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Abstract
Cloud microphysics parametrizations control the transfer of water between
phases and hydrometeor species in numerical weather prediction and climate
models. As a fundamental component of weather modelling systems cloud
microphysics can determine the intensity and timing of precipitation, the extent
and longevity of cloud cover and its impact on radiative balance, and directly
influence near surface weather metrics such as temperature and wind. In this
paper we introduce and demonstrate the performance of a double moment
cloud microphysical scheme (CASIM: Cloud AeroSol Interacting Microphysics)
in both midlatitude and tropical settings using the same model configuration.
Comparisons are made against a control configuration using the current oper-
ational single moment cloud microphysics, and CASIM configurations that use
fixed in-cloud droplet number or compute cloud droplet number concentra-
tion from the aerosol environment. We demonstrate that configuring CASIM
as a single moment scheme results in precipitation rate histograms that match
the operational single moment microphysics. In the midlatitude setting, results
indicate that CASIM performs as well as the single moment microphysics con-
figuration, but improves certain aspects of the surface precipitation field such as
greater extent of light (<1 mm ⋅ hr−1) rain around frontal precipitation features.
In the tropical setting, CASIM outperforms the single moment cloud micro-
physics as evident from improved comparison with radar derived precipitation
rates.
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1 INTRODUCTION

Numerical weather prediction (NWP) is important for
a wide range of applications (e.g., public weather ser-
vice, defence, insurance, agriculture, commodity trading,
sporting events) and underpins warning and downstream
hazard systems. This motivates continuous improvement
of the representation of physical processes related to
extreme weather conditions. In atmospheric NWP mod-
els, both high-resolution kilometre-scale and coarser mod-
els, there are four components that control cloud for-
mation on daily time-scales. These are (i) dynamics, (ii)
mixing by a planetary boundary-layer representation, (iii)
a cloud-fraction scheme that represents subgrid humid-
ity fluctuations and handles condensation, and (iv) the
cloud microphysics that represents formation of precipita-
tion and associated sedimentation following condensation
through warm, mixed-phase, and cold processes. In coarse
models, convection also plays a large part in atmospheric
mixing, and thus also plays a significant role in cloud and
precipitation processes. Though radiation is important for
fog and stratocumulus development, on longer time-scales
radiative transfer becomes increasingly important to the
cloud evolution through feedback on circulation.

Cloud microphysics representations in operational set-
tings have slowly been increasing in complexity from
simple prognosed condensate with diagnostic precipita-
tion and temperature-dependent thermodynamic water
phase (Senior and Mitchell, 1993) to the inclusion of prog-
nostic rain (Lean et al., 2008) and snow (Wilson and
Ballard, 1999). The further addition of graupel can pro-
vide a way of linking lightning to microphysical processes
(e.g., McCaul Jr. et al., 2009). These efforts were largely
accomplished with single-moment representations: only
the mass mixing ratio of the hydrometeor was prognosed.
In such a single-moment representation, the number con-
centration, which is required to estimate mean sizes and
therefore microphysical process rates and sedimentation
fluxes, is implicit in the assumptions made about the par-
ticle size distributions (PSDs) for each hydrometeor type.
This approach has appeared to work well in the midlati-
tudes, where precipitation is dominated by ice processes
that either melt to form rain or precipitate as snow (Field
and Heymsfield, 2015). Indeed, the Met Office has kept the
single-moment operational approach for nearly 25 years
despite evidence suggesting that single-moment cloud
microphysics does not adequately represent precipitation
processes such as midlatitude convection (e.g., Milbrandt
and Yau, 2006; Dawson et al., 2010; Bryan and Morri-
son, 2012). In the Tropics, however, the performance of a
single-moment scheme in the Met Office Unified Model
(UM) has not been as skilful (Bush et al., 2020). Over the
past three decades a new wave of operational microphysics

schemes have been developed and researched, which prog-
nose the number concentration of hydrometeors along
with the mass mixing ratios (e.g., Ferrier, 1994; Mey-
ers et al., 1997; Cohard and Pinty, 2000; Milbrandt and
Yau, 2005a,b; Seifert and Beheng, 2006; Morrison and
Gettelman, 2008; Thompson and Eidhammer, 2014; Vie
et al., 2016; Taufour et al., 2018). These schemes can
explore more combinations of mass and number, and
hence mean size of the hydrometeor size distribution, than
single-moment schemes can, which are generally locked
into a fixed number or size. As well as prognosing number,
other approaches have been suggested, such as a prognos-
tic density for ice to capture the impact of riming (Mansell
et al., 2010; Morrison and Milbrandt, 2015) and prognostic
shape information for ice based on growth characteristics
(Hashino and Tripoli, 2007).

The initial requirement and drive for more com-
plex bulk cloud microphysics representation, such as
double-moment schemes was motivated by the recogni-
tion that indirect aerosol–cloud interactions are highly
uncertain and poorly represented by single-moment
schemes, which impedes the usefulness of climate pre-
dictions. Adopting double-moment cloud microphysics
allows aerosol changes to directly feed into the micro-
physics and affect the cloud evolution, radiative response,
and dynamical feedbacks. Moreover, double-moment
cloud microphysics has been recommended to be used
for cloud-resolving simulations as this tends to out-
perform the simpler single-moment representations in
terms of precipitation, cloud structure, and feedback
on atmospheric parameters (Morrison et al., 2009; Igel
et al., 2015). For these reasons, many climate models (e.g.,
Lohmann et al., 2007; Morrison and Gettelman, 2008)
have taken the lead in operationally using double-moment
microphysics ahead of NWP, whereas in operational
NWP the use of double-moment schemes is much less
common. For example, at the time of writing only two
regional systems – the Canadian Global Environmen-
tal Multiscale (GEM) model and the US continental
convection-permitting models RAP (Rapid Refresh) and
HRRR (High-Resolution Rapid Refresh) – use multi-
moment schemes operationally. For the GEM model,
Milbrandt and Yau (2005a,b) scheme is employed, which
was recently upgraded to Morrison and Milbrandt (2015)
(Jouan et al., 2020). For RAP and HRRR, the aerosol-aware
cloud microphysics (Thompson and Eidhammer, 2014)
scheme has double-moment cloud water, cloud ice,
and rain and single-moment snow and graupel (Dowell
et al., 2022).

In this article, we introduce the coupling of the
Cloud AeroSol Interacting Microphysics (CASIM) to the
UK Met Office UM and demonstrate CASIM’s perfor-
mance in regional NWP. CASIM is implemented as a
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FIELD et al. 705

double-moment, five species (cloud, rain, ice, snow, and
graupel) microphysics scheme. Directly prognosing num-
ber concentration of cloud and ice particles brings the
ability to predict those numbers from atmospheric aerosol
acting as cloud condensation nuclei or ice nucleation
particles. Such coupling to aerosol can go from simple
mass-based diagnosis (e.g., Jones et al., 1994) to depending
on mass, number, and solubility characteristics for cloud
condensation nuclei (Vogel et al., 2009). Here, we will
describe simple coupling of CASIM to mass-only aerosols,
and briefly the coupling to a more complex aerosol repre-
sentation (Mann et al., 2010; Bellouin et al., 2013; Walters
et al., 2019), with a more detailed description available in
Gordon et al. (2018, 2020).

Recognising that weather prediction is a critical test
of atmospheric models, this article describes a first step
of integrating CASIM into the operational regional model
of the UK Met Office. This nested model configuration is
typically run with grid scales of 4 to 1 km operationally
over domains in Europe, North America, Asia, Africa, and
Australasia. Operationally dealing with this diverse range
of environments has led to a bifurcation of configurations
for midlatitudes and the Tropics. Ideally, recognising that
a single representation of the appropriate physics should
apply equally across the world, implementing improved
physics should lead to closer unification of regional
configurations.

In the next section the UM is briefly introduced;
Section 3 then describes the datasets and modelling suites
that have been employed to test CASIM. Section 4 steps
through statistical verification results and demonstrates
some illustrative cases, and Section 5 discusses the impact
of the changes and concludes. Finally, the Appendix
details much of the cloud microphysics description with
further details of the process rates and assumptions for
coupling to the UM.

2 THE UNIFIED MODEL

The UK Met Office UM is used at a range of scales and
geographical regions for climate and NWP. In this article,
we show the model’s performance for two different con-
figurations: the operational United Kingdom Variable grid
(UKV) configuration to assess midlatitude performance
(Tang et al., 2013) and a configuration based over Darwin,
northern Australia, to assess tropical performance.

The simulations presented here employ a 1.5 km hori-
zontal grid (which stretches at the edges to 4.5 km for the
UKV tests (Bush et al., 2020). There are 90 levels in the ver-
tical stretched to 40 km (52 below 10 km, 33 below 4 km,
16 below 1 km). The time step is 60 s. Lateral boundary
conditions are supplied at 1 hr intervals. For the UKV the

boundary and initial conditions come from the operational
global model, which at the time of writing uses N1280 reso-
lution (∼15 km grid spacing) and Global Atmosphere (GA)
7.0 science configuration (GA7.0; Walters et al., 2019). For
the Tropical, Darwin suite, the boundary and initial con-
ditions come from European Centre for Medium-Range
Weather Forecasts operational analyses.

The UM is non-hydrostatic and uses a semi-Lagrangian
dynamical formulation (Cullen et al., 1997; Davies
et al., 2005). For the regional simulations presented
there is no parametrised convection. Vertical mixing
due to turbulence is carried out by the scale-aware
non-local one-dimensional boundary-layer scheme (Lock
et al., 2000; Boutle et al., 2014) that uses profiles of poten-
tial temperature winds and humidity to determine the
non-local mixing. The treatment of the radiative impact
of cloud water and total ice and snow is handled by the
radiation scheme (Manners et al., 2018). Although the
regional simulations are kilometre scale, the UM employs
one of several cloud fraction schemes to represent subgrid
humidity and carry out condensation of liquid.

The bimodal cloud fraction scheme used here (Van
Weverberg et al., 2021) diagnoses the subgrid cloudiness in
each grid box from the large-scale model state, allowing for
two modes of variability to coexist near sharp inversions.
To do so, the scheme first identifies entrainment zones
associated with these inversions. For grid boxes located
in these entrainment zones, distinct moist and dry Gaus-
sian modes are used to represent the subgrid conditions.
The mean and width of the Gaussian modes, inferred from
the turbulent characteristics, are then used to diagnose
the liquid water content and liquid cloud fraction, taking
into account competition of water vapour between ice and
liquid, following Field et al. (2014). Ice and snow water
content are prognosed by the microphysics scheme. The
frozen cloud fraction is obtained by applying the diagnos-
tic relation between cloud water content and cloud fraction
to the combined cloud ice and snow mass, assuming Gaus-
sian subgrid variability with variances inferred from the
turbulent properties and allowing for bimodal distribu-
tions near entrainment zones. A single frozen fraction is
applied to the ice and snow species.

The current operational UM cloud microphysics is a
single-moment, three-phase representation. For the liq-
uid phase there are prognostic variables for cloud water
and rain mixing ratio. For ice there is a prognostic vari-
able for snow mass mixing ratio that represents all ice
in the grid box. Production of cloud water is through
condensation and from sedimentation from above. Loss
occurs through droplet settling, autoconversion of droplets
to rain, freezing of droplets by ice nucleation, and rim-
ing. Production of rain mixing ratio is via autoconversion,
accretion, and melting of ice. Loss of rain mixing ratio is
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706 FIELD et al.

from evaporation, capture by ice (which freezes rain), and
homogeneous ice nucleation. Sedimentation can lead to
loss or gain of rain. Ice mixing ratio production is from
diffusional growth, capture of rain, and riming. Loss of
ice mixing ratio comes from sublimation and melting.
Sedimentation acts on the ice mixing ratio. The basic for-
mulation is described in Wilson and Ballard (1999).

The new cloud microphysical scheme we introduce
here is the Cloud AeroSol Interacting Microphysics
(CASIM). CASIM is an open-source, configurable, mul-
timoment bulk microphysics scheme, which has been
developed to represent cloud microphysics processes and
aerosol–cloud interactions across spatial and temporal
scales. CASIM has been designed to easily interface with
parent atmospheric models of differing dynamic complex-
ity – for example, kinematic, large-eddy simulation, NWP,
and climate model – enabling easy application to research
and operations. As such, CASIM is the long-term replace-
ment for the present operational scheme in the Met Office
UM and a focus for consolidation of cloud microphysical
and aerosol–cloud research and modelling effort in the
Met Office.

