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Mixed-phase clouds are important for simulating precipi-
tation formation and cloud radiative effects in Numerical
Weather Prediction (NWP) and climate models. One chal-
lenge to reduce model uncertainties is how to best repre-
sent the sub-grid distribution of liquid and icewithin amodel
grid-box. This is poorly constrained by observations, yet is
key for representing microphysical process rates that grow
ice crystals at the expense of liquid droplets. This study
uses in-situ airborne observations from stratiform, shallow
cumulus, deep convective and frontal clouds to investigate
the horizontal spatial overlap of liquid and ice phases on
length scales ∼1 km, which are appropriate for current re-
gional NWP models. We place observational constraints
on a simple parametrisation that describes themixed-phase
fraction as a function of sub-grid liquid and ice cloud frac-
tions and demonstrate that most of the observations show
that when ice and liquid are present they are close to fully
overlapped.
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1 | INTRODUCTION

Mixed-phase clouds contain both supercooled liquid droplets and ice crystals. These clouds are globally widespread,
appearing from the Southern Ocean (D’Alessandro et al., 2021) to the Arctic regions (Abel et al., 2017), and are chal-
lenging to simulate. Some of these challenges arise from the underestimation of supercooled liquid water (Hofer et al.,
2024) which leads to uncertainties in climate change projections. The amount of liquid water in mixed-phase clouds is
greatly impacted by the formation of ice crystals through primary and secondary ice production. These processes are
key to the development and evolution of mixed-phase clouds. The formation of ice is highly uncertain in modelling
mixed-phase clouds due to challenges in measuring and representing ice-nucleating particles (INPs) (Heymsfield et al.,
2017) and ice crystal concentrations (Field et al., 2016) in primary and secondary ice production parametrisations,
respectively. These modelling challenges give rise to climate model biases, such as an underestimate in the reflected
short-wave radiation over the Southern Ocean, that in turn contributes to a warm sea surface temperature bias in
the region (Bodas-Salcedo et al., 2014), and excessive radiative surface cooling in Arctic winter, leading to strong
temperature inversions (Pithan et al., 2014).

A number of Numerical Weather Prediction (NWP) weather and climate models use ice and liquid cloud fraction
schemes (Wilson et al., 2008; Van Weverberg et al., 2021), to represent the phase distribution of clouds within a
model grid-box (Bogenschutz et al., 2012; Walters et al., 2019). A challenge when considering mixed-phase clouds is
how to represent the degree of horizontal spatial overlap between the sub-grid liquid and ice cloud fractions, which
determines the mixed-phase cloud fraction in the grid-box. Theoretical studies (Yang et al., 2014; Korolev et al., 2017)
have examined the impact of the phase spatial distribution of mixed-phase clouds and it was demonstrated that the
evolution of mixed-phase clouds was sensitive to microphysical processes such as riming and theWegener-Bergeron-
Findeison (WBF) process (Wegener, 1911; Bergeron, 1935; Findeisen, 1938). In theWBF process, ice crystals grow at
the expense of water droplets due to a vapour pressure difference between the liquid and ice vapour pressures, and
in models this process is directly proportional to the mixed-phase overlap. The WBF mechanism therefore plays an
important role in the production of ice and, hence, the development and lifetime of mixed-phase clouds. In turn, this
will lead to implications for precipitation rates and radiative energy balances of these clouds (Korolev and Milbrandt,
2022). Previous modelling studies have assumed maximal sub-grid overlap between liquid and ice phases (Gettelman
et al., 2010; Fan et al., 2011) and this resulted in the largest possible rate of liquid depletion via theWBFmechanism. In
order to shield regions of liquid water from theWBF process, other investigations have limited this horizontal overlap
in model simulations. Reducing the degree of horizontal spatial overlap led to an increase in the liquid water path
(LWP) of mixed-phase clouds (Abel et al., 2017).

Observational studies have used airbornemeasurements (Field et al., 2004; D’Alessandro et al., 2021; Korolev and
Milbrandt, 2022) and active satellite based remote sensing measurements e.g. using lidar (Sokol and Storelvmo, 2024)
or combinations of radar and lidar (Coopman and Tan, 2023), to examine the spatial homogeneity of mixed-phase
clouds. Korolev andMilbrandt (2022) used in-situ aircraft observations of clouds over the Arctic and Canadian regions
to determine the horizontal length scales of continuous ice, liquid and mixed-phase cloud segments. It was found that
these lengths varied from 100m (limited by the instrument resolution) to 100 kmwith high spatial phase intermittency
at small length scales (∼100 m). Field et al. (2004) and Korolev and Milbrandt (2022) both demonstrate that lengths
of contiguous regions of mixed-phase appear to follow power law relations down to 100 m scales. Another example
using in-situ airborne measurements is given by D’Alessandro et al. (2021). Here, the lengths of contiguous ice, liquid
and mixed-phase sections of mixed-phase cloud regions over the Southern Ocean was determined (for length scales
∼100 m–10 km) and it was found that mixed-phase regions were the shortest cloud phase segments and, hence,
were the most spatially heterogeneous. The advantages of in-situ airborne observations over satellite measurements
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is that they can measure individual hydrometeors, enabling finer sampling and identification of mixed-phase clouds
appropriate for high-resolution, convection permitting models. However, aircraft length scales are limited, depending
on the speed of the aircraft and the length of cloud sampling runs. Satellite measurements yield a global view but are
limited to larger horizontal scales than can be examined with in-situ measurements. Satellite retrievals can also have
difficulty detecting low concentrations of ice particles in mixed-phase clouds. For example, Coopman and Tan (2023)
used radar and lidar satellite measurements to explore the spatial distribution of the thermodynamic phases in mixed-
phase clouds over the Arctic and Southern Ocean regions. From the satellite retrieval of cloud phase (liquid or ice) at
a pixel resolution of ∼1 km, the number of liquid-ice pixel interfaces was calculated over a 1×1◦ (∼100 km × ∼100
km) area (a cloudy object). Coopman and Tan (2023) defined a mixed-phase cloud as a cloudy object that contains
at least one ice pixel and one liquid pixel. A fraction was introduced to calculate the number of liquid-ice interfaces
to the maximum possible number of liquid-ice interfaces over a 1◦ × 1◦ area. This fraction was used to determine
the spatial heterogeneity of the mixed-phase clouds. The smaller the number of liquid-ice interfaces, the greater the
spatial heterogeneity and the liquid and ice phases are less ‘mixed’ in the cloud. It was found that mixed-phase clouds
are often heterogeneous in nature and are structured as regions of liquid droplets and regions ice crystals.

