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ABSTRACT
A realistic representation of mixed-phase clouds in weather and climate models is essential to accurately
simulate the model’s radiative balance and water cycle. In addition, it is important for providing downstream
applications with physically realistic model data for computation of, for instance, atmospheric icing on
societal infrastructure and aircraft. An important quantity for forecasts of atmospheric icing is to model
accurately supercooled liquid water (SLW). In this study, we implement elements from the Thompson cloud
microphysics scheme into the numerical weather prediction model HARMONIE-AROME, with the aim to
improve its ability to predict SLW. We conduct an idealised process-level evaluation of microphysical
processes, and analyse the water phase budget of clouds and precipitation to compare the modified and
original schemes, and also identify the processes with the most impact to form SLW. Two idealised cases
representing orographic lift and freezing drizzle, both known to generate significant amounts of SLW, are
setup in a 1D column version of HARMONIE-AROME. The experiments show that the amount of SLW is
largely sensitive to the ice initiation processes, snow and graupel collection of cloud water, and the rain size
distribution. There is a doubling of the cloud water maximum mixing ratio, in addition to a prolonged
existence of SLW, with the modified scheme compared with the original scheme. The spatial and temporal
extent of cloud ice and snow are reduced, due to stricter conditions for ice nucleation. The findings are
important as the HARMONIE-AROME models is used for operational forecasting in many countries in
northern Europe having a colder climate, as well as for climate assessments over the Arctic region.

Keywords: cloud microphysics; supercooled liquid water; numerical modelling; HARMONIE-AROME;
atmospheric icing forecast

1. Introduction

Within numerical weather prediction (NWP) models, the
main role of a cloud microphysics scheme is to create and
eliminate the clouds and precipitation through numerous
physical sources and sinks of water vapor, liquid, and ice
and to produce their related thermodynamic effects
(latent heating/cooling) that ultimately impact the model’s
dynamics. However, there is a longstanding challenge in
numerical weather and climate prediction to accurately
represent the water-phases within the clouds, particularly

at below-freezing temperatures, where many cloud micro-
physics schemes tend to favour production of ice species
that may lead to a deficit of supercooled liquid clouds
due to the Wegener-Bergeron-Findeisen effect (Fan et al.
2011). An inadequate representation of supercooled liquid
water (SLW) can have consequences for forecasts of
cloud cover (Ma et al. 2014), precipitation (Liu et al.
2011), and atmospheric icing (Thompson et al. 2004), as
well as predictions of future climate (Tan et al. 2016).
Mixed-phase clouds occur frequently in cool climate
regions of mid and high latitudes (e.g., Korolev et al.
2003; Korolev and Field 2008; Furtado et al. 2016). In�Corresponding author. e-mail: bjorgjke@met.no
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the Arctic region low-level liquid clouds are dominant in
the radiative balance of a multiyear sea ice surface, while
ice clouds are not as important (Shupe and Intrieri 2004).
In this region, liquid water occur in the clouds with rela-
tively high frequency in the winter, and can be present at
temperatures as low as �34 �C and up to 6.5 km in alti-
tude (Intrieri et al. 2002). An accurate description of
mixed phase clouds in cold climates is thus of outmost
importance for reliable estimates of climate change in
regions where the climate is rapidly changing.
Furthermore, an inaccurate description of SLW will bring
considerable consequences for the overall performance of
the weather and climate models, as well as for down-
stream applications such as modelling of icing building
up on infrastructure and aviation forecasts.

Here, we seek to improve the forecasts of atmospheric
icing, by modifying the cloud microphysics scheme in the
NWP model HARMONIE-AROME (Seity et al. 2011;
Brousseau et al. 2016; Bengtsson et al. 2017), used for
regional, high-resolution operational weather forecasts in
10 European countries, as well as for climate change
assessments over northern Europe and the Arctic region.
The use of this model in the present study ensures that
the improvement found in predicting SLW, can be easily
transferred into operational weather forecasts in Nordic
countries where an improved description of mixed-phase
clouds benefits the forecast accuracy of icing on the nat-
ural environment as well as ground infrastructure that
could cause monetary damage to industry/society as well
as human safety.

The cloud microphysics scheme in HARMONIE-
AROME, called ICE3, is based on physics that can be
traced back to Lin et al. (1983). A study by Liu et al.
(2011) compared several cloud microphysics schemes and
their ability to simulate the amount of SLW. They con-
cluded that the schemes based on physics similar to that
of Lin et al. (1983) had a poor representation of the
SLW, which was considerably improved in the cloud
microphysics schemes presented in Morrison et al. (2009)
and Thompson et al. (2008) (hereafter T08). Their study
found that the main microphysical processes contributing
the improvements seen in SLW were attributed to better
descriptions of ice initiation - the Lin et al. (1983) type
schemes were too rapid to initiate ice from vapor when
ice supersaturation is reached, or would freeze water
droplets prematurely. Another aspect found was the
improved conversion pathways to graupel where the T08
and Morrison et al. (2009) schemes use a variable collec-
tion efficiency following Wang and Ji (2000), instead of
the unity efficiency of snow-collecting cloud water as
used in the Lin et al. (1983) type schemes. In a separate
study, Nygaard et al. (2011) compared three different
microphysics schemes available in the Weather Research

and Forecasting (WRF) model, and their ability to pre-
dict in-cloud icing at ground level, and concluded that
T08 had the most accurate values of SLW.

The T08 cloud microphysics scheme is a bulk micro-
physical parameterisation that has been developed for the
WRF model. It has been implemented and tested in
many NWP models including the fifth-generation
Pennsylvania State University–National Center for
Atmospheric Research Mesoscale Model (MM5), the
Rapid Refresh (RAP), and the High-Resolution Rapid
Refresh (HRRR) model. One of the main goals in the
development of the T08 scheme was to improve forecasts
of water phase, in particular to support aviation applica-
tions to forecast aircraft icing.

