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Abstract
Uncertainties in the representation of ice particle size distributions (PSDs) cause
inaccuracies in simulations of clouds, which have negative impacts on weather
forecast and climate predictions. In this study, a midlatitude frontal case study
from the Parameterizing Ice Cloud using Airborne obServationS and triple fre-
quency dOppler radar (PICASSO) field campaign in the UK is analysed. The
cloud was up to 6 km deep and persisted for several hours, which allowed ice
PSDs at a range of temperatures from −28◦C to near 0◦C to be sampled by the
Facility for Airborne Atmospheric Measurements (FAAM) research aircraft; this
allowed information about a range of microphysical regimes to be captured.
We compare observed PSDs and gamma PSDs with the same concentration
and ice water content. We find that at low temperatures a gamma distribu-
tion is an appropriate fit to the observations, predicting PSDs similar to those
observed. However, in warmer, microphysically complex regions with multiple
ice crystal habits, some of which may be caused by secondary ice production, a
single gamma distribution does not provide an accurate parameterisation of the
observed PSDs. We explore the impact of these discrepancies on the microphys-
ical evolution of the cloud by computing the corresponding process rates using
the observed and parameterised PSDs. Errors of more than 100% in aggregation
rate, around 50% in precipitation and vapour growth rates, and more than 10 dB
in radar reflectivity are calculated.

K E Y W O R D S

ice cloud microphysics, ice particle size distributions, observations

1 INTRODUCTION

A greater understanding of ice clouds is essential to our
comprehension of Earth’s weather and climate system.

Precipitation timing and intensity, cloud lifetime, radia-
tive balance, and subsequent weather effects are directly
affected by ice microphysics. It is therefore vital to
represent these microphysical processes accurately in
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numerical weather prediction (NWP) models. Accurate
forecasts are important to a range of users, from the casual
weather observer up to the industry scale, which moti-
vates continuous improvement of our understanding of
the underpinning processes that control these outcomes.
Field and Heymsfield (2015) demonstrate the importance
of snow to global precipitation, as a large proportion of pre-
cipitation events begin as snow, even in the warmest areas.
Clouds also produce some of the greatest uncertainties
in future climate predictions (Lohmann & Feichter, 2005;
Mülmenstädt et al., 2021; Sherwood et al., 2020). Pasquier
et al. (2023) present evidence showing that different shapes
of ice crystal have different radiative properties, whilst
Zhang et al. (2022) show evidence that the accuracy of
particle size distribution (PSD) shape parameters has a
significant impact on climate simulations, especially with
respect to long wave cloud radiative effects and convective
precipitation rates.

Operational NWP models are largely still reliant on
single moment microphysics schemes (Lean et al., 2008;
Senior & Mitchell, 1993; Wilson & Ballard, 1999), despite
the evidence that they do not represent some precip-
itation processes sufficiently (Bryan & Morrison, 2012;
Milbrandt & Yau, 2005). Whereas climate models have
opted to use double moment microphysics schemes oper-
ationally, motivated by improved aerosol–cloud interac-
tions (Lohmann et al., 2007; Morrison & Gettelman, 2008),
the adoption of double moment schemes in weather pre-
diction is a relatively recent development. An example
of this is the Cloud AeroSol Interacting Microphysics
(CASIM) scheme, which is the next generation double
moment microphysical scheme for the UK Met Office
model (Field et al., 2023). CASIM prognoses a mass mix-
ing ratio proportional to the ice water content (IWC) and
a number concentration of particles for three ice species
(cloud ice, snow, and graupel) and represents PSDs using
a gamma distribution. As cloud ice autoconverts rapidly to
snow at sizes greater than 100 𝜇m, and there is no observed
graupel in our case study, we are therefore interested in the
snow category in CASIM for the analysis that follows.

Marshall and Palmer (1948) studied ground observa-
tions of raindrops on dyed filter papers and concluded
that the size distribution of natural raindrops followed
an exponential form. Gunn and Marshall (1958) under-
took a similar investigation with snowflakes. From their
observations, they deduced that natural snowflakes also
follow an exponential distribution. Since then, ice PSDs
have been represented in this relatively simplistic way in
models (Lin et al., 1983; Reisner et al., 1998; Sekhon & Sri-
vastava, 1970; Wilson & Ballard, 1999) and remote sensing
retrievals (Billault-Roux et al., 2023b; Kneifel et al., 2011,
2015). Other studies (Ferrier, 1994; Heymsfield et al., 2013;
Milbrandt & McTaggart-Cowan, 2010) show evidence that

a gamma distribution represents the observed PSD in
clouds more accurately. Accurate modelling of natural
ice PSDs is essential in NWP and climate models, as
inaccuracies can lead to large errors. For example, Wang
et al. (2020) show evidence that a 33% reduction in ice crys-
tal effective radius uncertainty would lead to a decrease of
60% in the uncertainty in climate sensitivity (the response
of global temperature to a doubling in atmospheric carbon
dioxide concentration relative to pre-industrial levels) and
mean state uncertainty.