It has been identified by Abel et al. (2017) and Korolev and Milbrandt (2022) that the horizontal sub-grid overlap
between the liquid and ice phases in various NWP models is poorly constrained by observations. Whilst the obser-
vations of Field et al. (2004), D’Alessandro et al. (2021), Korolev and Milbrandt (2022) and Coopman and Tan (2023)
provide insights into the spatial scales of mixed-phase clouds, it is not straightforward to adapt their results into a
model parametrisation of the horizontal sub-grid overlap. For a model, a conditional sampling approach is required.
So, given a liquid cloud fraction and ice cloud fraction in a grid-box what is the mixed-phase cloud fraction? This
study therefore applies this conditional sampling approach on in-situ airborne observations from several field cam-
paigns, targeting a range of mixed-phase cloud types, to investigate the horizontal spatial overlap between the liquid
and ice phases in mixed-phase clouds. Here we will use aircraft observations to quantify the mixed-phase fraction as
a function of the ice and liquid cloud fractions over a ∼1 km horizontal length scale. We will then use these obser-
vations to test a model of the horizontal mixed-phase overlap of the liquid and ice cloud fractions that is used in the
Cloud and Aerosol Interacting Microphysics (CASIM) scheme and implemented in regional NWP (Field et al., 2023).
The goal is to place observational constraints on a parameter (implemented in CASIM) which describes the horizontal
sub-grid overlap between the liquid and ice phases. The aircraft observations are sampled on a ∼1 km horizontal
length scale which is a commonly used model resolution for cloud-resolving simulations such as the Met Office UK
regional model (1.5 km) (Bush et al., 2023). The field campaigns chosen and instrumentation used are presented in
Section 2. The observational horizontal mixed-phase overlap results are presented in Section 3 and comparisons to
the horizontal mixed-phase overlap model employed by CASIM are presented in Section 4. The importance of the
horizontal sub-grid overlap for process rates and potential future work is discussed in Section 5. Section 6 presents
the conclusions of this study.

2 | DATA AND INSTRUMENTATION

2.1 | Field Campaigns

In-situ airborne observations taken by the Facility for Airborne AtmosphericMeasurements (FAAM) BAe-146 research
aircraft from four field campaigns were analysed. These included the Arctic Cold-Air Outbreak Experiment (ACAO)
(Raif et al., 2024) experiment, the Resolving climate sensitivity associated with shallow mixed-phase cloud in the
oceanic mid- to high latitudes (M-Phase) experiment (Huang et al., 2025), the Deep Convective Microphysics Ex-
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periment (DCMEX) (Finney et al., 2024), and the Parameterizing Ice Clouds using Airborne obServationS and triple-
frequency dOppler radar data (PICASSO) campaign (Kedzuf et al., 2021). This selection of field campaigns was chosen,
to examine if there is any cloud regime dependence on the mixed-phase overlap. These campaigns used similar cloud
physics instrumentation which was useful when assessing and comparing the cloud phase of these different cloud
regimes (see Sections 2.2, 2.3 and 3.1).

The ACAO and M-Phase campaigns both targeted boundary layer clouds that formed within cold-air outbreaks
(CAOs). CAOs bring cold polar air masses that flow from the sea ice over a warmer ocean, and generate strong surface
fluxes of heat and moisture that are conducive to the development of mixed-phase clouds (Brümmer, 1996; Renfrew
and Moore, 1999; Kolstad et al., 2009; Fletcher et al., 2016). ACAO obtained measurements in Spring 2022 to the
north of Scandinavia within the Norwegian Basin and Barents Sea, and M-Phase targeted CAOs over the Labrador
Sea in Autumn 2022. The cloud regimes were primarily stratiform clouds with some sampling of shallow cumulus. The
contrasting seasons and locations enabled a range of CAO cloud temperatures and aerosol conditions to be sampled.

The DCMEX field campaign focussed on taking in-situ airborne microphysical, aerosol and dynamical measure-
ments along with remote ground based measurements of deep convective cloud formation. This formation is a result
of orographic convection of isolated convective clouds over theMagdalenaMountains in NewMexico, North America
(Dye et al., 1989). The DCMEX measurements, undertaken in Summer 2022, enabled reliable and frequent sampling
of these clouds. The datasets and background information of this project is described in Finney et al. (2024).

The PICASSO field campaign provides a useful data set which contains in-situ observations targeting mid-latitude
pre- and post-frontal clouds. This campaign obtained a series airborne and ground based measurements of cirrus and
mixed-phase clouds in the UK from Winter 2018 – Spring 2019. Flights that sampled regions of mixed-phase clouds
were selected.

Table 1 shows some characteristics of the aforementioned field campaigns. The total horizontal length sampled
by the aircraft in mixed-phase cloud conditions is also indicated.

TABLE 1 Summary of the field campaigns investigated in this study. The mixed-phase sample length is calculated
from periods where the Cmix (see Section 3.2) calculated from the Nevzorov probe is > 0.