In this study, we seek to improve the representation of
SLW in the NWP model HARMONIE-AROME by
implementing elements of the T08 microphysics scheme.
We carefully assess the performance of the T08 scheme in
a single column version of HARMONIE-AROME by
conducting a very idealized process level evaluation,
where we look at how the water phase changes due to
modifications in the cloud and precipitation process for-
mulations, to highlight key processes necessary for model-
ling SLW.

2. Methodology

HARMONIE-AROME is a convection-permitting NWP
model. It is based on the AROME model (Seity et al.
2011; Brousseau et al. 2016), which is developed by
M�et�eo-France and partners in the ALADIN consortium
(Termonia et al. 2018). The collaboration between the
ALADIN and HIRLAM consortium consisting of the
national weather services in 26 countries in Europe and
northern Africa, is responsible for the development and
maintenance of HARMONIE-AROME (Bengtsson
et al. 2017).

ICE3 is the existing HARMONIE-AROME one-
moment bulk microphysics scheme with prognostic varia-
bles for the mass of cloud water, rain, cloud ice, snow,
and graupel, including physical processes mostly based
upon Cohard and Pinty (2000a, 2000b), for which many
aspects can be traced back to Lin et al. (1983), Rutledge
and Hobbs (1984), and Ferrier (1994). Some changes
were implemented to the scheme in 2014, hereafter
referred to as the OCND2 option (M€uller et al. 2017).
These changes were motivated by an underestimation of
low-level SLW clouds, and an over-abundance of near
ground level ice clouds when T < �20 �C, along with an
excess of cirrus clouds. All were linked with a general
over prediction of cloud ice. The OCND2 option con-
tained changes to the parameterisation of vapor depos-
ition and sublimation of cloud ice and snow, the
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collection efficiency between snow/graupel and cloud
water, accretion of cloud droplets by rain, autoconver-
sion, ice-cloud cover, and modifications of the IN-con-
centration for heterogeneous ice nucleation. The
implementation of OCND2 led to a better representation
of mixed-phase clouds, as well as improved forecasts of
2-m temperature and relative humidity during wintertime
(Bengtsson et al. 2017). However, comparisons with
microwave radiometer and vertically pointing cloud radar
observations indicate that, even though there was an
improvement in the partitioning between cloud water and
ice, there was still an underestimation of SLW even with
the OCND2 option included (see e.g. Fig. 1 in Bengtsson
et al. 2017).

2.1. Experimental set-up

A single column version of HARMONIE-AROME,
called Mod�ele Unifi�e, Simple Colonne (MUSC) is the
basis for this study. This provides an efficient way for
testing the sensitivity of various microphysical assump-
tions, production, and depletion terms in an idealised
environment. Furthermore, the results are usually easy to
interpret as it is possible to isolate the effects of the
microphysical sensitivities from typically confounding
feedbacks by the turbulence, radiation, or boundary layer
parameterisations, as well as the dynamical feedbacks of
a full 3D real world simulation. In our simulations
MUSC is run with 60 vertical levels, with approximately
10-m spacing near the surface stretched to a few

kilometres spacing near the model top. In addition, given
the simplicity of 1D column models, the output of many
variables as well as microphysical processes can be per-
formed each time step since this is easily manageable
compared to 2D and 3D simulations.

We constructed a set of idealised experiments based on
initial profiles of temperature, pressure, and water vapor
from prior similar work related to idealised case studies
together with prescribed forcing of vertical velocity. All
other physical parameterisations were switched off with
only the microphysics scheme being active. A time-step of
60 s was used since that is the setting used in the reference
configuration of the model, and our own tests with
shorter time-steps showed similar results. The first case
presented below is a simple orographic lift case based on
prior simulations using the Weather Research and
Forecasting (WRF) model by Thompson et al. (2004,
2008) and Thompson and Eidhammer (2014). The second
case features an idealised version of a high-impact freez-
ing drizzle case that occurred in and around Oslo,
Norway on Jan 15, 2018.

2.1.1. Orographic lift case. This idealised case was cre-
ated to mimic a cloud parcel being lifted by the orog-
raphy of a simple bell-shaped hill, similar to the WRF
experiments of Thompson et al. (2004). In contrast to
their simulations in two dimensions, MUSC approxi-
mated the orographic lift using a simple sinusoidal in
space/time prescribed vertical velocity. The velocity forc-
ing term was applied in 5-minute intervals in the altitude

Fig. 1. (a) Skew-T plot of the initial profile and (b) time-height cross-section of the vertical velocity forcing used for the orographic
lifting case in MUSC.

HARMONIE-AROME WEATHER FORECAST MODEL 3



range of 250 to 8000m with a maximum magnitude of
0.5m s�1 applied near 4000m at the mid-point (90min)
of the 3-h total simulation time (Fig. 1b). The initial ver-
tical atmospheric thermodynamic profile (see Fig. 1a) was
taken from the Improvement of Microphysical
Parameterization through Observational Verification
Experiment (IMPROVE-2) case, which has been used in
other scientific studies, e.g. Stoelinga et al. (2003). This
profile rapidly saturates just above the ground and
remains nearly neutral moist statically stable and up to
700 hPa, where the relative humidity is gradually reduced
though remains effectively at ice saturation values. With
the relatively weak updraft, we expect this case to create
significant amounts of SLW.