CASIM represents cloud by using five hydrometeor
species: cloud liquid, rain, ice, snow, and graupel. Since
CASIM is multimoment, these species can all be speci-
fied by one prognostic moment (mass mixing ratio) or two
moments (mass mixing ratios and species number con-
centration). In addition, rain, snow, and graupel can be
represented with three prognostic moments (mass mixing
ratios, number concentration, and a third moment, such
as one that can be related physically to radar reflectiv-
ity). CASIM has been developed in such a way as to make
it configurable so that the user can define the number
of cloud species and the associated number of moments.
For instance, CASIM can be used in single-moment mass
mixing ratio mode (Furtado et al., 2016) where details
of the PSD, such as shape and number concentration,
are assumed or diagnosed from the mass mixing ratio.
CASIM also represents aerosol activation, ice nucleation
processes, and in-cloud mechanical processing of aerosol.
In brief, if CASIM is configured to represent aerosol pro-
cessing, then, once aerosol is activated to cloud droplets or
nucleated to ice particles, the aerosol will be transferred
into an activated in-cloud prognostic, which is treated as
another cloud prognostic (e.g., Ghan and Easter, 2006).
This permits the transport of in-cloud aerosol by cloud
dynamics and sedimentation, as well as allowing the
growth of aerosol through collision–coalescence.

CASIM was first introduced by Shipway and Hill (2012)
in the Kinematic Driver model and has since been further
researched and developed in that model (Hill et al., 2015;
Miltenberger et al., 2020), the Met Office–NERC cloud
(MONC) model (e.g., Dearden et al., 2018; Poku et al.,

2021; Hawker et al. 2021), and various bespoke configura-
tions of the UM (e.g., Grosvenor et al., 2017; Miltenberger
et al., 2018; Stevens et al., 2018), which have aerosol–cloud
interactions with and without in-cloud mechanical pro-
cessing. In this work, we present the first time that CASIM
has been fully coupled to the UM for operational testing
and implementation as part of the Met Office Regional
Atmosphere and Land (RAL) process. Though CASIM
includes the configurable complexity at the heart of its
design, the implementation and testing of CASIM for
operational application focuses on the double-moment
configuration, CASIM-2M, in which mass and num-
ber concentration mixing ratios are prognosed for cloud
droplets (Note that configurations using both aerosol
derived and prescribed in-cloud droplet number con-
centration are demonstrated), rain, cloud ice, snow, and
graupel. The PSDs for each are represented by a gener-
alised gamma function with fixed shape parameter. The
parameters describing the PSDs and particle characteris-
tics, as well as a brief description of the processes can be
found in the Appendix.

We show some single-moment CASIM results for com-
parison, and for this configuration the default rain and
graupel size distributions are replaced with the parametri-
sations used in the Wilson–Ballard (WB) scheme. For
ice and snow, we made the scheme similar to WB
single-ice-category microphysics by following the method
in Furtado et al. (2016). This involves (a) removing the
second ice category, so that there is only one hydrom-
eteor species for ice and snow combined, (b) using the
WB mass–diameter relation for the particles of the single
ice–snow species (as is used for CASIM-2M snow), and (c)
modifying the parametrisation of mass-weighted mean fall
speed to follow the WB scheme.

3 DATASETS USED IN
COMPARISONS

For acceptance for the RAL science configuration in the
Met Office, it is necessary for any model changes to
undergo extensive, detailed testing and analysis against
observations and associated verification statistics to under-
stand the impact of the change across a wide range of
environments. In this section, we briefly describe the test
case-study suites and the verification datasets, as well as
additional datasets used to assess the model performance.

3.1 Case-study suites

As first defined in Bush et al. (2020), general RAL testing is
based on two extensive sets of case studies performed with
the UM. One, the UKV suite, is situated over the UK and
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FIELD et al. 707

is based on the operational model set-up, UKV. This suite
includes a set of 124 days spread throughout July 2017 to
September 2019 that cover a range of different weather
regimes; for example, fog, stratocumulus, summertime
convective storms, and frontal conditions. All simulations
in this suite are 36 hr in length and use a stretch grid that
extends the grid from 1.5 km grid resolution in the inner
region to 4 km at the extremes (see Bush et al., 2020). The
UKV suite is initialised from the 12Z analysis and bound-
ary conditions derived from the Met Office operational
global model (GA7.0, Walters et al., 2017). The other case
study suite, the Darwin suite, is a contiguous set of trop-
ical simulations, centred over Darwin, which run from
January 21 to March 17, 2017. Each simulation in the
Darwin suite is 36 hr long, the grid resolution is 1.5 km,
and the runs are initialised using European Centre for
Medium-Range Weather Forecasts reanalysis (Hersbach
et al., 2020) at 0000 UTC and 1200 UTC each day to give 112
simulations. The spin-up periods for the UKV and Darwin
suites are approximately 6 hr and 10 hr respectively.

The tropical case-study suite dates were chosen by the
Regional Model Evaluation and Development (RMED) in
collaboration with the Bureau of Meteorology in Australia
to cover a range of weather conditions. The intention was
to choose a period that contained tropical storms, a trop-
ical cyclone and squall lines. Between these events there
were dry periods with clear skies or fair-weather cumulus.
The Darwin cases use start dumps derived from 1200 UTC
and 0000 UTC analyses. This is because the analysis can
be biased by shortcomings in the diurnal behaviour of
parametrised convection in the global model used to form
the analysis.

In this work, the control runs are provided by a bimodal
cloud fraction scheme set-up that uses the WB micro-
physics (Van Weverberg et al., 2021). To test and under-
stand the influence of CASIM-2M, we present two varia-
tions of the UKV and Darwin suite experiments to explore
(i) differences associated with changing the cloud micro-
physics to CASIM with prescribed cloud droplet number

and (ii) differences in diagnosing a cloud droplet number
concentration based on aerosol (Table 1).

3.2 Verification datasets
Verification of the various configurations’ (Table A1)
performances is based on methods outlined in Bush
et al. (2020). In brief, the skill of the kilometre-scale
regional simulation is assessed using the standard RMED
“toolbox” for the RAL configuration assessment. Standard
synoptic (WMO Guide to the Global Observing System)
observations (including screen level temperature, relative
humidity, 10 m wind, cloud cover, and rain-gauge) and
remote sensing (radar) are compared with the model fore-
casts to assess the model skill. In addition to bias and
root-mean-square error (RMSE), we verify model configu-
rations using histograms of the relative frequency of mean
surface precipitation versus radar observations (Harrison
et al., 2000), which are also generated from the RMED
“toolbox”. A detailed description of the tools and approach
used for assessing the skill of kilometre-scale-resolution
regional models used for NWP is given in Bush et al. (2020)
and references therein.

3.3 Radar reflectivity

In addition to the verification tools in the “toolbox”,
we also use two-dimensional normalised histograms of
radar reflectivity (dBZ) against height – that is, con-
toured frequency by altitude diagrams (CFADs - Yuter
and Houze, 1995) – to assess CASIM. For the UK these
make use of the three-dimensional 1 km radar compos-
ite produced from the UK radar network (Scovell and
Al-Sakka, 2016) with 500 m vertical spacing and a min-
imum sensitivity of +0 dBZ. Stein et al. (2020) recently
showed good agreement between the UK network com-
posite and the Chilbolton research radar for reflectivities
in the range 0–30 dBZ, with greater reflectivities underre-
ported in convective cases.

T A B L E 1 Model configurations

Model configuration Comment

WB Midlatitude configuration using WB microphysics and bimodal cloud fraction scheme

CASIM-2M Same as WB but replace microphysics with the double-moment CASIM microphysics. This uses a
prescribed in-cloud number of droplets (this is the candidate operational RAL3 configuration)

CASIM-2M murk/arcl Same as CASIM-2M but this uses a droplet number concentration derived from MURK prognos-
tic aerosol over the UK or ARCL climatology elsewhere. These aerosols are simple single-moment
mass-only representations (see Appendix)

CASIM-1M Same as CASIM-2M but uses the cloud microphysics in single-moment mass-only mode

Note: Only the microphysics is changed between configurations. All other model settings are the same for each configuration.
Abbreviations: CASIM, cloud aeroSol interacting microphysics; WB, Wilson–Ballard.
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708 FIELD et al.

For Darwin, the c-band polarimetric radar (CPOL)
radar provides a three-dimensional volume with 2.5 km
horizontal and 500 m vertical spacing out to a radius of
∼200 km from the radar (Louf et al., 2019). For 2017, the
CPOL radar sensitivity is +15 dBZ (C. Franklin, personal
communication). For both radars’ T + 18, 24, 30, 36 hr
datasets, instantaneous output from the model was com-
pared with six-hourly data from the radars.

For both regions the normalisation at each height
level includes values below the sensitivity of the radars.
To compare against the model, the same forward opera-
tor using a simple Rayleigh scattering assumption using
either the prognosed or diagnosed PSD settings was used
for all of the configurations.

3.4 Satellite broadband fluxes

Finally, we assessed model configurations (Table A2)
using the top of the atmosphere (TOA) broadband fluxes
done in the same way for each of the model configurations
(Manners et al., 2018) to appraise the overall impact on
outgoing radiation. This assessment was performed using
the synoptic TOA hourly 1◦ gridded fluxes at T + 24 hr
into the forecast (27 hr for Darwin for local midday).
This is compared with the Clouds and Earth’s Radiant
Energy System product that combines Moderate Resolu-
tion Imaging Spectroradiometer level 3 gridded data with
geostationary data to obtain a traceable calibrated dataset
Doelling et al., (2013). Edition 4.1 (2017–2019) estimates
of long-wave and short-wave broadband flux were used
for this analysis.

4 RESULTS

4.1 Near-surface performance

Figure 1 shows the bias and RMSE between near-surface
synoptic observations and the model predictions at
increasing forecast range. The UKV forecasts are all ini-
tialised at 1200 UTC, so a 24 hr forecast range (T + 24)
is at local midday. For 1.5 m temperature, 1.5 m rela-
tive humidity and 10 m wind the three configurations
using the bimodal cloud-fraction scheme (CASIM-2M,
CASIM-2M-murk, WB) all exhibit similar bias, with some
indication that WB has a small (0.05 K) warm offset
relative to the CASIM-2M configurations. Similarly, the
RMSEs are comparable for these three configurations.
For the surface observed cloud cover, the mean bias
and RMSE of the CASIM-2M configurations (CASIM-2M,
CASIM-2M-murk) improve upon the WB configuration.

Figure 2 shows the bias and RMSE as a function of
forecast range offset by initialisation time for the Darwin

domain. Because the Darwin trials were carried out using
forecasts initialised at 0000 UTC and 1200 UTC, the
1200 UTC results are offset by 12 hr so that any system-
atic diurnal errors can be seen. For Darwin, T + 27 is
approximately local midday. Both CASIM-2M configura-
tions (CASIM-2M, CASIM-2M-arcl) show improved bias
relative to the non-CASIM configuration (WB) for 1.5 m
temperature and relative humidity away from local noon.
Relative to the WB configuration, the RMSE for temper-
ature and relative humidity is improved for CASIM-2M
in the local morning, but worse in the local afternoon.
Cloud cover is improved, with CASIM-2M-arcl exhibiting
the least bias for cloud cover. The 10 m wind performance
is similar for all configurations. For the CASIM-2M-arcl
configuration the RMSE for cloud cover is improved in
the local morning but does show degradation for the local
mid-afternoon point (30 hr), although the 1200 UTC ini-
tialised forecast has a similar RMSE to the other config-
urations. For the 10 m wind, the WB configuration has
consistently the least RMSE.

Taking the results for both the tropical and midlatitude
settings together, the temperature and relative humidity
biases are improved or similar for the CASIM-2M con-
figurations relative to the WB configuration. Differences
between the CASIM-2M configuration using a prescribed
activated number or using MURK or ARCL are gen-
erally smaller than differences between the CASIM-2M
and non-CASIM configurations with the exception of
the Darwin cloud cover. The cloud cover biases are
improved for the CASIM-2M configurations in the UKV
with aerosol-based CASIM-2M-arcl having reduced bias
relative to the CASIM-2M configuration in the Darwin
tests. For the wind, all of the configurations are similar to
each other.

4.2 Precipitation

Precipitation bias (millimetres of precipitation accu-
mulation in 1 hr) relative to rain-gauges for different
grid-averaging of the model output (not shown) indicates
for the UKV test that whereas the WB configuration hov-
ers around 0.01 mm ⋅ hr−1 the CASIM-2M configurations
have a positive bias of 0.01–0.02 mm ⋅ hr−1. The Dar-
win trial indicates that biases from all configurations are
comparable, with a bias magnitude of less than 1 mm ⋅
hr−1. The UK radar network derived precipitation rate nor-
malised histogram (Figure 3) shows that for precipitation
rates below 1 mm ⋅ hr−1 the CASIM-2M configurations
agree better with the radar predicting greater frequencies
of occurrence of light rain-rates than the WB configu-
ration using the operational microphysics. For compari-
son with the Darwin radar the precipitation rates derived
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FIELD et al. 709

F I G U R E 1 United
Kingdom Variable grid
case-study suite bias and
root-mean-square error
between near-surface synoptic
observations of temperature,
humidity, winds, and cloud
cover and the model predictions
at increasing forecast range.
CASIM: Cloud AeroSol
Interacting Microphysics; WB:
Wilson–Ballard

from a single-moment CASIM configuration, CASIM-1M,
have also been included for discussion. Comparison to
the Darwin radar derived precipitation rates (Figure 4)
shows that the CASIM-2M and CASIM-2M-arcl con-
figurations have a higher frequency of occurrence of
lighter precipitation rates than the single-moment cloud
microphysics configurations (CASIM-1M and WB), which
is in better agreement to the radar for precipitation
rates below 4 mm ⋅ hr−1. The largest differences occur
for precipitation rates in excess of 20 mm ⋅ hr−1. For

these higher rain-rates the single-moment configurations
exhibit greater frequencies of occurrence than the radar
and CASIM-2M configurations indicate. For 40 mm ⋅ hr−1

precipitation rates the single-moment configurations are
indicating 10 × greater frequency than the radar suggest,
whereas the double-moment CASIM configurations are
within a factor of 2 or better.