Field campaign Date Number of Mixed-phase Cloud regime

flights sample length

ACAO March 2022 10 1160 km Stratiform & some shallow Cumulus

M-Phase Oct. – Nov. 2022 15 1614 km Stratiform & some shallow Cumulus

DCMEX Jul. – Aug. 2022 19 375 km Deep Convective & some Stratiform

PICASSO Jan. 2018 – May 2019 10 3708 km Mid-latitude frontal clouds

2.2 | Ice and Liquid Water Content Measurements

A Nevzorov probe was used to measure cloud ice and liquid water contents in all of the field campaigns. This is a
constant-temperature hot-wire probe, which has two separate heated sensors for measuring the cloud total water
(TWC) and liquid water (LWC) contents (Korolev et al., 1998). The TWC sensor is a deep cone version (Korolev et al.,
2013) that has a better collection efficiency than earlier versions of the instrument (Korolev et al., 1998), and is
designed to capture, melt and evaporate liquid drops and ice particles. The LWC sensor is a heated wire wound onto
a copper rod, and liquid droplets that impinge on the wire flatten into a thin film and evaporate. Ice particles tend
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to break away from the LWC sensor, with negligible heat expended compared to complete ice evaporation (Korolev
et al., 2013), although a residual signal from ice particles is oftenmeasured. The bulk water content from the sensors is
calculated directly from the extra electrical energy supplied that is required for the melting and evaporating processes.
The baseline drift of the Nevzorov probe during the flights is corrected following the technique described in Abel et al.
(2014).

Using the TWC and LWC data, the ice water content (IWC) and LWC can be calculated (Korolev et al., 1998,
2003),

IWC =
(WTWC −WLWC )

(k − β ) (1)

LWC =WLWC − (β IWC) (2)

whereWTWC andWLWC are the total water and liquid water contents measured by the Nevzorov TWC and LWC
sensors, respectively; β accounts for the residual signal of ice detected by the LWC sensor and is defined as a fraction
of the IWC; k is the ratio for the difference between the specific energy used in liquid water evaporation and ice
sublimation (i.e. the additional energy required to perform the sublimation process). Note that Equations (1) and (2)
have been simplified from the relations given in Korolev et al. (1998) to assume collection efficiencies equal to unity
as performed in previous studies (Korolev et al., 2003).

A value for k was set at 1.12 (Korolev et al., 2003). The value of β can be estimated from examining the water
content measured by the liquid sensor when flying in pure ice clouds and can vary dependent on the microphysical
properties of the ice particles. Korolev et al. (1998) showed measurements where β varied in the range 0.05–0.15.
A fixed value of β = 0.11 has been used in prior work which examined mixed-phase cloud properties (Korolev et al.,
2003). We also use a default value of β = 0.11 in this work. Examination of data from periods of the PICASSO flights
with pure ice clouds showed that β varied in the range 0.05–0.2 (not shown). The sensitivity of our results due to this
uncertainty in β are explored in Section 4. In addition, the Nevzorov probe data was filtered for TWC > 0.01 g m−3

and measurements which met this criteria was considered as in cloud regions (Korolev et al., 2003). Further sensitivity
tests adjusting the TWC threshold is outlined in Table 2 and the impact on the results is shown in Section 4.

TABLE 2 Default values and sensitivity thresholds used for the Nevzorov and 2DS/CDP variables when
determining cloud phase at each second.

Method Parameter Description Default Sensitivity range

Nevzorov β Fraction of IWC detected by LWC sensor 0.11 0.05–0.2

Nevzorov TWC TWC threshold to define cloud 0.01 g m−3 0.005–0.02 g m−3

2DS/CDP NHI 2DS ice concentration threshold to define ice 0.14 L−1 0.14–1 L−1

2DS/CDP NCDP CDP drop concentration to define liquid 2 cm−3 1–4 cm−3
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2.3 | Ice and Liquid Number Concentration Measurements

The two-dimensional stereo (2DS) probe is an optical imaging instrument used to measure particle sizes and concen-
trations. It consists of two orthogonal laser beams which cross in the middle of a sample volume and illuminates two
128-photodiode linear arrays. These arrays have a 10 µm pixel resolution and covers a size range of 10–1280 µm.
The design of the 2DS probe along with results from various experiments are given in Lawson et al. (2006). The 2DS
images particles fromwhich a measure of particle shape, the circularity (O ), is calculated. O of particles >∼80 µmmea-
sured with the 2DS were classified using the measured particle perimeter P and particle area A, whereO = P 2/(4πA)
(Crosier et al., 2011). The 2DS data was filtered into subcategories: high, medium and low irregular (HI, MI and LI, re-
spectively). From experience and previous studies (Abel et al., 2017), the threshold chosen to determine theHI class of
particles are particles that have a circularity larger than 1.4. Below this threshold, mis-shaped liquid droplets might be
included in the statistics. In this study, HI particles were used from the 1 Hz data to identify the ice regions/particles.

The Cloud Droplet Probe (CDP) is an Optical Particle Counter which uses a focussed beam from a diode laser
and detects particles through measuring the light scattered by them. The CDP measures particle concentrations and
sizes in the range of 2–50 µm; the principle of operation, along with the instrument design and performance tests, is
described in Lance et al. (2010). Particles measured by the CDP were used to identify liquid water regions/droplets.
The number concentrations measured by the CDP are likely to be dominated by liquid droplets and contributions of
small ice particles are unlikely to be significant for the mixed-phase clouds investigated in this study. This is because
ice crystals are generally bigger than the CDP detectable size range (2–50 µm) and the concentration of liquid droplets
>> ice particles. No data was available from the PICASSO field campaign for the 2DS probe. Therefore, the 2DS/CDP
analysis could not be performed for this field campaign.