2.1.2. Freezing drizzle case. On Jan 15, 2018, a severe
icing event occurred in the region around Oslo, Norway
including major impacts to flight operations at Oslo
International Airport. The operational model forecasts
out of Norway did not generate the observed conditions
of freezing drizzle/rain, but instead predicted solid pre-
cipitation (snow). A radiosonde was launched by MET-
Norway personnel at Blindern, Oslo, at 1050 CET. The
temperature profile showed a common freezing drizzle
situation with all sub-zero temperatures and saturated
conditions up to near -12 �C and a very obvious tempera-
ture inversion above. This temperature and humidity
structure is often found in freezing drizzle events as it is
believed that ice is difficult to form at these relatively

warm temperatures without the nearly saturated condi-
tions extending higher up into lower tempera-
ture altitudes.

A plot of the radiosonde data and the corresponding
operational model-predicted sounding is shown in Fig. 2.
HARMONIE-AROME produced a very similar profile
of temperature and humidity that was obviously
smoother than the true sounding. The smooth model
sounding was therefore used as the thermodynamic pro-
file in the MUSC idealised simulation of this case. Within
MUSC, we applied a constant forcing of 0.2m s�1 to the
model levels between 250 and 3500m (the base of
the inversion).

3. Experiments and results

In both idealised MUSC cases, we studied several proc-
esses thought to be important to the production or deple-
tion of supercooled liquid water. An abbreviated
summary of the experiments with brief explanation of the
microphysical processes altered is listed in Table 1. More
details of individual experiments and the differences
between them are mentioned in the following sections.
Due to myriad feedbacks of the various microphysical
processes, it is not always easy to foresee the outcome of
changing certain parameters or treatments. Furthermore,
singular individual code changes performed one at a time
is not necessarily useful and the number of total permuta-
tions would be quite large, therefore, we combine one

Fig. 2. (a) Skew-T plot of the freezing drizzle case, blue lines represent the operational forecast from HARMONIE-AROME and
initial profile used in MUSC, while red lines represent the radiosonde profile taken from MET-Norway’s site at Blindern, Oslo at 1150
UTC. (b) time-height cross-section of the vertical velocity forcing applied to the MUSC experiments for the freezing drizzle case.
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change upon the next as listed in Table 1. Another justifi-
cation for combining the changes is the overall intent to
produce results consistent with those using the T08 WRF
microphysics scheme in order to suppress ice production
at relatively warm temperatures to permit more super-
cooled liquid water.

3.1. Orographic lift case

3.1.1. Control experiment (CTRL). The original
HARMONIE-AROME cycle40h1 code with the OCND2
option active contained a coding error that prevented any
new heterogeneous ice nucleation from occurring until a
non-zero amount of cloud ice was already present, which
was only possible by homogeneous freezing of water
drops at T < -38 �C. This code error was found during
construction of the various experiments and subsequently
corrected so that all results shown below for the ‘control’
experiment include this fix and thus deviate from the
operational code from the outset. Correcting the error
naturally caused more typical heterogeneous ice nucle-
ation rates and consequently a drastic increase in cloud
ice at all sub-zero temperatures, making the corrected
OCND2 version of the microphysics scheme extremely
‘ice friendly’.

In order to visualise the results of the control experi-
ment followed by the suite of sensitivity experiments
listed in Table 1, an overview of the control run is pro-
vided in Fig. 3 showing time-height cross-sections of the
microphysics species and their respective sources and
sinks. Note in particular how all areas with higher than
100% relative humidity with respect to ice (RHice> 100%)
immediately have corresponding cloud ice mass mostly

due to primary nucleation of ice from vapor deposition
(Fig. 3b). The OCND2 option for ice nucleation is a
modified form of Meyers et al. (1992) that requires only
ice supersaturation and T< 0 �C. This clearly makes pro-
lific ice that easily grow larger via continued vapor
growth supplied by the prescribed updraft velocity. As
the updraft velocity gradually increases, there is enough
lift and slow enough ice growth that water saturation is
achieved and cloud droplets form and increase for the
first hour (Fig. 3c); however, after sufficient ice and snow
growth, the cloud water is depleted by riming of snow
and formation of graupel and subsequent riming of grau-
pel (Fig. 3i), effectively glaciating most of the cloud. The
ice particles fall to the level of melting to become
rain below.

By closely inspecting the budgets of cloud ice, snow,
and cloud water (Fig. 3g–i), a number of notable sharp
maxima in source and sink terms help to explain the
microphysical evolutions far better than a real-world case
study with all its interactions of full dynamics and other
physical parameterisations. For example, the maximum
of cloud ice in Fig. 3b) near 120min at 8000m altitude is
explained by the lofting of cloud droplets to the homoge-
neous freezing level, producing a sharp increase in the
budget of cloud ice at the corresponding time. Since a
large portion of the ice converts to the snow category,
there is a small increase shown in the corresponding snow
panel (Fig. 3e).

Another series of spikes in the budget of snow and
cloud water (also rain, not shown) is evident in Fig. 3h,i
in which there is a gradual build-up of cloud water con-
tent immediately adjacent to the melting level until the
times of 80 and 130 mins when a sudden burst of snow

Table 1. List of MUSC 1D experiments and the microphysical processes studied.