In the UK and Darwin trials, the CASIM-2M con-
figurations agree better with the radar-derived precipi-
tation rates. The CASIM-2M and CASIM-2M-murk/arcl
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710 FIELD et al.

F I G U R E 2 Darwin
case-study suite bias and
root-mean-square error
between near-surface synoptic
observations of temperature,
humidity, winds, and cloud
cover and the model predictions
at increasing forecast range
offset by initialisation time.
The two lines show the results
for simulations initialised at
0000 UTC (6–33) and 1200 UTC
(18–45). CASIM: Cloud AeroSol
Interacting Microphysics; WB:
Wilson–Ballard

configurations produce greater frequencies of occur-
rence of lower precipitation rates (<2–4 mm ⋅ hr−1) and
lower frequencies of occurrence of large precipitation
rates (>4–10 mm ⋅ hr−1) than the single-moment cloud
microphysics configurations (WB, CASIM-1M). However,
against rain-gauge for the UK there is still a slight
(<0.02 mm ⋅ hr−1) positive bias that may be possible to cor-
rect in future configurations through modifications to the
microphysics process rates that have less well constrained
parameter settings and/or formulations (e.g., snow aggre-
gation rate, rain coalescence rate, autoconversion rates).

4.3 Radar CFADs

For the UKV the radar observations (Figure 5) show a
broad triangular and evenly distributed two-dimensional
histogram with a minimum between 2 and 4 km below
5 dBZ. WB has a maximum close to 5 km and 0 dBZ with
a ridge extending towards 20 dBZ at the surface. Both
CASIM-2M configurations are similar to each other and
have a more pronounced ridge than the observations,
stretching down from 6 km at 0 dBZ towards 20 dBZ at
the surface and fill in the lower level (<2 km, <20 dBZ)
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FIELD et al. 711

F I G U R E 3 United Kingdom Variable grid case-study
histograms of precipitation rate for the models and the
radar-derived surface precipitation rate (top) and ratio of models to
radar precipitation rate (bottom). Only bins with greater than 30
observations are shown. CASIM: Cloud AeroSol Interacting
Microphysics; WB: Wilson–Ballard

region of the CFAD more similar to the observations than
WB. However, the CASIM-2M configuration does exhibit
a local maximum near the surface between 15 and 20 dBZ
that is not evident in the observations and is less obvious
in CASIM-2M-murk.

The Darwin radar observations (Figure 6) show a trian-
gular distribution from 5 km (approximate altitude of the
freezing level), 35 dBZ to 10 km, 0 dBZ with a rectangu-
lar distribution below 5 km to the surface. For reflectivities
<25 dBZ the frequency of occurrence decreases down-
wards from 5 km to the surface, and the frequency of occur-
rence decreases monotonically with increasing reflectivity
at all heights. The WB configuration has a maximum close
to 15 dBZ and 7 km, but there is a distinct discontinuity
below 5 km and the impression of a broad ridge extend-
ing from 5 km, 20 dBZ to 0 km, 30 dBZ. For CASIM-2M the
maximum is broader than the observations suggest and
is at 6–7 km, 15–20 dBZ. The frequencies of occurrence
are decreasing monotonically with increasing reflectivity
below 5 km. There is an inverted triangular distribution

F I G U R E 4 Darwin case-study histograms of precipitation
rate for the models and the radar-derived surface precipitation rate
(top) and ratio of models to radar precipitation rate (bottom). Only
bins with greater than 30 observations are shown. CASIM: Cloud
AeroSol Interacting Microphysics; WB: Wilson–Ballard

behaviour below 5 km that is not present in the obser-
vations. The pattern of the CFAD for CASIM-2M-arcl is
similar to CASIM-2M but is broader in terms of reflectiv-
ity values and extends to higher in the atmosphere than
CASIM-2M.

4.4 Broadband fluxes

Figure 7 shows histograms of observed and forecast (T +
24 hr) outgoing short-wave and long-wave radiation at
the TOA regridded onto the Clouds and Earth’s Radiant
Energy System 1◦-resolution data for the UKV domain.
These histograms contain 120 scenes and include cloudy
and clear-sky pixels. The observations show high frequen-
cies of lower flux pixels for short wave that reduce in fre-
quency towards the greater fluxes. All configurations per-
form similarly, matching the observations for fluxes below
450 W ⋅ m−2. Above 450 W ⋅ m−2 all of the configurations
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712 FIELD et al.

F I G U R E 5 United
Kingdom Variable grid
two-dimensional normalised
histograms (contoured
frequency by altitude diagrams)
of radar reflectivity and height.
The normalisation includes
values <0 dBZ. CASIM: Cloud
AeroSol Interacting
Microphysics; WB:
Wilson–Ballard

F I G U R E 6 Darwin
two-dimensional normalised
histograms (contoured
frequency by altitude diagrams)
of radar reflectivity and height.
Results are from a subset of
days (February 1–20, 2017).
Model output and the c-band
polarimetric radar (CPOL)
radar output are shown. The
normalisation includes values
<15 dBZ. CASIM: Cloud
AeroSol Interacting
Microphysics; WB:
Wilson–Ballard

overestimate the frequency for fluxes (by a factor of ∼2
between 600 and 700 W ⋅ m−2).

For the long-wave histogram, the histogram ramps up
approximately linearly from the low flux end (100–150 W ⋅
m−2) that represents the emission from high, cold clouds,
through a shoulder (∼190 W ⋅m−2) to a peak around 240 W
⋅ m−2 before rapidly falling off to values representative
of low-level clouds (280 W ⋅ m−2). At the high flux end,
the CASIM-2M and WB configurations are within 10% of
the observations between 225 and 280 W ⋅ m−2. For the

low flux end of the long-wave histogram, both CASIM-2M
configurations overestimate the frequency for fluxes below
160 W ⋅m−2 but underestimate the frequency of the shoul-
der feature (160–190 W ⋅ m−2). WB provides better agree-
ment with observations relative to CASIM-2M for fluxes
smaller than 190 W ⋅ m−2.

For Darwin, broadband TOA outgoing fluxes are
shown in Figure 8 for T + 27 hr of the 0000 UTC run for
each day and so represents 60 scenes. Again, the model
output is regridded onto the 1◦ satellite data and contain
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FIELD et al. 713

F I G U R E 7 United Kingdom Variable grid area
top-of-atmosphere outgoing broadband fluxes for short wave (SW;
top) and long wave (LW; bottom). The shading represents ±2×
Poisson uncertainty. CASIM: Cloud AeroSol Interacting
Microphysics; CERES: Clouds and Earth’s Radiant Energy System;
WB: Wilson–Ballard

cloudy and clear-sky pixels. For the short-wave compar-
ison the observations show a mode in the frequency of
the low flux values (200 W ⋅ m−2) with a steady decrease
towards the larger fluxes (bright pixels). WB overesti-
mates the brightest pixels (>800 W ⋅m−2) but captures the
behaviour of the observations at the low flux end of the
distribution (∼100 W ⋅ m−2, 300–800 W ⋅ m−2) yet under-
estimates the frequency between 150 and 300 W ⋅ m−2

relative to the observations. CASIM-2M-arcl captures the
high-end tail (>800 W ⋅m−2) falling within the uncertainty
envelope but overestimates the frequency of occurrence
at intermediate fluxes (400–700 W ⋅ m−2) and underesti-
mates the frequency of occurrence for fluxes below 400 W ⋅
m−2. CASIM-2M follows the CASIM-2M-arcl histogram
apart for fluxes in the range 700–900 W ⋅ m−2, where it
overpredicts the bright flux end of the distribution.

F I G U R E 8 Darwin area top-of-atmosphere outgoing
broadband fluxes for short wave (SW; top) and long wave (LW;
bottom). The shading represents ±2× Poisson uncertainty. CASIM:
Cloud AeroSol Interacting Microphysics; CERES: Clouds and
Earth’s Radiant Energy System; WB: Wilson–Ballard

For the long wave, the high flux shoulder of the WB
configuration is within 10 W ⋅ m−2 at the high flux end
but overestimates the frequency of occurrence of the low
end fluxes (<100 W ⋅ m−2). For the intermediate fluxes
(150–200 W ⋅ m−2) the WB configuration is on the lower
edge or just below the observational uncertainty envelope.
The CASIM-2M configuration has a flatter response across
the flux range than WB, leading to an underestimate of the
frequency of occurrence relative to observations for high
fluxes. In contrast, CASIM-2M-arcl exhibits a pronounced
peak at 275 W ⋅ m−2 and then has lower frequencies of
occurrence than CASIM-2M, WB, and the observations for
fluxes<225 W ⋅m−2. These biases in the long wave suggest
that CASIM-2M and WB are overpredicting the coverage
or altitude of cirrus cloud relative to observations. In con-
trast, CASIM-2M-arcl seems to be underestimating the
coverage and or altitude of the cirrus cloud relative to
observations.
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714 FIELD et al.

F I G U R E 9 United Kingdom Variable grid frontal example showing T + 12 hr model precipitation rate simulations for Wilson–Ballard
(WB), Cloud AeroSol Interacting Microphysics (CASIM)-2M, and CASIM-2M-murk, valid at 0000 UTC on March 27, 2018, along with the UK
radar-network-derived precipitation rate at the same time. The red line indicates the location of the cross-sections. The solid contour lines are
mean sea level pressure (mb).

4.5 UK frontal example

Given the statistical result of the higher frequencies of
lighter precipitation rates it is useful to examine what
that looks like in a typical midlatitude frontal weather sit-
uation (0000 UTC, March 27, 2018). Precipitation rates
for the four configurations (Figure 9) show similar gross

structures across the domain at T + 12 highlighting a front
running through Brittany to the Western Isles of Scotland.
Closer inspection shows that when looking west to east
across Wales into the Midlands it can be seen that whereas
the WB bimodal configuration produces some lighter
precipitation (<2 mm ⋅ hr−1) ahead of the main frontal
rain, the CASIM-2M and CASIM-2M-murk configurations
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FIELD et al. 715

F I G U R E 10 Cross-sections for March 27, 2018, 0000 UTC from the United Kingdom Variable grid Cloud AeroSol Interacting
Microphysics (CASIM)-2M, CASIM-2M-murk, and Wilson–Ballard (WB) configurations at T + 12. Gridbox-mean mass mixing ratios are
shown

extend these lower precipitation rates further and make
the frontal rain into a more coherent structure than the
WB configuration. For the CASIM-2M configurations, the
more widespread lighter precipitation bridges the islands
of more intense precipitation.

For illustrative purposes we have included model
cross-sections of grid-box-averaged values and recognise
that these are single cross-sections for a single case.
Looking at model-to-model differences in an east–west
cross-section through central Wales (Figure 10) shows all
configurations with the snow extending up the frontal
slope (360–362◦ rotated longitude), with a detached cirrus

sheet at −35 to −55◦C and post-frontal convection (<360◦
rotated longitude).

A clear difference between the CASIM-2M and
non-CASIM configurations is the lack of lighter precip-
itation below the snow cloud (360.5–361◦ rotated longi-
tude), explaining the reduced occurrence of this lighter
precipitation on the area maps (Figure 9). Going from
WB to CASIM-2M leads to some evidence of ice (> 1 ×
10−3 g ⋅ kg−1) being present in the upper-level cirrus
deck and the deeper post-frontal (359–360◦) convection
appears narrower. And, as mentioned earlier, precipitation
below the frontal snow cloud (360–361◦ rotated longitude)
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716 FIELD et al.

F I G U R E 11 Cross-sections for March 27, 2018, 0000 UTC from the United Kingdom Variable grid Cloud AeroSol Interacting
Microphysics (CASIM)-2M and CASIM-2M-murk configurations at T + 12. Gridbox-mean number mixing ratios are shown

is now present. Changing from prescribed droplet num-
ber on activation (CASIM-2M) to one based on MURK
aerosol (CASIM-2M-murk) (see Appendix) results in an
increase in the amount of supercooled rain in the front
(∼360◦). For the CASIM-2M configurations, cross-sections
of number concentration are available (Figure 11). The
frontal snow cloud (360–362◦) has concentrations of
102 to 104 kg−1 for both CASIM-2M configurations, but
CASIM-2M tends to show a greater coverage of lower
values than for CASIM-2M-murk. Cloud ice number con-
centrations of > 104 kg−1 can be seen at the top of the
higher detached cirrus cloud (7–10 km) for both, whereas
the CASIM-2M, but not CASIM-2M-murk, shows some
indication of high cloud ice values in the post-frontal
region (e.g., 359.5◦, 360◦) at a temperature close to −5◦C,
suggestive that these originate from the Hallett–Mossop
(Hallett and Mossop, 1974) secondary ice production
process that is included in CASIM. Droplet concentra-
tions are comparable on this plot, given the wide range
shown.