2.4 | Example Data

Figure 1 shows an example time series of the IWC and LWC data obtained by the Nevzorov probe and the corre-
sponding 2DS/CDP data measured during ACAO flight C279. This segment of data shows an aircraft profile descent
through a stratiform mixed-phase cloud layer, followed by a profile ascent back through the cloud. The variation in
air temperature during the aircraft profile is also shown with temperatures ranging from ∼ −18 ◦C at cloud base to
∼ −21 ◦C at cloud top. The Nevzorov data shows a liquid dominated cloud top region (10:44:40 UTC to 10:45:40
UTC). Lower down in the cloud, the Nevzorov probe detects ice, and ice phase precipitation is observed beneath the
liquid cloud base (10:46:10 UTC to 10:47:30 UTC). During the subsequent profile ascent, another liquid dominated
cloud top region is observed at the end of the time series (10:48:00 UTC to 10:48:30 UTC). The concentration of liquid
drops measured with the CDP correlates well with the Nevzorov LWC measurement. In contrast, in this example, the
2DS measured ice particle concentration shows a higher number of measurements that contain ice in the time series.
These discrepancies could be due to either a mis-classification of particles as ice from the 2DS imagery e.g. from
out of focus particles that may contain liquid drops, or from an underestimation in the IWC measurement from the
Nevzorov. However, by choosing two independent methods to detect ice and liquid in this study, we can examine the
impact of the different measurement techniques on the results. For all of the aircraft datasets, measurements during
turns are screened out by removing data where the aircraft rate of change of heading ≤ 1 ◦s−1. The aircraft take-off
and landing data are also removed from the analysis.
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F IGURE 1 Example time series window from an ACAO flight (C279). Panel (a) shows the aircraft altitude and air
temperature. Panel (b) shows IWC, LWC and µ3 data derived from the Nevzorov probe. Panel (c) shows number
concentration data measured by the 2DS probe and CDP. Different scales are used for the ice (2DS) and liquid (CDP)
number concentrations in panel (b). The shaded grey strips represent time intervals of 10 s: for a typical aircraft true
airspeed of ∼100 m s−1, these strips represent a distance of ∼1 km.

3 | METHODOLOGY

3.1 | Determining Cloud Phase

Using the Nevzorov probe 1 Hz data, the cloud phase was determined at each second by employing the ice water
content ratio (Korolev et al., 2003)

µ3 =
IWC

IWC + LWC (3)

where IWC and LWC are the ice and liquid water contents, respectively. Figure 1, panel (b), shows µ3 calculated
along a sample time series from an ACAO flight (C279). By applying appropriate thresholds, this ratio was used
to determine different cloud phase regions: liquid cloud (µ3 < 0.1) ; ice cloud (µ3 > 0.9) ; and mixed-phase cloud
(0.1 ≤ µ3 ≤ 0.9) . These phase thresholds were selected based on previous work by Korolev et al. (2003) which used
Equation (3) to characterise cloud phase. Figure 2 shows a histogram of µ3 for the CAO flights during ACAO and
highlights the different phase thresholds used in this study. As found in previous studies (Korolev et al., 2003), Figure
2 highlights two maxima occurring at the pure liquid (µ3 < 0.1) and pure ice (µ3 > 0.9) regions. Adjustments to the
β and TWC thresholds were also explored to examine the impact on the µ3 values. Their thresholds are presented in
Table 2.

An alternative technique for phase determination uses the 1 Hz data from the 2DS and the CDP. The concentra-
tion of ice particles and liquid drops are determined from the 2DS HI (NHI) and the CDP (NCDP) number concentration
measurements respectively. Default thresholds of NHI > 0.14 L−1 and NCDP > 2 cm−3 were chosen to identify the ice
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F IGURE 2 Histogram of the ratio µ3 = IWC/(LWC + IWC) for the CAO flights during ACAO. The different
thresholds used to determine cloud phase are indicated. The pure liquid (µ3 < 0.1) and pure ice regions (µ3 > 0.9)
are labelled, along with arrows indicating regions containing some liquid (µ3 ≤ 0.9) , some ice (µ3 ≥ 0.1) and
mixed-phase (0.1 ≤ µ3 ≤ 0.9) .

and liquid water regions, respectively. Mixed-phase cloud points are calculated where both of these conditions are
satisfied (NHI > 0.14 L−1 and NCDP > 2 cm−3). The NCDP threshold ensures that out-of-cloud coarse mode aerosols
are not assigned as liquid, and the NHI threshold includes all ice particles measured by the 2DS (the 1 Hz detection
limit of the 2DS is 0.14 L−1). The impact of increasing the default NHI threshold to 1 L−1, and halving and doubling
the default NCDP threshold are also examined (see Table 2).

3.2 | Cloud Phase Fractions

To calculate the ice (Cice), liquid (Cliq) and mixed-phase (Cmix) cloud phase fractions over aircraft sampling distances,
the 1 Hz cloud-phase values were binned into 10 second time windows. This time-period corresponds to a length-
scale of ∼1.1 to 1.6 km based on the distance travelled by the aircraft (see Figure S1), with the range resulting from
the aircraft true airspeed changing with altitude. This length scale is typical of the horizontal resolution used in many
convection permitting weather forecast models e.g. the Met Office operational model over the UK has a grid-spacing
of 1.5 km. The ice, liquid and mixed-phase cloud fractions are then calculated using:

Cice =

∑n
i=1 xi

n
(xi = 1 if pi = Ice; xi = 0 if pi , Ice) (4)

Cliq =

∑n
i=1 xi

n
(xi = 1 if pi = Liquid; xi = 0 if pi , Liquid) (5)
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Cmix =

∑n
i=1 xi

n
(xi = 1 if pi = Mixed; xi = 0 if pi ,Mixed) (6)

pi is the phase in each 1 s interval (i ) and n represents the bin/time length = 10 s. Table 3 shows a summary of
the (default) conditions used when determining phase, at each second, for the Nevzorov and 2DS/CDP method.

TABLE 3 Conditions and thresholds used to determine phase type, at each second, for the Nevzorov and
2DS/CDP methods. The values for the 2DS/CDP method are the default values – see Table 2 for details.