Experiment Process altered Previous New

CTRL Heterogeneous ice nucleation Code mistake Bug fix
BR74 Autoconversion (cloud to rain) Khairoutdinov and Kogan (2000) Berry and Reinhardt (1974)
ACC Rain accreting cloud water Variable efficiency (OCND2) Variable efficiency (Thompson)
C86 Heterogeneous ice nucleation Meyers et al. (1992) Cooper (1986)
Bigg Freezing of water drops None Bigg (1954)
GCW Graupel collecting cloud water Ferrier (1994) for dry growth;

Musil (1970) and Nelson (1983)
for wet growth

Cober and List (1993)

SCW Snow collecting cloud water Farley et al. (1989) Wang and Ji (2000)
RCS Rain collecting snow Ferrier (1994); Eff¼ 1.0 New variable

collection efficiency
RCG Rain collecting graupel Ferrier (1994); Eff¼ 1.0 New variable

collection efficiency
HP Hydrometeor properties Locatelli and Hobbs (1974) Thompson et al. (2008)
Y-INT Rain inverse exponential

Y-intercept parameter
8 � 106 m�4 (Marshal-Palmer) Variable intercept parameter

(Thompson et al 2004)
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growth occurs due to riming that rapidly depletes the
cloud water. Those rapid snow growth rates correspond
to the two maxima shown in rain as the snow falls below
the melting level seen in Fig. 3f. Such rapid jumps in
microphysics source or sink terms clearly represent
unphysical behaviour and require further investigations.
Two sensitivity experiments discussed below address how
choices in heterogeneous ice initiation affected the overall
cloud structure. For this sensitivity experiment we do not
address the two warm rain experiments for

autoconversion (BR74) and accretion (ACC), as they did
not impact the orographic lift case notably. They are dis-
cussed in more detail in the freezing drizzle case, where
the impact was higher.

3.1.2. Ice initiation experiments (C86 and Bigg). As
mentioned earlier, the scheme’s primary heterogeneous
ice nucleation is through vapor deposition using the
modified Meyers et al. (1992) formulation (OCND2
option). As reported in Thompson et al. (2004), the

Fig. 3. Results from the control run (CTRL) for the orographic lift case. Time-height cross-sections of (a) relative humidity with
respect to ice saturation, mixing ratios of (b) cloud ice, (c) cloud droplets, (d) graupel, (e) snow, and (f) rain. Budget plots with time-
evolutions of the sum of sources and sinks for (g) cloud ice, (h) snow, and (i) cloud droplets.
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Meyers method produces numerous ice crystals at all ice
supersaturations and T< 0 �C. In contrast, the T08
scheme in WRF greatly restricts the initiation of cloud
ice, since studies of supercooled liquid water clouds and
aircraft icing as well as cloud chamber laboratory tests
indicate how rarely ice forms in the real atmosphere
between 0 and approximately -12 �C unless water drops
form first. Specifically, the T08 scheme requires ice super-
saturation to reach at least 125% or be water saturated
and T < -12 �C before nucleating ice with a concentration

following the observations of Cooper (1986). We imple-
mented this approach into HARMONIE-AROME, and
also added a diagnostic calculation of the ice number
concentration based on the mass and temperature
(Kristj�ansson et al. 2000). The latter was necessary
because the sublimation and vapor deposition method
downstream in the code, was designed specifically for
Meyers ice nucleation, and would not work with Cooper
lest the ice number concentration was diagnosed in add-
ition. This sensitivity experiment is called C86.

Fig. 4. Results from the Bigg experiment for the orographic lift case. Time-height cross-sections of (a) relative humidity with respect
to ice saturation, mixing ratios of (b) cloud ice, (c) cloud droplets, (d) graupel, (e) snow, and (f) rain. Budget plots with time-evolutions
of the sum of sources and sinks for (g) cloud ice, (h) snow, and (i) cloud droplets.
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In addition to C86, and since the original scheme did
not explicitly account for immersion freezing of existing
water drops, we also included Bigg (1953) heterogeneous
freezing of water. This treatment also follows the T08
scheme with 100 size bins of cloud water and rain drops
to form a look-up table of fraction of drops that freeze
as a function of volume of water drop and temperature.
The combined results of C86 and Bigg immersion freezing
is shown in Fig. 4. The starting time and magnitudes of
all ice species (cloud ice, snow, and graupel) changed

dramatically with this combination, as well as the result-
ing supercooled water. The changes produced a delay in
ice initiation and subsequent growth to snow and permits
a larger build-up of cloud water. However, the glaciation
of the upper parts of the cloud eventually look qualita-
tively similar to the original control run, and the added
cloud water combined with snow (riming) produces over-
all slightly more graupel than control. The larger values
of cloud water also lead to slightly more conversion to
rain and a number of previous spikes in the source/sink

Fig. 5. Results from experiment SCW for the orographic lift case. Time-height cross-sections of mixing ratios of (a) relative humidity
with respect to ice saturation, mixing ratios of (b) cloud ice, (c) cloud droplets, (d) graupel, (e) snow, and (f) rain. Budget plots with
time-evolutions of the sum of sources and sinks for (g) rain, (h) snow, and (i) cloud droplets.
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terms were eliminated, except the snow collecting
cloud water.

3.1.3. Cloud water collection experiments (SCW and
GCW). Similar to when rain collects (accretes) cloud
droplets, when snow or graupel fall through a liquid
cloud, some droplets are collected and freeze onto the ice
particle in a process known as riming. When additional
riming on graupel occurs, the result is a simple increase
in the mass of graupel and corresponding loss in cloud
water. However, when snow rimes, the result can be
either a mass increase in snow or newly formed graupel,
or a combination of the two. The existing ICE3 micro-
physics scheme uses thresholds for snow and cloud water
content following Rutledge and Hobbs (1984) to decide
whether the rimed mass contributes to graupel or
increased snow content. In the ICE3 scheme a threshold
diameter of 7mm for snow resulted in 100% graupel pro-
duction from riming, otherwise snow content increased.
Similar to other changes mentioned previously, the treat-
ment of snow riming to form graupel was switched to fol-
low the T08 scheme in which a ratio of snow riming to
depositional growth is calculated and a percentage of rim-
ing is applied to form new graupel while the remaining
percentage contributes to growth of snow content. This
represents a smooth, linear function rather than the step-
function behavior of the original ICE3 scheme.