4.6 Darwin tropical storm example

A tropical storm passed through the Darwin domain
(1100 UTC March 5, 2017) and shows an example of

the model performance at T + 23 for each of the config-
urations. The Global Precipitation Mission precipitation
(GPM combined algorithm; Grecu et al., 2016) rate is
shown for comparison (Figure 12). Generally, the con-
figurations show peak precipitation rates close to the
low-pressure centre arcing south and eastwards into two
tails of precipitation. To the north are narrow bands of
rain roughly following the isobars. For single-moment
CASIM-1M and both the CASIM-2M configurations the
low centre is in approximately the same place to the south-
west of the Tiwi Islands, whereas for WB it is∼100 km fur-
ther north. The CASIM-2M configurations (CASIM-2M,
CASIM-2M-arcl) display two well-developed precipitation
tails with similar levels of precipitation extending towards
the low centre, whereas CASIM-1M has a shorter and
less distinct northern tail. The WB configuration has
two less distinct tails and the precipitation ends 200 km
south of the low-pressure centre. As with the UK case,
the increased frequency of light rain means that there
are larger regions of precipitation rates <1 mm ⋅ hr−1 in
CASIM-2M and CASIM-2M-arcl maps when compared
with the the single-moment CASIM-1M and WB config-
urations. Though in the main precipitation areas to the
south of the low-pressure centre frequency of precipita-
tion rates >32 mm ⋅ hr−1 are present for all configura-
tions, the narrow precipitation arcs in the northern half
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FIELD et al. 717

F I G U R E 12 Darwin tropical storm example for 1100 UTC March 5, 2017, from the T + 23 of Darwin simulation to be coincident with
the Global Precipitation Mission (GPM) precipitation measurement. Instantaneous precipitation rates from Cloud AeroSol Interacting
Microphysics (CASIM)-1M, Wilson–Ballard (WB), CASIM-2M, and CASIM-2M-arcl are shown. Solid contours are mean sea level pressure
(mb).
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718 FIELD et al.

of the domain show a greater prevalence of >32 mm ⋅
hr−1 rates that appear to indicate more intense precipi-
tation structures for the single-moment CASIM-1M and
WB compared with the CASIM-2M and CASIM-2M-arcl
configurations.

An east–west cross-section (1 hr later due to hav-
ing only 6 hr 3-days’ output data available) at 13◦ S
(Figure 13) shows WB has extensive ice cloud above 10 km.
CASIM-1M and WB have a narrow range of near-surface
rain mass mixing ratios of >0.1 g ⋅ kg−1. Introducing
double-moment CASIM microphysics breaks up the ice
cloud and introduces more variability to the subcloud
rain and increases the range of near-surface rain mass
mixing ratios. There is also evidence of supercooled rain
(127.5◦ and 129.5◦ longitude). Using the aerosol clima-
tology to activate cloud droplets (CASIM-2M-arcl) results
in less cloud ice and snow than for CASIM-2M and
less extensive regions of graupel. An example of a shaft
that almost extends down to the surface can be seen at
129.5◦ longitude. The other obvious difference between
the two CASIM-2M configurations is the extensive cloud
ice sheet that sits at 17 km in CASIM-2M but is absent
in CASIM-2M-arcl. CASIM-2M-arcl produces lower cloud
ice number concentrations at cirrus altitudes for simi-
lar in-cloud mass because of the lower concentrations of
cloud droplets available to freeze homogeneously when
using the aerosol climatology, compared with the fixed
number configuration (CASIM-2M). This means that the
cirrus particles formed by CASIM-2M-arcl are larger then
CASIM-2M and will fall faster, leading to reduced cloud
ice coverage for CASIM-2M-arcl when compared with
CASIM-2M.

Cross-sections of number concentration for the
double-moment CASIM configurations (Figure 14) indi-
cate that the cloud ice sheet at 17.5 km in CASIM-2M
has number concentrations of 106, which will be orig-
inating from homogeneous freezing of cloud droplets.
Cloud ice is also present around the −5◦C level for
CASIM-2M-arcl (e.g., 129.5–130◦) in both mass and
number cross-sections that are indicating the role of the
parametrised Hallett–Mossop secondary ice production
process. CASIM-2M-arcl tends to exhibit higher number
concentrations of rain and cloud water below 2.5 km when
compared with CASIM-2M.

The stark difference seen between single and
double-moment cloud microphysics has been noted before
(Igel et al., 2015), and differences in the areal coverage
of lighter precipitation have been linked to differences
in rain evaporation (Morrison et al., 2009). Figure 15
shows bin-averaged column integrated rain evaporation
rate as a function of integrated rain water column for the
instantaneous scene in Figure 12. For the integrated rain
water column values exceeding 1 kg ⋅ m−2 the CASIM-2M

configurations indicate evaporation rates up to five times
the single-moment (CASIM-1M, WB) configurations for
the same integrated rain column. For lower values of the
integrated rain column, the single and double-moment
evaporation rates are more comparable (within 30% of
each other).

5 DISCUSSION AND
CONCLUSIONS

Test-case suites for midlatitude (UK) and tropical (Dar-
win, Australia) settings using ∼232 simulations of dura-
tion 36 hr for domains 1500 × 1500 km2 have been car-
ried out using the regional configuration of the Met
Office UM. The configurations comprised of a control that
used the existing operational cloud microphysics (Wil-
son and Ballard, 1999) and three configurations where
the cloud microphysics was changed to the CASIM
double-moment scheme using prescribed activated droplet
number, aerosol-based droplet number, and a CASIM
single-moment set-up. All configurations were built on top
of the bimodal cloud fraction scheme.

For the UK, all configurations performed similarly,
with cloud cover bias being the only metric that indi-
cated clear improvement for CASIM-2M over WB. For
Darwin synoptic near-surface observations of tempera-
ture, humidity, wind, and cloud cover, the double-moment
CASIM configurations performed as well or better than the
control configuration (WB). The CASIM configurations
(CASIM-2M, CASIM-2M-murk) exhibited a slight positive
precipitation rate bias (0.01–0.02 mm ⋅ hr−1) relative to the
observations for the UK and −0.5 mm ⋅ hr−1 for Darwin.
Relative to radar-derived rain-rates, the double-moment
CASIM configurations provided better agreement with the
observations than the WB configuration for the frequency
of occurrence of light (<1.5 mm ⋅ hr−1 and 6 mm ⋅ hr−1

for the UK and Darwin respectively) and moderate to
extreme (>20 mm ⋅ hr−1) precipitation rates. In particular,
the increased frequency of lighter rain manifests itself as
regions of lighter precipitation bridging between islands of
more intense precipitation in UK frontal situations. This
leads to more coherent frontal precipitation structures.

As a test of the impact of introducing double-moment
microphysics, a single-moment configuration of CASIM
was also tested in the Darwin suite. The largest differences
between the double-moment CASIM and single-moment
configurations (WB and CASIM-1M) are seen in the
precipitation rate histograms, in which double-moment
allows the model to produce more light rain and less
intense precipitation relative to the single-moment rep-
resentations. Even with fixed in-cloud droplet number
(CASIM-2M) the cloud water does not contribute much
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FIELD et al. 719

F I G U R E 13 Darwin tropical storm example. Cross-section of grid-box-mean mass mixing ratios for Cloud AeroSol Interacting
Microphysics (CASIM)-1M, Wilson–Ballard (WB), CASIM-2M, and CASIM-2M-arcll from T + 24 output of a Darwin simulation for
1200 UTC March 5, 2017
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720 FIELD et al.

F I G U R E 14 Darwin tropical storm example. Cross-section of grid-box-mean number mixing ratios for CASIM-2M and
CASIM-2M-arcl from T + 24 output of the Darwin simulation for 1200 UTC March 5, 2017

to the precipitation rate; but as the cloud evolves, cloud
water gets converted to rain via autoconversion (a func-
tion of cloud water amount and number concentration)
and accretion (rain mass and cloud mass). These two
processes produce a rain number that can vary from
< 1∕L to 100∕L. Similar arguments hold for cloud ice and
snow, which eventually falls through the melting layer
to make rain with a number concentration linked to the
melting snow number concentration. So, even for config-
urations where the in-cloud droplet number is fixed, the
rain-number concentration can still vary by orders of mag-
nitude for the same rain mass. Consequently, that range
in number concentration would lead to different mean
sizes with different fall speeds and hence different sed-
imentation fluxes and evaporation rates below cloud. In
the single-moment scheme (WB and CASIM-1M) the same
rain mass will always have the same fall speed, sedimen-
tation flux, and evaporation rate for a given subsaturation.
Additionally, in the single-moment representations, only
mass is sedimented. In the double-moment CASIM con-
figurations the mass and number are sedimented sepa-
rately using their own weighted fall speeds. This can give
an effect of size sorting (because the mass-weighted fall
speed is greater than the number-weighted fall speed),
where the fewer larger particles get separated from smaller

more numerous ones. The increased rain evaporation rate
for the larger values of integrated rain water column are
indicative of increased evaporation in the tropical convec-
tive core regions. This enhanced evaporation for double
moment compared with single moment is consistent with
previous work (Morrison et al., 2009) and will lead to
stronger cold pools that can interact to generate more con-
vection along convergence zones and may partially explain
the reduction in extreme precipitation rates exhibited by
the single-moment cloud microphysics configurations. In
future work we will test the hypothesis that rain evap-
oration leads to the improved precipitation response by
exploring the sensitivity of the precipitation characteristics
(intensity distribution and spatial organisation) as a func-
tion of rain evaporation. This can be achieved by modifying
the droplet size distribution (DSD) shape assumption, rain
accreting rain representation, and the ventilation effect, as
well as the aerosol environment. The CASIM-1M test also
excluded cloud ice that is present for the double-moment
configurations. Future tests could include that species to
assess the impact of the hydrometeor diversity on the
difference in precipitation characteristics between dou-
ble and single-moment microphysics. Nevertheless, the
results presented here clearly demonstrate the benefit of
double-moment microphysics in the context of operational
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FIELD et al. 721

F I G U R E 15 Darwin tropical storm example, bin-averaged rain evaporation rate against bins of integrated rain water column for
different cloud microphysics configurations – Cloud AeroSol Interacting Microphysics (CASIM)-1M, Wilson–Ballard (WB), CASIM-2M, and
CASIM-2M-arcl – using 1200 UTC March 5, 2017, instantaneous data. RWP: rainwater path

NWP and precipitation forecasting, when compared with
simpler, more widely operationally used single-moment
schemes.

For the short-wave TOA broadband comparisons,
CASIM-2M[-arcl, -murk] provided similar agreement with
the observations to CASIM-2M (using prescribed in-cloud
droplet number). However, for fluxes greater than 700 W ⋅
m−2, CASIM-2M-murk performs best compared with
observations, suggesting that using a more appropriate
droplet number through activation of the aerosol could
lead to a more realistic cloud albedo. The reduced per-
formance for long-wave radiation with CASIM-2M-arcl,
though, suggests that this droplet number concentration
sensitivity feeds through to the eventual cirrus character-
istics, as exemplified by comparing the cross-sections for
CASIM-2M-arcl and CASIM-2M in Figures 13 and 14. This
could be through availability of cloud droplets to be frozen
homogeneously or by modulating the growth of graupel
that can efficiently remove moisture from the atmosphere.

There are a number of discrepancies between the
observations and model that can potentially be linked via
physical processes and parameter settings in the model. It
is not feasible to tackle all of the observational biases in
this article, but here some hypotheses will be suggested to
explain origin of differences between model and observa-
tions.

Model coverage of cirrus is incorrect. The
CASIM-2M/-arcl broadband long-wave behaviour of
higher (lower) frequency of occurrence at the low flux

end of the distribution is consistent with this hypothesis
of too much (little) cirrus coverage and/or too high (low)
altitude. To test this hypothesis, model runs would need
to be conducted that changed the character of the cirrus.
There are several ways to achieve this: (i) Modifying the
cloud droplet number, which controls the concentration
of high-level ice formed through homogeneous freezing;
fewer droplets would produce fewer but larger ice crystals
that would fall out faster, reducing the ice cloud coverage.
(ii) Changing the cloud ice and/or snow sedimentation
flux through (a) changing fall speeds, (b) changing the
shape parameter of the PSD, (c) changing mass–size rela-
tions, (d) modifying the snow aggregation efficiency, and
(e) modifying the snow autoconversion rate. (iii) Modi-
fying the process rates related to graupel formation and
growth that can dehydrate the upper troposphere by
enhancing precipitation efficiency. The changes to these
parameters and processes can only be made within the
credible observational bounds provided in the literature.
The expected result for these tests would directly impact
the cirrus coverage and modify the bias in the broadband
radiation.