Condition Nevzorov 2DS/CDP

pi = Ice µ3 > 0.1 NHI > 0.1 L−1

pi = Liquid µ3 < 0.9 NCDP > 2 cm−3

pi = Mixed 0.1 ≤ µ3 ≤ 0.9 NHI > 0.14 L−1 and NCDP > 2 cm−3

Figure 3 shows a time series of the cloud fractions calculated over each time window (10 s) using Equations (4),
(5) and (6), and overlaid onto the example Nevzorov and 2DS/CDP data from Figure 1. The calculations from the
Nevzorov in panel a) show periods of high liquid cloud fraction that are associated with a liquid dominated cloud top
region, an increase in the mixed-phase cloud fraction lower down in the cloud due to the presence of both liquid and
ice, and high ice cloud fractions below cloud base as the precipitation is dominated by the ice-phase. A similar pattern
is shown in the liquid cloud fraction calculated from the CDP in panel b), but the ice cloud fraction calculated from
the 2DS is almost always 1. This is due to the aforementioned higher frequency of ice occurrence detected by the
2DS than the Nevzorov in this example and results in time periods where the mixed-phase cloud fraction calculated
from the 2DS/CDP is also larger than the Nevzorov.
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F IGURE 3 Example time series of Cice, Cliq and Cmix calculated over time intervals of 10 s (∼1 km grey strips)
from an ACAO flight (C279). These cloud fractions are overlaid onto the (a) IWC and LWC data derived from the
Nevzorov probe and the (b) number concentration data measured by the 2DS probe and CDP from Fig. 1.

4 | RESULTS

4.1 | Observations Cloud Fraction Grids

Models typically predict or diagnose ice cloud fraction and liquid cloud fraction separately. They then need to make
some assumption about how much overlap there is between the two phases where mixed-phase processes can occur.
Here, we use the observed cloud fractions to examine how this overlap varies as a function of the liquid and ice
cloud fractions. This is achieved by constructing a two dimensional grid where Cmix can be binned and averaged as a
function of Cliq and Cice. This provides a useful representation of a two dimensional phase space where the resolution
of these bins is determined by splitting the measured cloud fraction data into discrete 0.1 Cliq × 0.1 Cice grid-boxes,
as illustrated in Figure 4. The numbers overlaid on these observations grids show the number of individual Cmix

observations that were binned into each grid-box. The contoured values shown in Figure 4 are the mean Cmix values
within each grid-box from the (a) Nevzorov and (b) 2DS/CDP measurements, and use the combined data collected
from all flights for every field campaign investigated in this study (as outlined in Table 1). It is interesting to note the
amounts of various cloud types that are displayed. In Figure 4(a) 37% of the data points are in ice cloud (Cice > 0,
Cliq = 0), 21% are in liquid cloud (Cliq > 0,Cice = 0), and 42% are inmixed-phase conditions (Cliq > 0 andCice > 0), with
15% of the mixed-phase data being in partially overcast conditions (regions where Cliq < 1 and Cice < 1). Whereas in
Figure 4(b) 49% of the data points are in ice cloud (Cice > 0, Cliq = 0), 14% are in liquid cloud (Cliq > 0, Cice = 0), and
37% are inmixed-phase conditions (Cliq > 0 andCice > 0), with 15%of themixed-phase data being in partially overcast
conditions (regions where Cliq < 1 and Cice < 1). Figure 4(c) is a difference plot between these two grids (i.e. Figure
4(a) minus Figure 4(b)) and shows the Nevzorov method generally produces Cmix values higher than the 2DS/CDP
grid in the partially overcast region (centre of the grid). The implications for the higher Cmix values calculated from
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the Nevzorov method are explored further in Section 5.

F IGURE 4 (a) Nevzorov and (b) 2DS/CDP Cmix grids as a function of Cliq and Cice using the combined data
collected from all flights for every field campaign investigated in this study. The printed numbers on these grids
represents the number of individual Cmix observations per grid-box and, in this case, these are used to calculate the
mean Cmix value in each grid-box. (c) is a difference plot between the Nevzorov and 2DS/CDP observations Cmix
grid; positive regions show that the Nevzorov Cmix values are greater than the 2DS/CDP values. Equivalent Cmix
grid plots for each field campaign are displayed in Figures S2, S3 and S4.

As indicated in Figure 4, each grid-box contains a number of independent Cmix observations. The variability in
these observations is illustrated in Figure 5. The histograms show the distribution of Cmix values for a selection of
different grid-boxes. The vertical red dashed lines in each of the histograms shows the maximum possible Cmix value,
for each case. To examine the impact the variability in the measurements has on our results, a set of statistical prop-
erties of the Cmix values within each grid-box are calculated in addition to the mean: this includes the median, the
interquartile range and the 10th and 90th percentiles of the data. Grids similar to Figure 4 can then be constructed us-
ing these additional statistical properties of the distribution for the individual grid-boxes. Example grids that illustrate
this are shown in Figures S5 and S6.
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F IGURE 5 The Nevzorov Cmix grid, as presented in Figure 4(a), alongside histograms which show the variability
of the individual observations within a selection of different grid-boxes. The red dashed vertical line indicates the
maximum possible Cmix value in each histogram.

4.2 | Description of the Model Parametrisation

Other models may make different assumptions about how the overlap between the liquid and ice phases is done, but
in CASIM it is given by this function (Field et al., 2023)

Cm = mpof × min(Cl,Ci ) +max(0, (1 − mpof) (Cl + Ci − 1) ) (7)

where Cm is the model mixed-phase cloud fraction and mpof is a tunable parameter that describes the amount
of sub-grid overlap between the model liquid (Cl ) and model ice (Ci ) cloud fractions. Note: Cm should not be
misinterpreted asCmix: Cm represents themodel mixed-phase cloud fraction andCmix is the observationmixed-phase
cloud fraction. Similar to the aforementioned difference between Cm and Cmix, Cl and Ci are the model liquid and ice
cloud fractions respectively whereas Cliq and Cice are the observation liquid and ice cloud fractions, respectively.