In addition, the ICE3 (OCND2) scheme uses a variable
collection efficiency of snow collecting cloud water, based
on a characteristic diameter of cloud droplets. Many
prior schemes (e.g., Rutledge and Hobbs, 1984; Reisner
et al. 1998) uses a collection efficiency of unity, but the
scheme diagnostically determines the efficiency based on
Lohmann (2004). Meanwhile, as mentioned earlier, the
T08 scheme calculates the efficiency following Wang and
Ji (2000) in which the characteristic diameter of snow/
graupel as well as cloud droplets are considered. So,
besides changing the decision of how much snow riming
results in graupel formation, the riming efficiency calcula-
tion was changed as well. There is also a temperature
dependence within the ICE3 scheme, that prevents grau-
pel and snow from collecting cloud droplets when
T> 0 �C. We removed this dependency as these processes
should also be possible within the melting layer.

The most notable impact of changing to new riming
collection efficiencies and graupel production, is an
increase in the maximum cloud water content that dissi-
pates more gradually with time (see Fig. 5c). Initially
there is an increase to graupel content, followed by a
rapid dissipation. The snow content experiences the
opposite effect with a more gradual build up, so the last
half of the simulation is dominated by snow and much
less graupel. The higher amount of graupel at earlier

lead-times in this experiment compared to the previous, is
likely an effect of the now linear function of snow riming
to form graupel and subsequent collection of cloud water
by faster falling graupel. In the previous experiment
(Bigg) with the original ICE3 parameterization, the
threshold of 7mm snow size before converting to graupel,
likely slows the initial graupel creation. In the latter half
of the simulation of SCW, when snow growth dominates,
the collection efficiency was reduced compared with
CTRL resulting in lower conversion to graupel. The tem-
perature dependence has the effect of an on/off switch for
graupel and snow collecting cloud droplets near the melt-
ing layer. Cloud water builds up where T> 0 �C, and is
quickly collected by snow and graupel when the tempera-
ture falls below freezing. By removing this dependence,
we eliminated the spikes of cloud water depletion by
snow riming (recall Fig. 4i) as seen near the melting level
of Fig. 4c that are no longer found in Fig. 5c.

Some odd wiggle-like features in the rates of ‘collection
of cloud water’ and subsequently ‘snow melting’ appear
in the budget plot of snow (Fig.5h). This is due to the
division into snow or graupel as the resulting hydro-
meteor, when snow collects cloud water.

3.1.4. Rain collecting snow/graupel experiments (RCG
and RCS). Similar to the snow riming process, when rain
collides with snow, the result could be considered graupel,
or it might just increase the mass of snow, depending on
the size of the water drop being collected. This decision
can be somewhat critical as there are many pathways to
create graupel, which has significantly higher assumed
density and terminal velocity, often 2-5 times the values
for snow. Schemes that favour graupel production have a
very high precipitation efficiency as compared to those that
slow the production of graupel and favour the snow or
cloud water categories (Liu et al. 2011), because these
slower-falling species will remain longer in the atmosphere.

The original ICE3 scheme treatment of rain collecting
either snow or graupel following Ferrier (1994) was
retained, however, the collection efficiencies were modi-
fied to take into account the possibility that small drizzle
drops fall slowly. The continuous collection equation (see
e.g., Verlinde et al. 1990) has a double-integral that
includes the difference of particle velocity between col-
lector and collected species. This obviously trends toward
zero if the fallspeed of the rain and snow are nearly the
same, which does occur with small drizzle (�200lm) and
medium to large snow (�5mm). The T08 scheme resolves
this problem by pre-calculating the explicit double inte-
gral using 100 size bins of each species with their proper
respective velocities and applying the look-up table dur-
ing model run time. In this work, we decided to apply a
far simpler method of calculating the mass-weighted
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mean size of each species, rain and snow. We then used
their mean diameter to calculate the corresponding ter-
minal velocity using the usual power-law constants and
took their ratio. As this terminal velocity ratio
approaches unity, the collection efficiency should be very
near zero, whereas whenever one species is falling much
faster than the other, the collection of these two particle
types should be large. A sinusoidal form with minimum
(maximum) of 10% (90%) efficiency was applied to the
velocity ratio as shown in Fig. 6.

The treatment of rain and graupel collisions is simpler
than rain-snow since it does not result in a new category
being formed, but we applied the same technique of vari-
able collection efficiency based on mass-weighted mean
size of rain and graupel and resulting terminal velocity
ratio. The combined results of these two code alterations
showed very little overall sensitivity and are not shown.

3.1.5. Hydrometeor properties experiment (HP). Most
microphysics schemes utilise a power-law relationship for
mass and velocity as a function of particle diameter of
the form: m Dð Þ ¼ aDb and v Dð Þ ¼ cDd , where m is mass,
v is velocity, D is diameter and a, b, c, and d are con-
stants found in Table 2. T08 clearly showed that snow
density is an inverse function of diameter, which is why
that scheme assumes ‘plate-like’ snow with b¼ 2. Many
different microphysics schemes have different values for
these power law constants, and we experimented with
changing the original values in ICE3 based on Locatelli

and Hobbs (1974) to use the T08 constants as summar-
ised in Table 2. The snow terminal velocity is decreased
compared to control for D< 600 lm and increased for
larger D.

The resulting sensitivity experiment (not shown) pro-
duced a slight increase in cloud water content and
decrease in overall snow content, due to the overall
slower falling snow collecting less rime. The increased
cloud water permits a slight increase in supercooled rain
(from autoconversion and accretion) as well. This minor
increase of rain content and mean size causes a slight
increase in graupel content as well, since slightly larger
rain drops have a higher probability of freezing using the
Bigg (1953) immersion freezing method.