Mass–size relations not appropriate for radar reflectiv-
ity weighted particle sizes. The CFADs for the CASIM-2M
simulations tend to be too broad. This is interpreted as the
mass of particles is too large for a given size. The anomaly
is above the melting level and likely related to the snow
particles that will dominate the statistics of the CFAD.
Reducing the mass of particles as a function of size across
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the whole PSD will impact the precipitation rate through
changing the mass flux. Recently, coincident in situ radar,
independent ice water content, and PSD measurements
have been made that indicate that when the best mass–size
power-law relationship is derived from radar it has a lower
prefactor than when the mass–size relationship is derived
from the mass measurement (Heymsfield et al., 2022).
This could be replicated in the model by modifying the
mass–size power law such that the prefactor decreases
with increasing particle size. The predicted change would
be that the mass flux of snow remains the same while the
CFADs become narrower.

Rain distribution parameters need refinement. The
0.02 mm ⋅hr−1 positive rain bias exhibited by the UKV sim-
ulations can be related to the rain DSD shape parameter. If
this is modified to produce a narrower DSD then this will
reduce the mean fall speed of the rain and enhance any
rain evaporation. The outcome of such a test would be to
reduce the mean rain bias.

For weather forecasting, the important moments of the
hydrometeor PSDs are those required for representing the
process rates. For snow with a mass–dimension relation
exponent of 2 the important moments will be 1–2.5. Accu-
rate representations of the zeroth and fourth moments are
desirable to have but not necessary to have for a useful
prediction of precipitation and cloud cover. However, it
is becoming increasingly important to accurately predict
radar reflectivity as operational data assimilation moves
towards routinely ingesting radar data for regional ini-
tialisation. Accurate prediction of higher PSD moments
depends on improving the parameters controlling the
shape of the PSDs and the concentrations of the parti-
cles, as well as the mass–size relations and the processes
that control the size and number of the distributions, such
as aggregation and sedimentation. For the UK and Dar-
win case suites the snow will dominate above 2 km and
5 km respectively. The CFAD comparisons indicate that for
both the UK and Darwin the snow representation is over-
estimating the radar reflectivity moment (a 33% increase
in size can increase dBZ by 5, which would be achieved
for a fixed mass by reducing the number concentration
by factor of ∼2). Small changes in ice or snow number
concentration relative to the uncertainty in these values
in terms of measurement (Baumgardner et al., 2017) and
from the generation of ice via primary nucleation (Kanji
et al., 2017), secondary ice production processes (e.g., Field
et al., 2017), or the treatment of aggregation and coagu-
lation of hydrometeors can lead to discrepancies with the
higher moments of the distribution. Future challenges lie
with constraining and simultaneously improving all (in
practice: 0–6) of the moments of the PSD.

For CASIM we have used the prescribed droplet num-
ber as well as one derived from an aerosol representation.

The case study examples presented in this article show that
deriving droplet number through aerosol activation, where
aerosol is represented by climatology, does impact the fore-
casts, particularly in the tropical case studies. Ideally, the
forecast will make use of information from the aerosol
environment, but doing so requires an accurate aerosol
representation, as well as a realistic updraft estimate
derived from combining explicitly resolved vertical veloci-
ties and a component from subgrid turbulence. The advan-
tage of a prescribed number is that the in-cloud droplet
number will be insensitive to grid resolution. For the UM,
the regional model configurations are employing grid sizes
of 300 to 4500 m in operational or demonstration settings.
These resolutions span the grey zone where it is chal-
lenging for models to give a grid-resolution-independent
estimate of the updraft velocity for use in an activation
scheme (e.g., Malavelle et al., 2014). The second aspect is
the aerosol representation. For Darwin a monthly mean
climatology was used, and so that will not be sensitive to
day-to-day weather regime changes. For the UK a prog-
nostic aerosol is available, but it predicts mass only of a
blended (sulphate + nitrate + seasalt) aerosol, and so a
size needs to be assumed to derive a number concentra-
tion. Therefore, in this article the prescribed number on
activation is a pragmatic choice, which has been shown
to be effective. Including a more detailed aerosol repre-
sentation is scientifically and computationally challenging
for operational NWP but should continue to be an area
of active research and development, since there is grow-
ing evidence that inclusion of aerosol–cloud interactions
is beneficial for NWP (Wilkinson et al., 2013; Jayakumar
et al., 2021). The progressive improvement of aerosol avail-
able for operational forecasting will mean that CASIM will
be able to move to activation based on aerosol (and even
ice nucleation based on ice nucleating particle availability)
in the future.

As stated in Section 1, as well as prognosing num-
ber, other approaches have been suggested, such as a
prognostic density for ice to capture the impact of rim-
ing (Mansell et al., 2010; Morrison and Milbrandt, 2015)
and prognostic shape information for ice based on growth
characteristics (Hashino and Tripoli, 2007). Though den-
sity errors for graupel are likely of the order of a factor
of 2, which impacts size estimates by ∼30%, processes
controlling the number concentration are much more
uncertain and can lead to errors of potentially orders of
magnitude that translate into larger errors in mean size.
Initially, we have chosen to not include these additional
complexities.

Another issue with multispecies hydrometeor repre-
sentations is the separation of cloud droplets and ice
from rain and snow. This separation means that a pro-
cess is required to transfer particles from the smaller to
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the larger species, when in reality there is a continuum.
For droplets, the distinction is due to the larger rapid
response of cloud droplets to humidity changes, relative
to ice, and the influence of aerosol activation. For ice,
the slower response to humidity changes relative to liquid
means that both cloud ice and snow could be considered
together for diffusional growth; however, the snow species
represents aggregates that grow in size predominantly by
self-aggregation whereas the cloud ice species represents
single pristine crystals that grow in size mainly by diffu-
sional growth. The geometric distinction between pristine
monomer cloud ice and aggregated snow is a more natu-
ral separation that can be represented by autoconversion
from ice to snow. Once aggregates are formed they for-
get about their monomer characteristics and tend towards
similar power-law values to describe their geometry and
dominate ice-phase species for clouds that are a few kilo-
metres in thickness (Korolev and Isaac, 2003; Westbrook
et al., 2004).

In this article we concentrated on the double-moment
configuration of CASIM without aerosol tracers. By focus-
ing operational developments on the double-moment
configuration we were able to optimise the integration
time for this version of CASIM, which includes an addi-
tional eight prognostics tracers (six hydrometeor moments
and two cloud fractions), so that the integration time for
the CASIM configuration forecasts is 1.3 times that of the
operational single-moment configuration based on WB.
Future optimisations could take advantage of GPU-based
approaches that are being explored (Zhang et al.,
2021).

Previous operational single-moment cloud micro-
physics configurations of the Met Office Regional Model
(Bush et al 2020) employed separate configurations of
the regional model for the Tropics and midlatitudes.
By including CASIM double-moment cloud microphysics
with the bimodal cloud fraction scheme, similar or
improved performance has been demonstrated in both the
Tropics and midlatitudes using the same configuration rel-
ative to single-moment cloud microphysics. The CASIM
configuration introduced here is the configuration pro-
posed to be adopted for operational use in 2023, and the
full documentation of the performance of this configura-
tion against the current operational configuration across
spatial and temporal time-scales in different regimes is
documented in Bush et al. (2020).

Finally, the proposed introduction of the CASIM
double-moment microphysics into the operational setting
crosses a hurdle that makes it easier to incrementally
introduce increasingly complex links to aerosol such as
prognostic double-moment cloud condensation nuclei and
ice nucleating particles if these are found to improve the
forecast skill.
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Climate Science for Service Partnership (CSSP) China as
part of the Newton Fund.

Owing to intellectual property rights restrictions, we
cannot provide the source code or documentation papers
for the UM. The Met Office UM is available for use under
licence. A number of research organisations and national
meteorological services use the UM in collaboration with
the Met Office to undertake basic atmospheric process
research, produce forecasts, and develop the UM code.
To apply for a licence, see http://www.metoffice.gov.
uk/research/modelling-systems/unified-model. CASIM
is open source (BSD3 licence) and it is available from
code.metoffice.gov.uk, which requires registration.

Vn12.0 of the UM was used with the following
branches:

casim_sources = fcm:casim.xm/branches/dev/paulfield/
r8687_vn0.4_casim_pkg@9660

um_sources = fcm:um.xm/branches/pkg/paulfield/
vn12.0_casim_ra3@109288
= fcm:um.xm/branches/dev/adrianlock/
vn12.0_grid_indep_fa_blend@102514

These have since been committed to the trunk for both the
UM@vn13.0 and casim@vn1.0 releases.

The model suites, including configuration settings
and case dates, are available for UKV at https://code.
metoffice.gov.uk/trac/roses-u/browser/c/n/8/0/0/trunk?
rev=227564 and Darwin at https://code.metoffice.gov.
uk/trac/roses-u/browser/c/n/8/5/1/trunk?rev=225943.
These suites use vn12.0 of the UM.

Model output from the suites used is available on
MASS tape archive and can be accessed upon request
by obtaining a login on UK’s environmental science data
analysis facility at jasmin.ac.uk.
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APPENDIX A. CASIM IMPLEMENTATION IN
THE UNIFIED MODEL

In this appendix the process rates for the
double-moment implementation of CASIM will be briefly

introduced. In addition, the changes to the CASIM scheme
relative to its MONC implementation for coupling with
the UM will be described. This description is appropriate
for the model version and suites presented in this arti-
cle. Some processes follow or have been adapted from
those described in the Met Office Large Eddy Model
documentation (Gray et al., 2001).
A.1. CASIM formulation
CASIM has five hydrometeor species: cloud liquid, rain,
cloud ice, snow, and graupel. A generalised gamma distri-
bution for all species is

 (D) = nx
𝜆

1+𝜇x
x

Γ(1 + 𝜇x)
D𝜇x exp(−𝜆D), (A1)

where D is the particle size,  (D) is the PSD, nx is the
number concentration for that species (x = cloud liquid,
rain, cloud ice, snow, or graupel), 𝜆x is the slope parameter
that evolves as mass and number change, and 𝜇x is a shape
parameter that is fixed for this UM implementation. To
simplify some of the equations that follow it is convenient
to define the intercept parameters:

n0x = nx
𝜆

1+𝜇x
x

Γ(1 + 𝜇x)
. (A2)

In this work we present the double-moment configuration
of CASIM, in which 𝜇x is prescribed. CASIM can be con-
figured to represent three moments for rain, snow, and
graupel, where𝜇x is diagnosed from a combination of three
prognostic moments (mass, number, and a third moment).
See Shipway and Hill (2012) for a more complete descrip-
tion. At the time of writing, cloud liquid and cloud ice in
CASIM can be used in single- or double-moment configu-
ration. In the following, mass (q) and number (n) mixing
ratio have units of kg⋅ kg−1 and kg−1 respectively, and SI
units are used unless stated otherwise. The subscript let-
ters w, r, i, s, and g for q and n represent cloud liquid, rain,
cloud ice, snow, and graupel species respectively.

A.2. Parameter settings
Parameters describing the properties of the different
hydrometeor species and relevant references are given in
Table A1.

A.3. CASIM prognostic equations
In this section we will define the warm, mixed-phase
and cold prognostic double-moment transfer equations in
CASIM, which are applied in the UM. For traceability of
equations back to the CASIM, where appropriate, we relate
the equations to the CASIM modules, to aid with under-
standing of the code and equations. All the code module
references are correct for CASIM vn1.0.0.
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T A B L E A1 CASIM hydrometeor parameters

Terminal fall speeda Mass–dimensionb Shape parameter

Species a b f Note c d Note mu Note

Cloud 3 × 107 2 0.5 Stokes sphere 522 3 Liquid sphere 2.5

Rain a1=4854,
a2=-446

b1=1.0,
b2=0.782

0.5 Abel and Ship-
way 2007,
g1=0,g2=4085.35

522 3 Liquid sphere 2.5

Ice 6 × 106 2 0.5 Stokes sphere 200π∕6 3 Sphere 2.5

Snow 12 0.5 0.5 0.026 2 Cotton et al., 2013 2 Field et al., 2007

Graupel 253 0.734 0.422 500 π∕6 3 2.5

av = aDb(𝜌0∕𝜌)f , SI units, D is particle maximum span and ρ0 is the reference density of air (1.22 kg m-3). For Abel and Shipway rain
v=[a1Db1e(-g1D)+a2Db2e(-g2D)](ρ0/ρ)f

bm = cDd, SI units.