For decades, it has been observed that the number of
ice particles in clouds can be many times higher than the
observed number of ice nuclei (Field et al., 2017). As a
result, secondary ice production (SIP) has been a topic
of much discussion for many years. Korolev and Leis-
ner (2020) detail the experimental effort that has been
put into investigating ice multiplication processes. They
define six SIP mechanisms: droplet fragmentation, ther-
mal shock, rime splintering, sublimation fragmentation,
ice–ice collisions, and ice nucleating particle (INP) acti-
vation. Considerable research effort has been put into
investigating the rime splintering and droplet fragmenta-
tion processes. Hallett and Mossop (1974) first published
evidence for the rime splintering mechanism and, since
then, there have been numerous further studies inves-
tigating this process (Billault-Roux et al., 2023a; Crosier
et al., 2011; Keppas et al., 2017; Lloyd et al., 2014, 2020).
However, there are also recent laboratory studies (Seidel
et al., 2024) disputing that the rime splintering process
is sufficiently effective to cause the mismatch in concen-
trations between ice nuclei and ice-crystal concentrations
that has frequently been observed. Phillips et al. (2018),
Keinert et al. (2020), and Lauber et al. (2021) show that
there is observational evidence to suggest that drizzle
drop fragmentation may be an efficient ice multiplication
mechanism initiated by updrafts in natural convective and
orographic clouds. There have also been studies show-
ing evidence for collisional ice–ice breakup as an efficient
source of secondary ice particles (Phillips et al., 2017;
Vardiman, 1978; Yano & Phillips, 2011). In contrast, there
have been studies showing evidence that dendrites have
a higher aggregation efficiency (Connolly et al., 2012; von
Terzi et al., 2022), leading to increasingly large particles
instead of the production of smaller particles by collisional
breakup. To our knowledge, there is very limited obser-
vational evidence on the modification of the PSD shape
caused by secondary ice processes in the existing literature.
We expect that, for example, rime splintering will intro-
duce large numbers of small ice fragments into a highly ice
supersaturated environment, leading to their rapid growth
into crystals due to the Bergeron–Findeisen mechanism
(e.g., Hogan et al., 2003). If this process occurs with a
deeper cloud system, these new crystals are superimposed
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on a background ice particle population, potentially lead-
ing to a multimodal PSD. Other secondary ice processes,
such as ice–ice collisional breakup, are also expected to
increase the concentration of smaller particles, changing
the shape of the PSD.

In this study, observations from a midlatitude frontal
ice cloud are examined to understand the microphysical
characteristics that determine PSD shape better. We evalu-
ate how well the observed PSDs match the parameterised
PSD from the UK Met Office’s next generation double
moment microphysics scheme CASIM (Field et al., 2023).
This cloud is microphysically complex at lower levels, and
in a number of runs we observed multiple particle habits
coexisting in the same volume. We argue that some of these
runs may have been influenced by SIP and we investi-
gate the impact that these secondary particles have on the
PSD shape and its deviation from the parameterised dis-
tributions. We highlight the importance of this work by
computing vapour growth, precipitation and aggregation
rates, and radar reflectivity from the observed and param-
eterised distributions to demonstrate the inaccuracies that
can arise as a result of using a single gamma distribution
to represent ice PSDs.