The impact of varying mpof can be demonstrated by constructing a two dimensional Cm grid as a function of
Cl and Ci. Figure 6 shows how the mpof parameter effects the Cm values for mpof values of 0, 0.5 and 1. It can
be seen from the contours in the Cm grids that the mixed-phase cloud fraction tends to increase when increasing
mpof. This is illustrated further with schematics (i)–(iv) at the bottom of Figure 6. These show how the liquid and ice
cloud fractions would be distributed in a model grid-box for various combinations of Cl and Ci. Figures 6(i), 6(ii) and
6(iii) show a partially cloudy scenario whereas Figure 6(iv) shows an overcast case with higher cloud phase fractions
than the aforementioned schematics. The mixed-phase cloud fraction Cm is represented by regions where Cl and Ci

overlap. It is clear that as mpof increases from 0 to 1, the overlap between ice and liquid increases. The largest change
in Cm between the various mpof values occurs when the grid-box is partially cloudy (Figures 6(i), 6(ii) and 6(iii)), and
as the grid-box becomes more overcast the change with mpof becomes smaller (Figures 6(iv)). This is shown further
in Figure S7 which plots the difference between the Cm grids using a value of mpof = 1 and mpof = 0. This highlights
the area in the centre of the grid, which represents partially cloudy grid-boxes, and exhibits the largest sensitivity to
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mpof.
Figure 4(c) shows that the two observation techniques are also most different in the centre of the Cmix grid.

Furthermore, around the edges of the grid in Figure 4(c) we can see that there is no difference: these are either single
phase regions where there is no mixed-phase component (bottom and far left regions of the grid), or overcast regions
in mixed-phase conditions where Cice = 1 or Cliq = 1 (top and far right of grid, respectively). Here, Cmix cannot
change from the minimum value of Cice or Cliq. Other grids similar to Figure 4 were produced for the individual field
campaigns (Figures S2, S3 and S4) and they show the higher mean Cmix produced from the Nevzorov observations
are common across the field campaigns.

The default value in the CASIMmicrophysics scheme is mpof = 0.5. This value is not constrained by observations
and is simply chosen because it lies between the minimum and maximum value of mpof.

F IGURE 6 Schematic of the mixed-phase overlap parametrisation used in CASIM. From left to right, the columns
show results using: (a) mpof = 0.0; (b) mpof = 0.5; (c) mpof = 1.0. The bottom panels show four example schematics
for how the liquid (blue boxes) and ice (red boxes) cloud fractions would be distributed in the horizontal in a grid-box,
corresponding to these different mpof values: (i) Cl = 0.5, Ci = 0.5; (ii) Cl = 0.7, Ci = 0.3; (iii) Cl = 0.3, Ci = 0.2; (iv)
Cl = 0.9, Ci = 0.5.
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4.3 | Observations and Model Parametrisation Comparison

The observations and the CASIM parametrisation can then be compared by finding the mean-squared error (MSE )
between the observations grid and the CASIM parametrisation grid (e.g. Figure 6). For a fixed value of mpof:

MSE =

∑N
i=1 (Cmixi − Cmi

)2

N
(8)

where the subscript i denotes an individual grid-box in the grids, Cmixi is a property of the observations mixed-
phase cloud fraction (e.g. the mean, median or percentile) calculated in each grid-box, Cmi

is the corresponding model
mixed-phase cloud fraction in each CASIM parametrisation grid-box, and N is the number of grid-boxes that contain
observations. The best-fit mpof between the observations and the parametrisation can then be determined from the
value of mpof that produces the lowest MSE .

Figure 7(a) shows the MSE between the Nevzorov observations and the CASIM parametrisation grids as a func-
tion of mpof. The results are calculated using the mean Cmix value in each of the observations grid-boxes for the
ACAO, M-Phase, DCMEX, PICASSO and combined datasets from the different field campaigns (Table 1). The marker
for the mpof with the minimum MSE for each campaign is in the corresponding box plot. The sensitivity of the best-
fit mpof that results from changing the assumptions used to calculate cloud phase from the observations (see Table
2) are shown by the shaded regions. This includes changing the value of β and the TWC threshold for the Nevzorov
processing and provides a measure of the instrument uncertainty. The sensitivity of the best-fit mpof that results from
the variability in the observationsCmix dataset within each grid-box (see Figure 5) is shownwith the box-and-whiskers.
These show the best-fit mpof derived using the median (vertical line), the interquartile range (boxes) and the 10th to
90th percentiles (whiskers) of the observations Cmix values in each grid-box (see Figure S5), instead of the mean value
that was used in the plotted curves. Figure 7(b) shows the corresponding results from the 2DS/CDP observations. In
this case, the measure of the instrument uncertainty shown with the shaded regions indicates how the best-fit mpof
varies with the different NHI and NCDP thresholds used to define ice and liquid from the 2DS and CDP (see Table 2).

The mpof values derived from observations presented in Figure 7 show that the mpof is higher than the default
value used in CASIM. The tests to examine how sensitive the derived mpof was to assumptions used in the calcu-
lation of cloud phase from the aircraft observations (shaded regions in Figures 7(a) and 7(b)) is relatively small. The
tests to explore the observed variability in mpof, by using the interquartile range and 10th to 90th percentiles of the
Cmix observations in each grid-box, is larger and indicates that mpof does vary in nature. But the large majority of
observations still indicate an mpof value > 0.5. This suggests there is a greater degree of overlap between the liquid
and ice phases than what is currently assumed in CASIM, when both liquid and ice are present in the same grid-box.