Table A2 presents the subscripts for all the CASIM
process rates that impact mass mixing ratio and number
concentration. Where a similar process impacts multiple
hydrometeors, a consistent naming convention is applied.
For example, dep is vapour deposition, sed is sedimenta-
tion, mlt is melting, and ac refers to accretion, where the
collector hydrometeor appears first in the description and
the captured hydrometeor is last. We acknowledge that
accretion can also be referred to as capture and, in the
context of mixed-phase interactions, riming.

Dqv

Dt
= Pisub + Pssub + Pgsub + Prevp

− Pcondensation − Pidep − Psdep − Pgdep

Dqw

Dt
= Psedw + Pcondensation − Praut − Pracw − Piacw

− Psacw − Pgacw − Phomc − Pinuc

Dnw

Dt
= Nsedw + Nactivation − Nwaut − Nracw

− Niacw − Nsacw − Ngacw − Nhomc − Ninuc

Dqi

Dt
= Psedi + Pinuc + Phomc + Piacw + Pidep

+ Pihal − Praci − Psaci − Pgaci − Psaut

− Pisub − Pimlt

Dni

Dt
= Nsedi + Ninuc + Nhomc + Nihal − Nraci

− Nsaci − Ngaci − Niaut − Nisub − Nimlt

Dqr

Dt
= Psedr + Praut + Pracw + Praci

+ Psmlt + Pgmlt − Prevp − Psacr − Pgacr

− Phomr

Dnr

Dt
= Nsedr + Nraut + Ngshd + Nsmlt + Ngmlt

− Nrevp − Nsacr − Ngacr − Nhomr − Nracr

Dqs

Dt
= Pseds + Psaut + Psaci + P#raci + Psacr + Psacw

+ Psdep − Pgacs − Psmlt − Pssub − Pihal

Dns

Dt
= Nseds + Nsaut + N#

raci − Ngacs

− Nsmlt − Nssub − Nsacs

Dqg

Dt
= Psedg + Pgacs + Pgacw + Pgaci + Pgacr + P#raci

− Pgmlt + Phomr + Psacw(= 0)
+ Psacr(= 0) − Pgsub + Pgdep

Dng

Dt
= Nsedg + Nhomr + Nsacw(= 0) + Nsacr(= 0) + N#

raci

(A3)

Processes prefixed with P are mass mixing ratio rates
and N are number concentration rates; the subscripts v,
w, r, i, s, and g represent water vapour, cloud liquid, rain,
cloud ice, snow and graupel species respectively. The #
superscript indicates that the source term depends on a
threshold to control whether it is applied to graupel or
snow (A.5.2).

A.4. Autoconversion
In a bulk cloud microphysics scheme, where liquid and ice
phases are split into smaller cloud and larger rain or snow
species, autoconversion represents the self-collection of
the “cloud” species to form particles that populate the rain
or snow species.

A.4.1. Liquid cloud to rain
In this work, autoconversion of liquid cloud to rain is
parametrised following Khairoutdinov and Kogan (2000)
with mass tendency

Praut = 1350q2.47
w

(
nw𝜌

106

)−1.79

(A4)
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T A B L E A2 CASIM process rate subscript description for each process related to the hydrometeors

Subscript Description

gacs Graupel–snow accretion rate

gacw Graupel–cloud water accretion rate

gdep Deposition rate for graupel

gmlt Graupel melting rate

gshd Graupel shedding of rain rate

gsub Graupel evaporation (sublimation) rate

homc Homogeneous nucleation rate of cloud

homr Homogeneous freezing of rain

iacw Ice-water accretion rate; that is, riming rate of ice crystals

idep Deposition rate of ice crystals

imlt Melting rate of ice crystals

inuc Heterogeneous nucleation rate

isub Evaporation (sublimation) of ice crystals

racw Rain–cloud water accretion rate

raut Rain autoconversion rate

revp Rain evaporation rate

saci Snow–ice accretion rate

sacr Snow–rain accretion rate

sacw Snow–cloud water accretion rate; that is, riming rate of snow aggregates

saut Snow autoconversion rate (from ice crystals)

sdep Deposition rate of snow aggregates

sedg Graupel sedimentation rate

sedi Ice crystal sedimentation rate

sedl Cloud liquid sedimentation rate

sedr Rain sedimentation rate

seds Snow aggregate sedimentation rate

smlt Melting rate of snow aggregates

ssub Evaporation (sublimation) of snow aggregates.

condensation Condensation/evaporation rate from the Unified Model cloud-fraction scheme

activation Droplet number rate from activation

Note: The subscript initial letters w, r, i, s, and g represent cloud liquid, rain, cloud ice, snow, and graupel species respectively.

and number tendency

Nraut =
Praut

cr
𝜇aut
3.0

D3
0aut

, (A5)

where cr is defined in Table A1, D0aut is the diameter at
which drizzle drops are produced in Khairoutdinov and
Kogan (2000) (defined as r0 = 25 μm therein) and 𝜇aut is a
diagnostic evaluation of the cloud shape parameter based
on the parametrisation from Martin et al. (1994). The sink

of cloud droplet number converting to rain is

Nwaut =
Prautnw

qw
. (A6)

In addition to Khairoutdinov and Kogan (2000), CASIM
also includes Kogan (2013), which uses a similar form
but with different constants that are more appropriate for
cumulus clouds.

The CASIM module for warm rain autoconversion is
src/autoconversion.F90.
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T A B L E A3 Values of collection efficiencies Exy with species x collecting species y

Collection efficiency Value Routine Reference

Eiw 0 src/ice_accretion.F90

Esw 0.5 src/ice_accretion.F90 Following snow riming in Furtado and Field (2017)

Egw 1.0 src/ice_accretion.F90

Esr 1 src/ice_accretion.F90

Egr Inactive

Eri 1 src/ice_accretion.F90

Esi 0.2e0.08Tc src/ice_accretion.F90

Egi 0.2e0.08Tc src/ice_accretion.F90

Egs 0.2e0.08Tc src/ice_accretion.F90

Ess 0.1e0.08Tc src/aggregation.F90

Err 1.0 src/aggregation.F90 Beheng (1994)

Eii Inactive

Egg Inactive

Note: Tc is the temperature in Celsius.

A.4.2. Ice crystals to snow
Autoconversion of ice to snow particles is carried out as
follows:

Psaut =
⎧⎪⎨⎪⎩

qi
𝜏saut

[(
𝜆i,min

𝜆i

)di
− 1

]
, if 𝜆i < 𝜆i,min

0, otherwise.
(A7)

where di is defined in Table A1 and the the minimum slope
of the ice size distribution is 𝜆i,min = (1 + di + 𝜇i)∕Di,max,
where Di,max = 100 μm.

The number concentration tendency for this process is
based on assuming that newly formed snow particles have
a size Di,s = 50 μm:

Nsaut =
Psaut

(ciD
di
i,s)
, (A8)

where ci is defined in Table A1
The sink of cloud ice number converting to snow is

Niaut =
Psautni

qi
. (A9)

The transfer of cloud ice to snow is an even bigger uncer-
tainty than the autoconversion of cloud water to rain. For
liquid this transfer is mainly through accretion. For ice it
can be through aggregation, diffusion, or, most likely, a
combination of both. Though collision/collection kernels
are empirically defined for liquid droplets, there are none
for ice. By making the threshold small (i.e., Di,s = 50 μm),
the conversion from cloud ice to snow will be dominated

by diffusional growth, which is better characterised for
these small particles relative to aggregation.

The CASIM module for autoconversion of ice to snow
is src/snow_autoconversion.F90.

A.5. Collection processes
Collection processes in CASIM, and this work, are gener-
ically defined as the rate at which particles with different
fall speeds will collide and stick together. Collection pro-
cesses are processes such as accretion and aggregation
and are based on simple gravitational sweepout arguments
combined with an efficiency of the collision occurring
and leading to a sticking or coalescence event given the
imposed gravitational collection kernel. In CASIM, we
defined accretion processes as a collection process between
two hydrometeor types (e.g., rain collecting cloud water),
which impacts both mass mixing ratio and number con-
centration of both hydrometeor types. In contrast, we
define aggregation as being self-collection of one hydrom-
eteor type, which results in a change in number concentra-
tion but no change in mass mixing ratio. All the collection
processes are dependent on the parametrisation of the
collection efficiency, and these are provided in Table A3,
along with the CASIM module.

A.5.1. Accretion of cloud water by rain
The mass tendency for cloud water is based on the
approach of Khairoutdinov and Kogan (2000):

Pracw = 67(qwqr)1.15
, (A10)
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where qw and qr are the mass mixing ratio of cloud water
and rain.

The number tendency for cloud water is

Nracw = Pracw
qw

nw
, (A11)

where nw is number concentration of cloud water. Accre-
tion of cloud water by rain results in reduction (increase)
in cloud mass (rain mass) and a decrease in cloud
number concentration but no change in rain number
concentration.

As with the autoconversion, CASIM also includes
Kogan (2013), which uses a similar form to Khairoutdinov
and Kogan (2000) but different parameters.

The CASIM module for accretion of cloud water by rain
is src/accretion.F90.

A.5.2. Mixed-phase and cold-phase collection
between particles of different hydrometeors
The collection process in CASIM is represented either as
a binary process, based on a binary collection equation,
for species that can exhibit relatively large fall speeds (1 m
⋅ s−1) or a simple gravitational sweepout for combinations
of collector hydrometeors (x) and the collected species
(y), which have relatively small fall speed; that is, when
y = i,w.

The simpler sweepout process is given as

Pxac y =
𝜋nxaxΓ(3 + bx + 𝜇x)Exyqy

4(𝜆x)3+bx+𝜇x

(
𝜌0

𝜌

)gx

, (A12)

where nx is the number concentration mixing ratio of the
collector hydrometeor x, qy is the mass mixing ratio of
the species being collected, Exy is the collection efficiency
(Table A3), ax, bx, 𝜇x, and gx are the parameters for the col-
lector hydrometeor x as defined in Table A1, and 𝜌0 = 1.22
kg⋅ m−3 is a reference value of air density.

For collisions where the fall speeds of both species can-
not be assumed to be small, the binary collection equation
controls the rate at which hydrometeor x collects hydrom-
eteor y, which results in an increase (decrease) in the mass
of hydrometeor x (y). This collection is given as follows:

Pxac y ≈ cy𝛿Exy

⎡⎢⎢⎣
Γ(1 + 𝜇y + dy)

𝜆
1+𝜇y+dy
y

Γ(3 + 𝜇x)
𝜆

3+𝜇x
x

+ 2
Γ(2 + 𝜇y + dy)

𝜆
2+𝜇y+dy
y

Γ(2 + 𝜇x)
𝜆

2+𝜇x
x

+
Γ(3 + 𝜇y + dy)

𝜆
3+𝜇y+dy
y

Γ(1 + 𝜇x)
𝜆

1+𝜇x
x

⎤⎥⎥⎦
, (A13)

where 𝛿Exy = πn0xn0yExy𝛿Vxy∕4𝜌, and where 𝛿Vxy is the
larger of the difference in mass-weighted fall speeds and a
quarter of the fastest falling particle:

𝛿Vxy = max
(max(Vx,Vy)

4
, |Vx − Vy|

)
. (A14)

For the number concentration tendency, a similar
approach is employed:

Nxac y ≡ Nyac x = 𝛿Exy

[
Γ(1 + 𝜇y)

𝜆
1+𝜇y
y

Γ(3 + 𝜇x)
𝜆

3+𝜇x
x

+ 2
Γ(2 + 𝜇y)

𝜆
2+𝜇y
y

Γ(2 + 𝜇x)
𝜆

2+𝜇x
x

+
Γ(3 + 𝜇y)

𝜆
3+𝜇y
y

Γ(1 + 𝜇x)
𝜆

1+𝜇x
x

]
.

Binary collection of mixed phase can also result in the pro-
duction of a third hydrometeor species z. Snow collecting
water and forming graupel was found to generate too much
graupel in the troposphere above 10 km in tropical sim-
ulations and led to a large unrealistic reduction in cirrus
cloud cover. Therefore, it is disabled pending reassessment
of the process rates related to this. Currently in CASIM,
the production of a z through binary collection only occurs
for rain collecting ice and converting to graupel. For this to
occur the amount of rain collecting ice needs to be larger
than 10−4 kg⋅ kg−1 and has the following formulation:

Pxyz = Pxacy + Pyacx (A15)

Nxyz = Nxacy, (A16)

where P,Nxyz is the change in the mass and number mix-
ing ratio when a third hydrometeor is formed from binary
collection.

The main CASIM module for accretion of mixed-
and cold-phase hydrometeors is src/ice_accretion.F90.
Depending on the input arguments, this routine uses the
functions within the modules src/sweepout_rate.F90 and
src/binary_collection.F90 to derive the process rates.

A.5.3. Self-collection processes
Self-collection processes, which are defined as aggregation
processes in CASIM, represent the process rate for the col-
lection within a hydrometeor type. This type of collection
will only impact the number concentration and will have
no impact on the mass of the hydrometeor type.

The main CASIM module for aggregation is src/aggre-
gation.F90.