3.1.6. Rain Y-Intercept experiment (Y-INT). The exist-
ing ICE3 scheme is similar to nearly all other one-
moment microphysical parameterisations in the treatment
of assumed rain size distribution following Marshall and
Palmer (1948) as this distribution is often used in models
since Lin et al. (1983). That is, the Y-intercept parameter
(hereafter referred to as N0) of the inverse exponential
distribution is set constant to 8 x 106 m�4. This value has
often been validated from time averaging of disdrometer
data, especially from melting ice particles. However as far
back as Waldvogel (1974), who coined the term ‘N0

jump’, it has been recognised that the value is not often
constant and can be much larger in the case of warm-rain
(drizzle) processes than for melting snow, as the prior
tends to represent more small drops. It is for this reason
that Thompson et al. (2004) decided to implement a diag-
nostic calculation of the N0 parameter through inspecting
the vertical column of rain and ice. More specifically, if
rain is found below a melting layer, it is assumed that the
rain was produced by melting of snow and/or graupel,
which will result in large raindrops and a smaller inter-
cept parameter. If there is no ice above the melting layer,
the intercept parameter can be up to two orders of mag-
nitude larger to simulate drizzle. In our implementation
of this idea into the ICE3 scheme, we greatly simplified
the diagnosis of rain intercept parameter by simply set-
ting its value to the legacy constant for T> 0 �C and two
orders of magnitude larger when T <�2 �C with a
smooth transition in between using the formula: N0 ¼
8�10 6�Tð Þ, where T is temperature (C) and N0 has units
of m�4. Our rationale for simplifying this treatment as
compared to Thompson et al. (2004) is that rain present
when T <�2 �C most likely stem from collision-coales-
cence processes, and not melted snow or graupel.
However, without the check for ice above melting, this
method will not work well in cases of warm-rain (drizzle)
in above melting temperatures. Rain produced by melting
ice species that fall through a layer of subzero

Fig. 6. Plot of the collection efficiency for rain collecting snow/
graupel with terminal velocity ratio (snow/graupel to rain).
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temperatures below the melting layer, will also be treated
as drizzle. Therefore, a future research path will be to
adjust our methodology to match more closely what is
done in Thompson et al. (2004). Regardless, the diagnos-
tic calculation of intercept parameter affects all subse-
quent rain-related source and sink terms including the
terminal velocity of the rain, which is expected to have a
substantial sensitivity.

The final result of the entire suite of the 10 model
changes listed in Table 1 is found in Fig. 7. The cloud
droplets maximum mixing ratio is slightly higher than for
the HP experiment, yet it takes longer to deplete the
cloud water, especially for values less than 0.3 g kg�1.
The budget plot for cloud droplets (Fig. 7i) shows a
reduced rate of accretion by rain, which is expected when
the mean size of rain drops is much smaller. Collection of
cloud droplets by snow is decreased in the first part of
the simulation, but increased in the latter half. Graupel
maximum mixing ratio is reached later in the simulation,
most likely due to more cloud water available. Low mix-
ing ratios of rain remain longer at T< 0 �C, as the drops
are small enough to avoid efficient collection by snow
and graupel. The maximum mixing ratio of snow is
reduced compared with the previous experiment (HP),
and, similar to graupel, happens later in the simulation.

3.2. Freezing drizzle case

3.2.1. CTRL. Besides the orographic lift case, we
wanted to ensure how the original and newly updated
physics would perform in a case of observed freezing
drizzle, as described in the methodology. The control
simulation (CTRL) (Fig. 8) shows cloud water building
up below the inversion during the first 30minutes, before
it is reduced again, leaving only a narrow band of rela-
tively high mixing ratios of cloud water just below the
cloud top. The reduction in cloud water correlates with
an increase in snow (Fig. 8e) and graupel (Fig. 8d), and
can be seen as a clear spike in the rates of graupel and
snow collecting cloud water (Fig. 8i). These processes
quickly glaciate the cloud, and only a small amount of
cloud droplets remain afterwards.

Much of the initial profile is saturated with respect to
ice (Fig. 8a), resulting in ice initiation both in the upper
levels of the column and below the inversion, making the
lower cloud a mixed phase cloud from the beginning

(Fig. 8b). Cloud ice quickly grows into snow, that can be
found throughout both clouds. The lack of cloud water
in the upper cloud, indicates that the only source of snow
is cloud ice conversion and vapor deposition for further
growth. The upper ice cloud could possibly create a con-
dition of ‘seeder-feeder’ of ice falling into a supercooled
liquid water cloud (Thompson and Eidhammer 2014), but
the layer between is dry enough for all ice particles to
sublimate before reaching the lower cloud. All ice par-
ticles present in the lower cloud must therefore have been
generated there. Freezing drizzle can be found in the
areas with the highest cloud water amounts, but only at
very low mixing ratios (less than 0.001 g kg�1), and it
does not reach the surface. The rain budget plot in Fig.
8g, shows that the drizzle drops are removed by graupel
and snow collection almost as quickly as it is being gener-
ated by autoconversion and accretion. The low autocon-
version and accretion rates are probably due to the low
amounts of cloud water. Similar to the orographic lift
case, cloud ice is introduced early in CTRL even though
the cloud top temperature is approximately –12 �C. The
ice crystals quickly convert into snow, and the snow
starts to collect cloud water that introduces graupel.
Snow and graupel then collect most of the remaining
liquid, inhibiting freezing drizzle and favouring precipita-
tion as snow, contrary to the observations from which
this idealised case is based upon.