2 DATASET AND
INSTRUMENTATION

2.1 In situ measurements

Our analysis uses in situ aircraft data from the National
Centre for Atmospheric Science (NCAS) managed Facil-
ity for Airborne Atmospheric Measurements (FAAM)
aircraft. The data were collected during the Parame-
terizing Ice Clouds using Airborne obServationS and

triple-frequency dOppler radar data (PICASSO) field
campaign, which was carried out in the vicinity of the
Chilbolton Facility for Atmospheric and Radio Research
(CFARR), Southern England, in 2018–2019. During the
campaign, the FAAM aircraft performed straight and level
runs (SLR, hereafter referred to as runs) and collected data
on a range of meteorological variables. The most impor-
tant variable in this study is the measured PSD, which is
measured using several optical array probes (OAPs). For
the PICASSO campaign, the aircraft was equipped with
a Two-Dimensional Spectrometer (2DS) probe (Lawson
et al., 2006), a High Volume Precipitation Spectrometer
(HVPS) probe (Lawson et al., 1998), two Cloud Imaging
Probes (CIPs: Baumgardner et al., 2001), which differ in
the maximum particle size they can measure, a Cloud Par-
ticle Imager (CPI: Lawson et al., 2001), and a Cloud Droplet
Probe (CDP: Lance et al., 2010). The main properties of
these probes, their principles of operation, and observable
particle size ranges are summarised in Table 1.

To characterise the ice particle size distributions in this
study, we use measurements from the HVPS probe. This
probe has the largest sample volume of the instrument
suite and therefore the best sampling statistics, allowing
high quality PSD data even at relatively low concentra-
tions and high time resolution. The key disadvantage of
this probe is its limited resolution, with a pixel size of
150𝜇m. This means that the images of submillimetre par-
ticles are very coarse, and this could have implications
for the accuracy of the PSDs. To verify the HVPS spec-
tra, we have compared them with the PSDs measured
by the 2DS probe, which has a much higher resolution
of 10𝜇m. Figure 1 shows this comparison. Note that the
2DS and HVPS probes do not sample the same individual
particles, but they sample the same statistical population.
The data have been averaged across the full length of

T A B L E 1 Summary of key properties of the probes in operation during flight C082.

Type of probe Probe name Principle of operation Size range Bin widtha

Optical Array Probes 2DS Samples the shadows of particles as they
pass through a laser beam

10 𝜇m–1280𝜇m 10𝜇m

HVPS-3 150 𝜇m–19.2 mm 150𝜇m

CIP-15 15 𝜇m–960𝜇m 15𝜇m

CIP-100 100 𝜇m–6.4 mm 100𝜇m

High Resolution Imager CPI Lasers detect and illuminate a particle, a
camera takes a photograph

15 𝜇m–2.5 mm 2.3𝜇m

Light Scatting Probe CDP Detects pulses of light forward scattered by
droplets passing through a laser beam

2 𝜇m–50𝜇m 1–2𝜇mb

aThe values quoted here are related to the measured size of the particle shadows, which are proxies for particle size. In reality, particles can be larger or smaller
than the reported size, depending on the position within the sample volume.
bThe bin width is 1𝜇m for particle sizes of 2–11𝜇m and 2𝜇m for particle sizes of 12–50𝜇m.
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F I G U R E 1 Average PSD per run measured by the 2DS probe (points) and the HVPS probe (crosses) at small sizes. Only the sizes
covered by the 2DS probe (up to 1280𝜇m) are shown in this figure, but later figures show HVPS data for a greater range of particle sizes. The
run number above each panel corresponds to the runs described in Table 2. From this, we see there that is generally good agreement between
the two OAPs at small particle sizes. [Colour figure can be viewed at wileyonlinelibrary.com]

the run to obtain good sampling statistics. The 2DS data
have been filtered such that only images classified as ice
are included (this is discussed in more detail shortly, in
Section 2.3). We find that the two probes are in good agree-
ment in all runs. The coarser size bins of the HVPS smooth
out sharp peaks in the PSD (e.g., R4 at 250𝜇m), but the
magnitude and breadth of the distribution appears well
captured.

2.2 Meteorological conditions

On February 14, 2018, the FAAM aircraft flew through
a large, frontal ice cloud (flight reference C082). From
Figure 2a, we can see that this cloud was associated with
a complex, multi-fronted synoptic situation over the UK.
The vertical radiosonde profile in Figure 2b shows a sat-
urated air mass, as the temperature and dewpoint tem-
perature are almost identical throughout the ascent and
consequently the relative humidity remains high.