Rain collecting rain. The approach of Beheng
(1994) is used to represent the rain self-collection
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FIELD et al. 733

F I G U R E A1 Schematic of
Unified Model time step indicating in
green boxes where CASIM-related
changes are made [Colour figure can be
viewed at wileyonlinelibrary.com]

number tendency:

Nracr = −8Errnrqr𝜌, (A17)

where Err is the collection efficiency, nr and qr are the
number and mass mixing ratios respectively, and the
constant has units m3 ⋅ kg−1.

Snow collecting snow. Following the implemen-
tation of double-moment snow in the Met Office Large
Eddy Model (Gray et al., 2001), the number concentration
tendency is

Nsacs = as(𝜌0∕𝜌)gs n2
0sEss𝜆

−hs
s I(𝜇s, bs), (A18)

where hs = 4 + 2𝜇s + bs and I = π ∫ ∫ (𝑗 + k)2 |𝑗b −
kb| 𝑗aka e−(𝑗+k) d𝑗 dk.

Ice collecting ice (IACI) and graupel collecting graupel
(GACG) are done in exactly the same way but are inactive
in the UM implementation.

A.6. Phase changes

A.6.1. Vapour diffusional growth of cloud and cloud
fraction in the UM
When CASIM is used in the MONC large-eddy simula-
tion model (Dearden et al., 2018) and KiD (Shipway and
Hill, 2012; Hill et al., 2015; Miltenberger et al., 2020) the
condensation of moisture to form droplets is done using an
“all-or-nothing” saturation adjustment scheme in CASIM,
which means clouds are either on or off within a grid box;
that is, cloud fraction of 1 or 0. In the UM, however, a cloud
fraction scheme is used to represent the impact of subgrid
humidity variations and the formation of fractional cloud
occurrence through saturation adjustment. Such a scheme
is required to support the seamless philosophy of the UM.
In this section, we describe the technical coupling of the
CASIM to the cloud fraction scheme in the UM.

The nature of the time step for the semi-Lagrangian
advection Wood et al., (2014) approach employed in the
UM is such that the condensation of liquid is performed

by the cloud scheme at a different point in the time
step relative to the microphysics. This differs from the
CASIM condensation calculation in MONC and/or KiD, in
which condensation is done at the same point in the time
step as the rest of the microphysics. Therefore, to inter-
face double-moment CASIM with the UM cloud fraction
schemes, the activation of aerosol to form cloud droplets
has been separated from CASIM and carried out towards
the end of the UM time step following condensation.

For background, the UM simplified time-step struc-
ture is shown schematically in Figure A1. There are
two Atmospheric Physics calls separated by the advec-
tion step. Within Atmospheric Physics 1 the radiation and
cloud physics are carried out both using the same start of
time-step values. The semi-Lagrangian advection scheme
uses an iterative step around Atmospheric Physics 2 to
compute the departure points, and it is this iterative step
that dictates which parametrisations sit in Atmospheric
Physics 2: the boundary layer and convection scheme. As
already mentioned, because, in the UM, CASIM is coupled
to the UM cloud schemes, the condensation and activation
step is disabled in CASIM, when CASIM is used in the UM
(this does not occur in MONC or KiD). Then, activation is
carried out after the advection and Atmospheric Physics 2
components have been completed and all the condensa-
tion increments of Atmospheric Physics 2 have completed.

The UM currently has three cloud schemes available.
The first is a simple diagnostic cloud scheme (Smith, 1990),
the second a prognostic cloud scheme (Wilson et al., 2008),
and the third is a turbulent kinetic energy based diagnostic
scheme that accounts for mixing across strong thermo-
dynamic and moisture boundaries (bimodal scheme; Van
Weverberg et al., 2021). At the time of writing, the diagnos-
tic Smith and bimodal cloud scheme are used in regional
configurations only, whereas PC2 is employed in Global
NWP and early tropical regional configurations. Coupling
to CASIM is provided for all of these cloud schemes, but
only bimodal is presented in this article (see Figure A1
for the main coupling features of CASIM in the UM time
step).
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734 FIELD et al.

T A B L E A4 CASIM hydrometeor fraction diagnosis

Hydrometeor Diagnosis

CASIM liquid cloud fraction UM liquid cloud fraction

CASIM ice cloud fraction UM frozen cloud fraction

CASIM snow fraction UM frozen cloud fraction

CASIM rain fraction MAX(CASIM fraction liquid, CASIM fraction rain from level above)

CASIM graupel fraction CASIM fraction rain (has no effect if graupel is not present)

Note: All microphysical process rates use “in-cloud” values. Therefore, in-cloud values are found by dividing the grid-box mean value by its respective fraction
or mixed-phase fraction for mixed-phase processes. UM: Unified Model.

Although PC2 is the only prognostic cloud fraction
scheme in the UM, the liquid, frozen, and bulk cloud frac-
tions are still advected for the diagnostic bimodal schemes
when CASIM is active. This is so that a change in cloud
fraction due to condensation can be diagnosed and pre-
vent in-cloud droplet concentrations increasing if cloud
fraction decreases. If the cloud fraction reduces, then the
grid-box mean droplet number is also reduced so that the
in-cloud droplet number remains constant. This repre-
sents an inhomogeneous mixing:

Δnw =
ΔCl

Cl
nw. (A19)

The cloud fraction values are passed into CASIM and five
hydrometeor fractions are diagnosed and used to generate
in-cloud masses and numbers for the microphysical pro-
cess rates. The rain fraction on the lowest model level is
passed out of casim_ctl for use in the land scheme: Jules
(Best et al., 2011).

The fractions are diagnosed in the manner described in
Table A4.

For model grid boxes where both ice and liquid
phases are present it is necessary to make an assumption
about the volume fraction overlap. If there is no over-
lap then mixed-phase processes will be zero. If the over-
lap is assumed to be maximum then so too will be the
mixed-phase process rates. In the CASIM implementation
in the UM this assumption is defined by the mixed-phase
overlap factor mpof. This factor scales the overlap from
minimum (mpof = 0) to maximum (mpof = 1). This fac-
tor has the potential to strongly modulate mixed-phase
process rates and is important for the evolution of
mixed-phase cloud longevity, precipitation, and albedo.
The overlap mixed-phase fraction, Olf that is used to scale
the microphysical process rates is found by combining the
frozen and liquid hydrometeor fractions with mpof:

Olf = max(0.0,mpof ×min(Cf,Cl)
+max(0, (1 −mpof)(Cf + Cl − 1)). (A20)

In the simulations presented here mpof = 0.5. Note that if
mpof = 0 that Olf = Cl if Cf = 1.

A.6.2. Activation
The previous section describes the use of a cloud fraction
and how this affects microphysical process rates. When
CASIM is double moment, as in this article, and cloud
water is formed through condensation, a calculation is
then carried out to provide a droplet number concentra-
tion. When using the prescribed number option (as in
CASIM-2M), the grid-box mean droplet number is set to
the fixed value multiplied by liquid cloud fraction.

With the option to use aerosol to derive cloud
droplet number concentration, CASIM uses the Gordon
et al. (2020) methodology to derive maximum supersat-
uration and cloud drop number concentration. Gordon
et al. (2020) is an adaptation of the Abdul-Razzak and
Ghan (2000) approach to account for pre-existing cloud
droplets and competition for water vapour. Briefly, the
scheme initially assumes that aerosols and not droplets
dominate the sink of water vapour and that the sink due
to droplets is negligible. This calculation is then repeated
assuming that droplets dominate the sink of water vapour
and the sink due to aerosols is negligible. The lower of the
two calculated maximum supersaturations is then used
to activate additional aerosols. On time steps when cloud
fraction increases in a partially cloudy grid box, the “old
cloud”, where the sink of water vapour is dominated by
droplets, and the “new cloud”, where the sink is dominated
by aerosols, are distinguished and new droplets from each
part of the cloud are calculated separately before being
weighted by the relevant cloud fraction and summed. For
1.5 km simulations the velocity used to derive the maxi-
mum supersaturation is the explicitly resolved value, but
a factor multiplied by the subgrid turbulent kinetic energy
(tke) can also be used to compute the vertical velocity for
activation: wact = w + c

√
tke, where c is a constant and w is

the explicitly resolved vertical velocity. For the ARCL and
MURK tests here, c = 0.
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FIELD et al. 735

The module responsible for CASIM activation in the
UM uses the evaporation or condensation that occurs
across Atmospheric Physics 2 and calls the CASIM activa-
tion scheme. This generates increments in droplet number,
mass, and aerosol number and mass. Following Stevens
et al. (1996), and others, the increment in droplet number
concentration may only be positive unless the cloud frac-
tion in the grid cell decreases; in other words, if the cloud
fraction does not change during a time step then the new
droplet concentration only replaces the old droplet con-
centration if the new droplet concentration exceeds the
old. If the cloud fraction in the grid cell decreases, the
droplet concentration is reduced proportionately.

In the UM, aerosols can be represented by user-defined
free tracers, UKCA (United Kingdom Chemistry and
Aerosols)-mode, MURK, or climatologies (e.g., ARCL).
Droplet activation can occur based on aerosol information
from those aerosol fields and environmental conditions.
UKCA-mode is a full prognostic two-moment aerosol
microphysics scheme that is based on GLOMAP-mode
(Mann et al., 2010) and used in climate configura-
tions (Mulcahy et al., 2021). UKCA-mode provides both
aerosol mass and number information for the activa-
tion of droplets.The approach by Gordon et al. (2020) is
used to reduces the in-cloud activation of aerosol due
to vapour competition effects. At present, the fully prog-
nostic aerosol scheme is too expensive for NWP appli-
cations, and so this scheme was not used in this work.
Gordon et al. (2020) presents the details of the coupling
of UKCA-mode to CASIM and results using configuration
close to the RA1M version (Bush et al., 2020). Here, we
describe the coupling of MURK and ARCL climatologies to
CASIM.

A.7. Coupling to MURK
MURK is a simple single-moment prognostic aerosol used
in the UKV regional model. MURK mass mixing ratio,
humidity, and visibility are combined in the data assimi-
lation process to provide improved visibility and humid-
ity. The WB microphysics used simple relations to map
from aerosol mass to cloud droplet number concentration
(Wilkinson et al., 2013). For a simple coupling to MURK
the mass combined with a nominal log-normal ammo-
nium sulphate PSD with assumed mode size 9.5 × 10−8

m, geometric standard deviation 1.4, and density 1,769 kg
⋅ m−3 is used to diagnose a number concentration. This
accummulation mode population of aerosol (assuming
hygroscopicity, Bk = 0.4) is then used in the activation
scheme to produce a droplet number concentration within
the range 1 × 106 to 250 × 106 kg−1. The droplet num-
ber then can feed through to the microphysical process
rates.

A.8. Coupling to ARCL aerosol climatology
In regions where MURK is not available the aerosol clima-
tology (Bellouin et al., 2011) can be used. Currently, this
is a mass-only monthly varying climatology of soluble and
insoluble aerosol species. To use with CASIM, the solu-
ble species are summed and assumed to be represented by
ammonium sulphate particles and treated in the same way
as for MURK.

A.8.1. Evaporation, sublimation, deposition –
general
In CASIM, diffusional growth or loss of all hydromete-
ors other than cloud is based the electrostatic analogue
approach and used to calculate the sensible heat transfer to
or from a rain hydrometeor or cold-phase hydrometeors by
conduction and convection from the surrounding air. For
all hydrometeors (rain, ice, snow, and graupel), this growth
or loss process can be described as follows:

Pevap =
∫

n(D)
(qv∕qsat − 1)

AB
CF(D) dD, (A21)

where subscript evap can be replaced with xsub or xdep,
depending on temperature and hydrometeor type, qsat can
be either saturation mixing ratio with respect to liquid
or ice, again depending on temperature and hydrometeor
type, and AB is a function of temperature and depends on
the phase change in question:

AB = L2

KaRvT2 +
1

𝜌qsat𝜓
, (A22)

where L is the latent heat of the phase change and 𝜓 is the
diffusivity of water vapour in air, Ka is the thermal conduc-
tivity of air, Rv is gas constant for water vapour and T is
temperature.

In Equation (A21) the factor C is the shape parameter
or “capacitance” (for spherical particles C = 2πD) and F
is the ventilation coefficient for particles falling through
water vapour; that is:

F = 0.78 + 0.31S1∕3
c R1∕2

e , (A23)

where Re = V(D)D𝜌∕𝜐 is the Reynolds number, 𝜐 is the
kinematic viscosity of air, and Sc is the Schmidt number
(the ratio of 𝜐 to 𝜓).

The integrated ventilation factor includes the capaci-
tance, ventilation coefficient, and size distribution, x =
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736 FIELD et al.

