-
ence to those based on observational field campaigns with
real data and previous intercomparison studies to compare
against. Although a number of these cases were initially
designed for SCM comparisons, the use of the 3D idealised
model has several advantages: evaluation at higher res-
olutions with the same physics, dynamics and coupling
as used in the full GCM, comparison of the emergent
organisation and spatial structures, and allowing interac-
tion with the winds leading to propagation of convection
(Section 3.6). The results are designed to serve as a baseline
for others to compare against, and for assessing perfor-
mance as CoMorph evolves over the coming years.
CoMorph-A showed some organisation of convection
when in RCE, consistent with the majority of models
compared in RCEMIP (Wing et al.,, 2020). The struc-
tures from the sensitivity to humidity case showed the
emergence of cellular behaviour that was observed in the
high-resolution reference. However, both parametrized
runs produce too widespread precipitation throughout the
domain compared to the CRM. Profiles of updraught mass
flux have shown that the peak value is consistently greater
in the high-resolution simulations than the parametrized
runs, although with lower associated precipitation rates.
This may point to a need for stronger downdraught rep-
resentation in CoMorph in future. The sharper inversion
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and low termination of updraught mass flux relative to
the CRM also suggest the need for a representation of
overshoots.

All three diurnal cycle experiments (Section 3.3) show
improvements in the timing of the triggering and peak in
precipitation over CTRL but still trigger too early relative
to high-resolution simulations. This is consistent with the
results from global simulations (A. Lock, submitted work)
where, although some regions such as parts of Africa have
a degradation in the diurnal cycle compared to the control,
other regions are improved but still precipitate too early in
the day. The peak precipitation is too high across the three
cases, with the mass flux showing convection is too deep
in most cases. Use of the memory function (Section 3.4)
shows CoMorph-A has a more realistic response to earlier
precipitation than CTRL. A number of cases (Figures 4, 5
and 10) show CoMorph has a more top-heavy mass-flux
profile than CTRL. This is likely due to convection trig-
gering from multiple different heights in the column as
well as differences in the detrainment and entrainment
formulation.

Overall, CoMorph-A is shown to perform competi-
tively against the existing science configuration. However,
as might be expected with the development of a new con-
vection scheme, there are still areas for improvement. In
addition to the timing and amplitude of the diurnal cycle of
precipitation mentioned above, difficulties in simulating
the propagation of convection off land and representing
sea breezes in CoMorph-A are made evident using the
idealised island case (Section 3.6). CoMorph-A is shown
to have too little sensitivity to humidity using the Der-
byshire et al. (2004) experimental set-up (Figure 2) with
little variation in the mass-flux profiles. These results sug-
gest the need to suppress convection at lower humidities
(e.g. Hirons et al., 2013) and based on this experiment
it is perhaps surprising that CoMorph-A shows improve-
ments in the representation of the MJO (A. Lock, sub-
mitted work). However, the mass-flux profiles do vary
greatly between the wet and dry periods of the TWP-ICE
experiment (Figure 7) suggesting this sensitivity may be
increased under a different experimental set-up. Using
an SCM, Daleu et al. (2023) found the relationship
between precipitation and column relative humidity was
well represented by CoMorph-A in dry environments but
breaks down above 70% relative humidity. This sensitiv-
ity and the difference in results depending on the exper-
iment need to be investigated further using additional
tests.

Many of the convective-scale processes parametrized
in CoMorph carry significant uncertainties. In recogni-
tion of this, many of the formulae within the scheme
are scaled by dimensionless “tuning factors” which can
be easily changed. CoMorph has around 30 of these
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tuneable parameters, scaling the initial parcel perturba-
tions, entrainment (and its sensitivity to convective organ-
isation), detrainment, various in-plume microphysical
processes, the area-fractions of convective cloud and pre-
cipitation passed to other parts of the model, and other
processes. In CoMorph A, many of these parameters
have been tuned over successive versions to ensure both
model-stability and good global performance. Section 3.7
illustrates the need for a convection scheme to consider
the sub-grid transport of momentum by convection with-
out which the upper-level winds are too strong. How the
CMT is parametrized, and the sensitivity to the drag coef-
ficient, required careful consideration to perform well in
both global and idealised simulations. This is the only
section where the sensitivity of the results to parameters
within CoMorph has been discussed. However, it is worth
noting that the CoMorph-A entrainment rate is variable
depending on the previous time-step precipitation rate,
a development that was included based on global test-
ing and is found to improve the performance in climate
simulations. Many of the idealised cases have addition-
ally been run with a fixed (high or low) entrainment
rate. The higher entrainment rate is found to be benefi-
cial for some cases such as increasing the sensitivity to
humidity and the timing of triggering of precipitation in
the diurnal cycle experiments, but the lower entrainment
is necessary for TWP-ICE and capturing the secondary
enhancement of convection in the convective memory (not
shown). Global analysis suggests the tropical mean tem-
perature profiles are particularly sensitive to the param-
eters controlling entrainment, detrainment and in-plume
ice processes. Subtropical light rain (which exerts a strong
influence on climate sensitivity) is very sensitive to the
in-parcel cloud-to-rain autoconversion and precipitation
fraction parameters. A more detailed analysis of the sensi-
tivity to a range of parameters may form the basis of future
work.

There are several proposed improvements to CoMorph
to help address the discussed deficiencies. These include
the representation of a second updraught type such that
both surface-driven and cold-pool forced convection are
represented and allow the proportion of cold-pool forced
updraughts to grow more gradually as more deep clouds
are initiated. This, along with various additional sci-
entific improvements, including the representation of
overshoots and formulation of downdraughts highlighted
in this study, will be included in a future release of
CoMorph. At the time of writing, the next release of
CoMorph is undergoing extensive testing over a range
of experiments, including the idealised experiments dis-
cussed in the current study. Subsequently, the aim is to
couple CoMorph with the C-POOL prognostic cold-pool
scheme (Rooney et al., 2022) and enhance the scale-aware

properties of the scheme for running at higher (<10 km)
resolutions.
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