3.2.2. Rain experiments (BR74 and ACC). The physical
process of droplet collision-coalescence is responsible for
the so-called ‘warm-rain’ process (in contrast to ice par-
ticles melting into rain drops) while most numerical mod-
els use the term of autoconversion to parameterise this
process. The OCND2 option uses the autoconversion par-
ameterisation of Khairoutdinov and Kogan (2000; here-
after KK00) to convert cloud water to the rain category.
A known potential problem with the KK00 method is
that any non-zero amount of cloud water can initiate
small values of rain, regardless of the size or amount of
cloud water whereas other methods of converting cloud
water to rain require threshold diameters or minimum
amount of cloud water before starting the conversion.
Therefore, one of the first changes to the scheme was
switching to the Berry and Reinhardt (1974; hereafter
BR74) method that utilises three different characteristic
diameters of the cloud water distribution, which can

Table 2. List of coefficients for mass and velocity-diameter relations for CTRL and HP experiments.

Species CTRL HP

Snow a ¼ 0.02, b ¼ 1.9, c ¼ 5.1, d ¼ 0.27 a ¼ 0.069, b ¼ 2, c ¼ 40, d ¼ 0.55
Graupel a ¼ 19.6, b ¼ 2.8, c ¼ 124, d ¼ 0.66 a ¼ 19.6, b ¼ 2.8, c ¼ 442, d ¼ 0.89
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account for more complex treatments of the shape of the
cloud water spectra as discussed in T08. Similar to T08,
the assumed cloud droplet number concentration was set
to 100 cm�3 for all sensitivity experiments performed,
however, the fully 3D HARMONIE-AROME model has
settings of 100, 300 and 500 cm�3, respectively, for mari-
time, continental, and urban points.

Besides autoconversion, another warm rain process by
which falling rain drops collide and collect with the small
cloud droplets, referred to as ‘accretion’ was altered in a
sensitivity experiment. The original code basically used
the Wisner et al. (1972) assumption that rain falls much

faster than cloud water which greatly simplifies the math-
ematical double-integral of the full collection equation.
However, instead of using a constant collection efficiency,
the scheme uses a variable efficiency that is diagnosed
from the mean size of the cloud droplets. In another
warm rain sensitivity experiment, the collision efficiency
of rain collecting cloud water was changed to match the
T08 method in which both the median volume diameter
of rain and cloud water is computed using 100 size bins
of each category and a look-up table of collection effi-
ciency following Hall (1980) was created. Since the effi-
ciency is typically very high regardless of method, the

Fig. 7. Results from the Y-INT experiment for the orographic lift case. Time-height cross-sections of (a) relative humidity with respect
to ice saturation, mixing ratios of (b) cloud ice, (c) cloud droplets, (d) graupel, (e) snow, and (f) rain. Budget plots with time-evolutions
of the sum of sources and sinks for (g) rain, (h) snow, and (i) cloud droplets.
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sensitivity test called ACC showed only minor differences
from BR74. However, the role of autoconversion is poten-
tially very important because it can act as a ‘trigger’ to
increase (decrease) rain (cloud water) further via accretion.

The results from this experiment are shown in Fig. 9.
In the control experiment, rain is produced at the second
time step (120 s), while in ACC, rain does not form
before 29minutes into the simulation. The results showed
that the BR74 parameterisation allows slightly more
supercooled cloud water to build up before the cold proc-
esses start to glaciate the cloud (Fig. 9c). Less cloud water is

converted into drizzle, and a little more snow is generated
in ACC, which is due to more cloud water available for the
riming process. An interesting effect is that the graupel pro-
duction is delayed by approximately 25–30minutes, showing
that the generation of graupel is more sensitive to the
amount of rain drops than cloud droplets.

3.2.3. Ice initiation experiments (C86 and Bigg). As in
the orographic lift case, the ice initiation processes (not
shown) have the strongest impact on the results. Ice
supersaturation is easily obtained (requirement for ice

Fig. 8. Results from the control experiment (CTRL) for the freezing drizzle case. Time-height cross-sections of (a) relative humidity
with respect to ice saturation, mixing ratios of (b) cloud ice, (c) cloud droplets, (d) graupel, (e) snow, and (f) rain. Budget plots with
time-evolutions of the sum of sources and sinks for (g) rain, (h) snow, and (i) cloud droplets.
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initiation for Meyers), yet 125% ice supersaturation
(requirement for Cooper in T08) is only achieved after
90minutes near the cloud top. This is generated due to
the cold temperatures, and appears only below -12 �C. As
such high supersaturation is not achieved in the upper
part of the column, the entire upper ice cloud is removed
by this change. While ice supersaturations are low to
moderate (near RHice¼ 115%), ice is not immediately
formed with the new modifications, however, real world
weather conditions in this case could have upper-altitude
frontal lift that would supply additional vertical velocity
to increase RHice further until ice would occur. Such lack
or presence of the high-altitude ice cloud would clearly
impact both cloud cover and radiation, and have large feed-
backs in a real forecast. The late onset of cloud ice after
modifying the scheme also delays the generation of graupel
and snow, which in return allows larger amounts of cloud
water to build up. More cloud water is allowed to convert
into the rain category, and now it reaches the surface.

3.2.4. Liquid water collection experiments (GCW, SCW,
RCS, and RCG). The rates of graupel and snow collect-
ing cloud water are substantially reduced in GCW and
SCW (not shown). The result is that cloud water now dis-
sipates more gradually, so cloud water is kept above 0.1 g

kg�1 for more than 30–40minutes after reaching the max-
imum value, which is in agreement with the results seen
in the orographic lift case. Before this change, the same
reduction took only about 5minutes. In addition, larger
amounts of cloud water remain in the middle layer of the
cloud (between 1000 and 2500m). With larger amounts
present, more cloud water becomes drizzle in this layer.
We also see an increase in the snow mixing ratio, espe-
cially near the surface. The maximum mixing ratio of
snow is shifted to later in the simulation, consistent with
the orographic lift case. It was not possible to detect any
changes in the results due to rain collecting graupel or
snow, except for slightly lower rates, due to very low
amounts of rain in this experiment.