∫ 2πDF𝒩x(D) dD, is

x = 2π𝒩x𝜌

[
0.78 (1 + 𝜇x)

𝜆x
+ 0.31

(ax𝜌

𝜐

)1∕2
S1∕3

c

(
𝜌0

𝜌

)1∕4

× Γ(0.5bx + 𝜇x + 2.5)
Γ(1 + 𝜇x)

×
(

1 +
0.5fx

𝜆x

)−(0.5bx+𝜇x+2.5)

𝜆
(−0.5bx−1.5)
x

]
, (A24)

where x can stand for r, i, s, or g.

A.8.2. Evaporation of rain
As described already, the evaporation and condensa-
tion of cloud water is handled in the cloud fraction
scheme of the UM. Since this is based on a satura-
tion adjustment scheme, the air is never supersaturated,
and therefore condensation of water vapour onto rain
does not occur. However, when rain falls into a subsatu-
rated air, then it will start to evaporate as defined in the
following:

Prevp =

(
qv

qwsat
− 1

)
𝜌ABliq

× r, (A25)

where qv is water vapour, qwsat is saturation vapour mix-
ing ratio with respect to water, and 𝒱r is the ventilation
coefficient (Equation (A24) for rain) and ABliq is the ther-
modynamic term for liquid drops and is given by

ABliq =
L2

v

KaRvT2 +
1

𝜌qwsat𝜓
, (A26)

where qwsat is the saturation vapour mixing ratio with
respect to liquid and Lv is the latent heat of vaporisa-
tion. If the inhomogeneous assumption for evaporation is
made, which is the default assumption, then evaporation
of rain maintains mean size and reduces the rain number
concentration as

Nrevp = Prevp
nr

qr
. (A27)

In CASIM, the homogeneous assumption can be made
for rain evaporation, and under this assumption Nrevp = 0;
that is, rain evaporation does not impact rain number con-
centration until all of the rain water is evaporated and then
all rain number is also removed.

In CASIM, the main module that controls rain evapo-
ration is src/evaporation.F90.

A.8.3. Sublimation and deposition
Ice particles grow by vapour deposition when the air is
supersaturated with respect to ice. The rate of change of
mass of an ice particle due to vapour deposition or subli-
mation is similar to the evaporation equation.

By integrating over all particle sizes, the deposition/-
sublimation growth rates of cloud ice, snow, or graupel
(Pxdep / Pxsub) can be given by

Pxdep (or − Pxsub) =

(
qv

qisat
− 1

)
𝜌ABice

× x. (A28)

𝒱x is the ventilation coefficient for the x species, where x
is ice, snow, or graupel (see Equation (A24)), and ABice is
the thermodynamic term for ice and is given by

AB =
L2

s

KaRvT2 +
1

𝜌qisat𝜓
, (A29)

where qisat is the saturation vapour mixing ratio with
respect to ice and Ls is the latent heat of sublimation.
When snow and graupel particles are undergoing subli-
mation the number concentration is assumed to decrease
at a rate of - Pxsub × nx∕qx, where x is s or g respectively.
There is no source of particles when ice undergoes deposi-
tion.

In CASIM, the main module that controls deposition
of vapour and sublimation is src/ice_deposition.F90.

A.8.4. Melting
The melting of cloud ice, graupel, and snow acts as a
source of rain. The melting of cloud ice is assumed to be
instantaneous:

Pimlt =
qi

Δt
, (A30)

whereΔt is the model timestep. The melting rates of snow
or graupel melted are calculated using thermal heat bal-
ance considerations:

Psmlt =
s

𝜌Lf
[KaTc + Lv𝜓𝜌(qv − qisat)]

+ cwTc

Lf
(Psacw + Psacr), (A31)

Pgmlt =
g

𝜌Lf
[KaTc + Lv𝜓𝜌(qv − qisat)]

+ cwTc

Lf
(Pgacw + Pgacr − Pgshd), (A32)

where Lf is the latent heat of fusion, cw the specific heat
of liquid water and Tc is the temperature in Celsius. The
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FIELD et al. 737

number concentration rates from snow or graupel to rain
due to these processes are assumed to be

Nsmlt = Psmlt
ns

qs
(A33)

and
Ngmlt = Pgmlt

ng

qg
(A34)

respectively.
In CASIM, the module that controls melting process

rates is src/ice_melting.F90.

A.9. Primary production of ice
In CASIM, initial production of ice occurs through hetero-
geneous ice nucleation or homogeneous freezing of cloud
and/or rain.

A.9.1. Heterogenous ice nucleation
When not using aerosol to act as ice nucleating particles,
the default approach for ice heterogeneous freezing is to
nudge the cloud ice number concentration to the value
suggested by Cooper (1987) as a function of temperature,
as long as the grid box is at water saturation and the
temperature is below −8◦C.

Using aerosol to act as ice nucleating particles, a num-
ber of heterogeneous freezing parametrisations become
available. These work by linking the dust concentrations
(available through tracers or UKCA-mode) to changes in
ice crystal number through heterogeneous ice nucleation.
The parametrisations of DeMott et al. (2010), Niemand
et al. (2012), Atkinson et al. (2013), Tobo et al. (2013),
and DeMott et al. (2015) are available (Miltenberger
et al., 2020).

In CASIM, the module that controls melting process
rates is src/ice_nucleation.F90.

A.9.2. Heterogeneous rain freezing
Immersion freezing of raindrops to form graupel is based
on Bigg (1953), who showed that the probability of a rain-
drop freezing per unit time is

(π∕6)D3BB(e−ABTc − 1), (A35)

where AB and BB are parameters determined from labora-
tory experiment.

The rates of conversion of rain mass and number to
graupel are as follows:

Phomr = n0r
πBB

6𝜌
cr(e−ABTc − 1)Γ(4 + dr + 𝜇r)

𝜆
4+dr+𝜇r
r

Nhomr = n0r
πBB

6𝜌
(e−ABTc − 1)Γ(4 + 𝜇r)

𝜆
4+𝜇r
r

, (A36)

where 𝜇r and dr are defined in Table A1
In CASIM, the module that controls melting process

rates is src/homogeneous_freezing.F90.

A.9.3. Homogeneous freezing of water
If the temperatures is below the homogeneous freezing
temperature threshold (−38◦C) and cloud water mass
exceeds 10−9 kg⋅ kg−1 then the liquid water will be frozen.
The number of droplets frozen can either be set to freeze
all available droplets (nilimit) or use the environmental con-
ditions to estimate the number frozen that would quench
the supersaturation for air subject to an upward vertical
velocity. This is done by assuming droplets freeze and form
ice spheres with, D0hom, 50 μm diameter. Thereafter, by
balancing the Squires equation for supersaturation, the
change in number concentration of ice spheres for a given
updraft speed and environmental conditions can be found.
This value is used as the number concentration of droplets
lost and cloud ice particles produced. This approach avoids
problems where high number concentrations (> 107 m−3)
of cloud ice are formed and then persist at cirrus altitudes.

Nhomc =
wupaw

BiD0 homΔt
, (A38)

where wup = MAX(w, 0), Δt is the timestep and

aw =
gLvRd

RdTcpRvT
− 1.

Bi = bmB0

(
Ew

Ei
− 1

)
,

bm = 1
qv
+ LvLf

cpRvT2 ,

B0 = 4πAi
𝜌i

𝜌a
,

and
1
Ai
=

𝜌iL2
f

kaRvT2 +
𝜌iRvT
EiDv

.

where g is acceleration due to gravity, cp is the specific
heat capacity of air at constant pressure, Ew, Ei are the sat-
uration vapour pressures for liquid and ice, and ρi is the
density of ice. In CASIM, the module that controls melting
process rates is src/homogeneous_freezing.F90.

A.10. Secondary ice production
At present, only one secondary production process is cur-
rently implemented in CASIM: the ice splinter production
through riming known as the Hallett–Mossop effect.
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The rates of water droplet accretion by graupel and
snow are used to compute the number and mass of ice
splinters produced.

The rates are modulated by a triangular function
between between −2.5◦C and −7.5◦C, that peaks at −5◦C.
It is assumed that 350 ice splinters are formed for 10−6 kg
of rimed liquid at −5◦C and each splinter (MI0) has a mass
of 10−18 kg (Hallet and Mossop 1974), so

Pihal = 3.5 × 108MI0(Pgacw + Psacw)f (T), (A39)

where f (T) = 1 at −5◦C and falls off linearly to zero as
temperature is increased to −2.5◦C and or decreased to
−7.5◦C.

In CASIM, the module that controls melting process
rates is src/homogeneous_freezing.F90.

A.11. Graupel specific processes
Graupel can form from rain accreting ice (see accretion).
Graupel growing by the collection of other water species
can sometimes accrete more liquid than can be frozen due
to latent heating bringing the surface of the graupel to
the melting temperature. Any unfrozen liquid is shed and
added to the rain category. This is known as wet growth.
If liquid accretion is not rapid enough to cause wet growth
then the graupel undergoes dry growth.

Dry growth is assumed if

Pgacr + Pgacw < Pgwet (A40)

or the temperature is colder than the homogeneous freez-
ing temperature. Pgwet is the threshold amount of liquid
that the graupel can freeze before shedding occurs and is
based on Musil (1970):

Pgwet =
(

910
𝜌g

)0.625
𝜌LvDv(q0sat − qv) − KaTc

𝜌(Lf + cwTc)
g

+ (Pwet
gaci + Pwet

gacs)
(

1 − ciTc

Lf + cwTc

)
, (A41)

where q0sat is the saturation mixing ratio with respect to
liquid water at 0◦C, g is the ventilation coefficient for
graupel, cw and ci are the specific heat capacities of liq-
uid and ice respectively, Ka is the thermal conductivity of
air, Dv the diffusivity of air, and Lv and Lf are the latent
heats of vapourisation and fusion respectively. The fac-
tor of (910∕𝜌g)0.625 was adopted from the Met Office Large
Eddy Model.

If the graupel is undergoing wet growth then Pgacr is
recalculated to account for unfrozen liquid being shed as
rain:

Pgacr = Pgwet − Pgacw − Pgaci − Pgacs; (A42)

if Pgacr is negative then

Pgshd = min{Pgacw,−Pgacr}. (A43)

The number concentration of graupel does not change
when graupel collects water from the other categories.
The number concentrations of the collected categories
are reduced as described in ice accretion. Note that dry
growth collection of ice and snow is disabled, but if
they were included the mass and number collection rates
would be recalculated according to a linear efficiency
factor.

In CASIM, the module that controls melting process
rates is src/graupel_wetgrowth.F90.

A.11.1. Snow to graupel
The formation of new graupel from riming of snow follows
the formulation of Reisner et al. (1998):

Pgsacw =
3π𝛼(𝜌aqwasEff)2ns.Γ(𝜇 + 1)Γ(2bs + 2)

4(𝜌g − 𝜌s)𝜆2bs+1−𝜇
, (A44)

and then the number of newly formed graupel is diagnosed
as

Ngsacw = max
(

𝜌s Pgsacw

(𝜌g − 𝜌s)𝜌amg0
, 0
)
, (A45)

where mg0 is the mass of a graupel embyro and
ρs,ρg are the assumed densities for snow and graupel.
However, this process is currently disabled in this UM
implementation.

In CASIM, the module that controls melting process
rates is src/graupel_embryos.F90.

A.12. Sedimentation
The equation for the terminal velocity is given by the
following

Vx(D) = axDbx efxD
(
𝜌0

𝜌

)gx

, (A46)

where ax, bx, fx, and gx represent the parameters for the fall
speed relationship as defined in Table A1.

The semi-Lagrangian dynamical core allows the UM
to use relatively large time steps (e.g., 60 s for 1 km hor-
izontal grid resolution). Because of narrowing of level
spacing in the vertical near to the surface this would mean
that hydrometeors could cross several grid levels unless
substepping of the microphysics or sedimentation were
carried out. To avoid this, the approach taken already in
the UM (Wilson and Ballard, 1999) is based on the solu-
tion suggested by Rotstayn (1997). The increment for mass
mixing ratio qx or number mixing ratio (replace qx by nx)
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due to flux divergence as hydrometeors fall is

Psedx =
Rf

𝜌Δz
− qx

Vx

Δz
, (A47)

which when integrated analytically gives

qx(t + Δt) = qx(t)[exp(−𝛼)] + RfΔt
𝜌Δz

[1 − exp(−𝛼)], (A48)

where 𝛼 = VxΔt∕Δz is the Courant number, Vx is the mean
mass-weighted or number-weighted fall speed, depending
on whether mass or number is being sedimented, and
Δt and Δz are the time step and layer thickness respec-
tively. Rf is the flux from above (𝜌qxVx or 𝜌nxVx from the

layer above). This approach of using an exponential filter
when Courant numbers are large provides stability for the
model.

A.13. Size distribution limiting
For model stability, to stop size distributions becoming too
narrow or too broad each hydrometeor has a threshold
large and small mean size. If the mean size exceeds the
large threshold or is smaller than the minimum thresh-
old then the 𝜆 parameter is linearly scaled to set it to the
threshold value. Then the other parameters of the distri-
bution are recomputed. The thresholds are widely spaced
and are rarely, if ever, crossed during a typical forecast.
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