Table 4 summarises the derived mpof values for each field campaign from the Nevzorov and 2DS/CDP meth-
ods. The derived mpof using the mean, median and 10th to 90th percentiles (shown in parenthesis) Cmix values in
the observations grid are shown. To highlight the greatest spread in the derived mpof values, only the variability in
the observations is shown. This also encompasses the range in mpof calculated from sensitivity tests that explored
uncertainties in the determination of cloud phase from the observations/instrumentation. As seen from Table 4, the
biggest spread in the derived mpof is from the combined field campaign analysis. This is because there are more in-
dependent observations included in this analysis which leads to greater variability in the observations and thus yields
more spread for the 10th and 90th percentiles of the dataset.
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F IGURE 7 MSE between the observations and the CASIM parametrisation as a function of mpof. Results are
shown for the (a) Nevzorov and (b) 2DS/CDP observations for the ACAO, M-Phase, DCMEX, PICASSO and
combined field campaigns. Both panels show theMSE curves calculated using the mean Cmix values in the
observation grid. The marker for the mpof with the minimum MSE for each campaign is in the corresponding box
plot. The variability in the best-fit from the instrument uncertainty is shown by the shaded regions. See Table 2 for
details. The box-and-whiskers provide a measure of the variability in the observations calculated using the median
(vertical line), the interquartile range (box) and the 10th and 90th percentiles (whiskers) of the Cmix values in the
observation grid. In both panels, the grey dashed vertical line shows the default mpof value (0.5) currently used in
CASIM.

TABLE 4 Nevzorov and 2DS/CDP derived mpof for each field campaign. Results are shown for calculations that
use the mean, the median and the 10th to 90th percentiles of the observations within each cloud fraction (Cmix)
grid-box.

Nevzorov 2DS/CDP

Campaign Mean Median (10th – 90th) Mean Median (10th – 90th)

ACAO 0.85 0.95 (0.70 – 1.0) 0.75 0.80 (0.50 – 0.95)

M-Phase 0.85 0.90 (0.65 – 1.0) 0.65 0.70 (0.35 – 0.90)

DCMEX 0.90 0.90 (0.85 – 0.95) 0.80 0.85 (0.60 – 0.95)

PICASSO 0.85 0.90 (0.75 – 0.95) - -

Combined 0.85 0.95 (0.55 – 1.0) 0.70 0.80 (0.35 – 1.0)

5 | DISCUSSION

This study differs from the previous observational approaches mentioned in Section 1 by focussing on how to rep-
resent the overlap of liquid and ice phases in a model grid-box. This is of great importance for models representing
the physics of clouds. Liquid amounts and fraction can be diagnosed on the basis of thermodynamic environment
and, although more difficult, the presence of ice can also be predicted. However, we don’t have a physically based
representation of how to describe this overlap in models. To address this gap, aircraft instrumentation (i.e., Nevzorov
probe and 2DS/CDP) was used in this study to determine cloud phase, where data resolution was limited to ∼100 m.
These cloud phase measurements were then employed to calculate cloud fractions over ∼1 km length scales, which
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is comparable to typical grid-box resolutions used in convection permitting NWP models. Whilst we have analysed
cloud phase measurements over ∼1 km length scales others have explored larger length scales using satellite obser-
vations as outlined in Section 1. Interestingly, the aforementioned investigations described in Section 1, which used
both in-situ aircraft (D’Alessandro et al., 2021; Korolev and Milbrandt, 2022) and satellite (Coopman and Tan, 2023)
measurements, found that the cloud phases in mixed-phase clouds tend to be organised as pockets of liquid and ice
phases, rather than being uniformly mixed. It was noted by Coopman and Tan (2023) that the degree of phase spatial
distribution is affected by other factors: higher temperatures are associated with homogeneously mixed mixed-phase
clouds and higher concentrations of black carbon are associated with heterogeneously mixed mixed-phase clouds.
This suggests other physical parameters (such as temperature and vertical velocity) will affect the degree of overlap.
Indeed, Korolev (2008) theoretically showed that temperature, pressure, vertical velocity and integral radii play an
important role in the phase transformations in mixed-phase clouds. Although we have no physical laws to govern the
phase overlap, the work presented in this study provides an empirical dataset to test model assumptions. From Figure
5 it is clear that the Cmix is skewed towards its maximum possible value. This indicates that, when ice and liquid are
present in km-scale regions, they tend towards being maximally overlapped.

Comparison of the observations analysed in this study to the mixed-phase fraction model used in CASIM shows
that the liquid and ice phases tend to be have a greater degree of overlap than what is currently used in CASIM. This
is shown from the MSE as a function of mpof investigations in Section 4. Figures 7(a) and 7(b) both show that the
mpof minima/best-fit values derived from the mean Cmix observation grid values are greater than the CASIM (0.5)
default value. Although the best-fit mpof values in Figure 7 are greater than the CASIM default value, it should be
noted that there is spread associated with the derived mpof values when uncertainties from the variable observation
datasets and instrumentation thresholds are considered. This is especially evident when considering the impact of
the variability in the measured cloud segments from the observations datasets as presented by the box-and-whiskers
plots in Figures 7(a) and 7(b). The results in Figure 7(b) show there is little sensitivity to the instrument uncertainty
arising from adjustments in the NHI and NCDP threshold values. However, Figure 7(a) indicates a greater sensitivity
in the derived mpof results to the Nevzorov instrument uncertainty which originates from adjustments to the TWC
and β thresholds. These sources and amounts of variability are important to acknowledge; this highlights that the
overlap between the liquid and ice phases does indeed vary in mixed-phase clouds. By analysing data obtained from
two different sets of instruments, the robustness and validity of the derived mpof results are improved. Even though
there is more spread in the best-fit mpof values (0.65–0.80) from the 2DS/CDP method compared to the Nevzorov
method (0.85–0.90), the mpof values derived from both instrument methods are greater than the current CASIM (0.5)
value. It should be noted that the derived mpof values in Figure 7(a) from the Nevzorov method are higher than those
derived from the 2DS/CDP method in Figure 7(b). To understand this, Figure 4(c) shows the difference plot between
the Nevzorov and 2DS/CDP combined field campaign data observation Cmix grids. This highlights the Nevzorov
method produces higher Cmix values than the 2DS/CDP method in the centre of the Cmix grid. This region of the grid,
which represents partially cloudy grid-boxes, exhibits the largest sensitivity to mpof in the model parameterisation
(see Figure 6 and Figure S7). Therefore, the higher Cmix values in the centre of the Nevzorov observation Cmix grids
will lead to a higher derived mpof value, as predicted by Equation 7.