3.2.5. Hydrometeor properties experiment (HP). The
increased snow maximum from the collection experiments
is reduced also in this case with the updated hydrometeor
properties (not shown). As discussed previously this is
due to less riming of cloud water with slower falling
snow. Subsequently, the amounts of cloud water, graupel
and drizzle are slightly increased in this experiment.

3.2.6. Rain Y-intercept experiment (Y-INT). Results
from the full suite of code modifications is found in Fig.

Fig. 9. Results from the ACC experiment for the freezing drizzle case. Time-height cross-sections of (a) relative humidity with respect
to ice saturation, mixing ratios of (b) cloud ice, (c) cloud droplets, (d) graupel, (e) snow, and (f) rain.
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10. The variable N0 is assumed to be very important for
this case, as all the raindrops are created by warm proc-
esses (accretion and autoconversion), meaning that the
constant value from Marshall and Palmer (1948) will lead
to a distribution of too few and large raindrops, com-
pared with what we would expect from drizzle drops. The
smaller raindrops in this simulation lead to a higher con-
centration of cloud droplets and rain, as fewer drops are
being captured by snow (a clear reduction in the rates in
Fig. 10h), leading to less snow. Graupel on the other

hand is slightly increased. This increase is mostly due to
an increase in the amount of rain and snow collection
that become graupel (not shown).

4. Discussion and conclusion

In this study, we have modified the cloud microphysics
scheme in HARMONIE-AROME to resemble the T08
scheme, in order to improve the representation of SLW.
Two idealised 1D test cases were constructed to represent

Fig. 10. Results from experiment Y-INT for the freezing drizzle case. Time-height cross-sections of (a) relative humidity with respect to
ice saturation, mixing ratios of (b) cloud ice, (c) cloud droplets, (d) graupel, (e) snow, and (f) rain. Budget plots with time-evolutions of
the sum of sources and sinks for (g) rain, (h) snow, and (i) cloud droplets.

HARMONIE-AROME WEATHER FORECAST MODEL 15



orographic lifting and freezing drizzle, to validate the new
scheme. Comparing the results from CTRL (Fig. 3) to Y-
INT (Fig. 7), shows a big difference for the orographic
lift case. Maximum cloud droplet mixing ratio where
T< 0 �C is doubled, and the time it takes to reduce the
mixing ratio from the maximum to less than 0.1 g kg�1 is
prolonged from 10minutes to approximately 70minutes.
Supercooled rain is found in higher amounts and depleted
more slowly in Y-INT compared with CTRL. Cloud ice
is initiated later in the simulation and is no longer as
abundant, which also leads to a delayed initiation of
snow and graupel. The maximum mixing ratio of graupel
is increased, due to more cloud water being available for
collection, yet graupel is also quickly reduced afterwards.
The maximum mixing ratio of snow remains the same,
but is reached later in the simulation.

The modified microphysics scheme also showed prom-
ising results for the freezing drizzle case (comparing Figs.
8 and 10), with less cloud ice and snow especially at
higher altitudes, where cloud formation was not expected
to occur. This could potentially be of significant import-
ance to forecasts and climate assessments, as high altitude
ice-clouds impact radiation and physical properties of
clouds. Similar to the orographic lifting case, supercooled
liquid water now have more time to build up, and is
removed at a slower rate by graupel and snow.
Maximum cloud droplet mixing ratio is doubled from
CTRL to Y-INT, and the rain mixing ratio is also con-
siderable higher. Formation of graupel is delayed, yet
with a higher maximum mixing ratio due to more avail-
able liquid water for collection.

The two idealised 1D cases showed very similar results
even though they represented two different weather situa-
tions known to produce supercooled liquid. Our key find-
ings include:
� A considerable impact by the ice initiation treatment.

By replacing the Meyers et al. (1992) heterogeneous
ice nucleation with Cooper (1986) (as implemented in
T04), and adding immersion freezing from Bigg
(1953), the microphysics scheme went from ‘ice
friendly’ to ‘ice restrictive’. However this effect is
mostly due to a delayed ice initiation, once ice is
introduced in the cloud, supercooled liquid is still
depleted relatively rapidly.

� A less efficient graupel and snow collection of liquid
water is necessary to prevent near complete cloud
glaciation. By adding a collection efficiency based on
both cloud droplet and snow/graupel size distribu-
tion, the lifetime of SLW is considerably prolonged.

� A variable rain y-intercept parameter is important
particularly for freezing drizzle, as the drops will be
smaller and not be collected by graupel and snow
as readily.

� Autoconversion, accretion, rain collection of snow
and graupel, and hydrometeor properties had minor
impacts in these experiments. Yet in other weather
cases they might be more important, especially auto-
conversion and accretion when ice is not present.

The experiments demonstrate the modified microphys-
ics scheme’s improved physical representation of SLW.
SLW is more abundant and not as easily depleted by ice
species. The next step will be to test the modified scheme
in full 3D simulations and validate against real observa-
tions. This will be carried out in an upcoming study. Our
changes to the microphysics scheme could also impact
deep convection situations and precipitation patterns,
through the modified distribution of graupel and snow,
which will be addressed in the next study. The new
scheme will possibly be more sensitive to concentration of
aerosols (through IN and CCN), compared with the ori-
ginal scheme, and more accurate background concentra-
tions may be needed.

This study highlights the key processes, or a combin-
ation of key processes, that are necessary for improving
the activation and maintenance of SLW in cloud parame-
terizations. We hope that this study will both motivate
and provide guidance for improving weather and climate
models’ ability to represent mixed phase clouds accur-
ately, as SLW plays a major role for the radiative forcing
in cold climates, and is a crucial variable for accurate
modelling of atmospheric icing on aircrafts and
infrastructure.
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