If a value of mpof > 0.5 is used in CASIM, this would result in a greater degree of sub-grid overlap between the
liquid and ice phases and would lead to the enhancement of microphysical process rates, such as theWBFmechanism
and riming. These enhanced processes would increase the rate at which ice crystals grow at the expense of liquid
droplets and lead to the glaciation of mixed-phase clouds. Subsequently, this decreases the lifetime of mixed-phase
regions, increases precipitation rates and alters radiation balances. An example that explores the impact of changing
the degree of overlap for mixed-phase boundary layer clouds in a cold-air outbreak sampled during the M-Phase
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campaign is shown in Figure S8. For this case-study, increasing mpof in the CASIM scheme from 0.5 to 0.9 decreased
both the cloud liquid water path by 11 g m−2 (12%) and the outgoing short-wave top-of-atmosphere flux by 4 W
m−2 (2%) averaged over the region sampled by the aircraft. A further example is given in Smith et al. (2025), who
performed sensitivity tests that implementedminimal (mpof = 0) andmaximal (mpof = 1.0) overlap inmodelling studies
for low-level and frontal mixed-phase clouds over the Southern Ocean. When mpof was increased, the amount of
liquid water in these clouds was reduced as a result of the enhancement of the WBF mechanism and riming process.
Subsequently, Smith et al. (2025) showed that the radiative properties of these clouds exhibited a large sensitivity to
mpof and revealed this sensitivity was due to the albedo being lowered as a result of the amount of liquid water in
these clouds being reduced (via cloud glaciation) as the mpof is increased. Different studies which explored boundary
layer cloud modelling from CAOs identified models typically underestimate the liquid cloud fraction in cumulus clouds
from CAOs (Zheng et al., 2024). Other investigations have separated the ice and liquid to compensate for the rapid
liquid depletion from ice due to the WBF and riming processes (Abel et al., 2017). The results presented in Section
4 indicate the liquid and ice phases in mixed-phase clouds are more overlapped than what is currently assumed in
CASIM. Therefore, other model processes (such as too much primary ice production and/or too much secondary ice
production) may need to be investigated to address the rapid depletion of supercooled liquid water (or LWP) in Met
Office regional modelling systems.

For the campaigns investigated, it was found there was little sensitivity to the cloud regime studied. This means
a single value of mpof could be selected to be implemented in the CASIM scheme. It should be noted that not all
possible types of cloud regime were investigated and, to explore this choice further, this analysis could be extended
to incorporate other cloud regimes for different regions across the globe.

6 | CONCLUSIONS

This study uses aircraft observations of ice and liquid water contents from the Nevzorov probe in addition to ice
and liquid number concentrations from the 2DS/CDP to assess the mixed-phase cloud fraction in ∼1 km regions as
a function of ice and liquid sub-grid cloud fraction. Using the analysed observations from a range of cloud regimes,
observational constraints can be applied to a parameter used in the parametrization of mixed-phase fraction in the
new CASIM cloud microphysics scheme. This parameter (mpof) varies the degree of overlap between liquid and ice
in a model grid-box, and can vary from a value of 0 (minimum overlap) to 1 (maximum overlap) as illustrated in Figure
6.

The majority of the aircraft observations show that when ice and liquid are present in ∼1 km regions then they are
close to maximally overlapped. For models with no explicit representation of mixed-phase fraction, setting the sub-
grid liquid and ice phases to be fully overlappedwould be a better approximation at km-scale thanminimal overlap. For
the mixed-phase cloud fraction function in CASIM based on ice and liquid cloud fractions, there is a greater degree of
overlap than what is currently used in CASIM (mpof = 0.50). Combined field campaign measurements obtained from
the Nevzorov probe mean Cmix grid-box values found mpof ∼ 0.85. Whereas, the combined campaign measurements
using the mean Cmix grid-box values from the 2DS/CDP method found a slightly lower value of mpof ∼ 0.70. Even
though there are slight differences in the derived mpof between the two methods, both values are greater than the
default one currently used in CASIM. Ideally, it would be useful to predict mpof based on some physical parameter
which is perhaps linked to cloud regime, sub-grid turbulence or other variables outlined in Korolev (2008). However,
in the model one number for mpof is used. Therefore, depending on the technique used (ice and liquid water contents
or number concentrations), a value for mpof can be selected in the range 0.70–0.85 (Section 4, Figure 7). Selecting
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an mpof value in this range would be a more suitable choice at representing the spatial sub-grid overlap of liquid and
ice than the current (mpof = 0.50) value used in CASIM.

Altering the degree of spatial sub-grid overlap between liquid and ice will impact model simulations of various
cloud microphysical process rates. In particular, this will lead to the enhancement of processes where ice crystals
grow at the expense of surrounding liquid droplets such as the WBF mechanism. This will have implications for cloud
development and will cause changes in the precipitation rates and radiative properties of mixed-phase clouds for
future Met Office regional model simulations.

Data Availability

Field campaign flight data from the FAAM aircraft is stored on the CEDA archive:
ACAO https://catalogue.ceda.ac.uk/uuid/01021a90c0c2481c909bdb145cb72398/;
M-Phase https://catalogue.ceda.ac.uk/uuid/6d7971a92d154bb29af3167dfb6f5a7e/;
DCMEX https://catalogue.ceda.ac.uk/uuid/b1211ad185e24b488d41dd98f957506c/;
PICASSO https://catalogue.ceda.ac.uk/uuid/400efba73c1d40c78f44918429ce9c99/.
Cloud phase fractions calculated from Nevzorov and 2DS/CDP observations used for the analysis in this paper can
be found at https://doi.org/10.5281/zenodo.14526275.
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