Throughout the measurement period, the Coperni-
cus Ka-band radar at CFARR was vertically pointing
and therefore capturing the structure of the cloud as it

passed over the area, shown in Figure 3a (see Illingworth
et al., 2007 for instrument specifications and capabilities).
The ice cloud above the melting layer was up to 6 km deep
and persisted for several hours, which allowed ice PSDs
at a range of temperatures from −28 ◦C to near 0 ◦C to
be sampled by the FAAM research aircraft; this allowed
information about a range of microphysical regimes to be
captured. It is clear that the upper levels of the cloud,
above around 5 km, are less homogenous than at lower
altitudes. This figure shows areas where either there are
gaps in the cloud or the reflectivity falls below the min-
imum detectable reflectivity. This is consistent with the
radiosonde profile shown in Figure 2b, which is close
to saturation with respect to liquid water below 5 km
and increasingly dry above that. The runs that we anal-
yse in this study were chosen so that the aircraft was
always “in cloud” and therefore sampling particles at these
higher altitudes. Comparison of the radiosonde profile in
Figure 2b and the aircraft trace in Figure 3a shows that
the aircraft sampled a wide range of microphysical condi-
tions between temperatures of −30 ◦C and 5 ◦C. Figure 3b
shows that there was continuous rainfall throughout the
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F I G U R E 2 (a) Surface pressure analysis chart from the UK Met Office, valid for 1800 UTC on February 14, 2018. (b) Vertical
temperature, dewpoint temperature, and relative humidity with respect to liquid and ice from a radiosonde ascent, launched from CFARR at
1900 UTC on February 14, 2018. RHice was calculated from the measured RHliq. [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E 3 (a) Radar
reflectivity measured using the
Copernicus Ka-band (35 GHz)
radar during this case study. The
time series of the altitude of the
FAAM aircraft is shown in black.
The minimum detectable
reflectivity of the radar is
approximately −25 dBZ at a 10 km
range. (b) 100 second moving
average of rainfall rate measured by
a rain gauge at CFARR. [Colour
figure can be viewed at
wileyonlinelibrary.com]

measurement period, measured by a high resolution rain
gauge at CFARR (Norbury & White, 1971).

Figure 4a shows the movements of the aircraft dur-
ing the case study; it sampled a line approximately 80 km
long between CFARR (51.1145◦N, 1.4370◦W) and Wardon
Hill (50.8193◦N, 2.5563◦W). The aircraft was not located
over CFARR throughout the flight period, but made over-
passes on each run. Figure 4b shows the altitude of the
aircraft over the course of the flight. Table 2 provides more
detail on the scientific runs that are used in this study.
They cover a range of altitudes through the cloud and we
can therefore see many different microphysical regimes
that coexist in this cloud. We study runs between −28

and −1 ◦C at altitudes between 6.7 and 2.4 km. The ice
particle concentration and estimated IWC vary substan-
tially between runs. The lowest ice particle concentration
of 0.1 L−1 and estimated IWC of 2.0 mgm−1 occurred in
R6, whilst the highest ice particle concentration of 16.6 L−1

and estimated IWC of 74.6 mgm−1 were observed in R10.

2.3 Phase of the sampled hydrometeors

In this subsection, we characterise the phase of the parti-
cles present in the cloud. To do this, we have performed
a range of inspections and analyses. A simple check is via
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F I G U R E 4 Flight track of the aircraft during this case study on February 14, 2018. In both panels, the grey line indicates the aircraft’s
movement whilst in transit, both to and from takeoff and landing sites and between scientific runs, whilst the yellow lines show where the
scientific runs occur. (a) The location over the UK where the flight took place. The locations of the radars at Chilbolton and Wardon Hill are
marked. The dashed rings show the distance away from CFARR at 20 km increments. (b) The altitude of the aircraft throughout the flight.
[Colour figure can be viewed at wileyonlinelibrary.com]

visual inspection of the HVPS images. This has been done
(examples are shown later, in Figures 13–17) and shows
a dominance of ice particles throughout all of the runs.
However the resolution of the HVPS is coarse (150 𝜇m
pixels) and therefore submillimetre particles are only a
few pixels wide, making a diagnosis of particle type more
difficult. To determine the phase of these smaller parti-
cles, we have examined the images from the 2DS probe,
which has much finer (10 𝜇m) resolution. A convenient
way to classify the shape of these images is by measur-
ing their irregularity, based on the perimeter P and area A
of the images, as described in Crosier et al. (2011), Taylor
et al. (2016), and Baumgardner et al. (2017). Low irregu-
larity (LI) particles are nearly circular with P2∕4𝜋A ≈ 1
and these particles are therefore very likely to be water
drops. High irregularity particles have a larger perimeter
for a given area (P2∕4𝜋A > 1.4), which means a distinctly
non-circular image, and are highly likely to be ice particles.
Medium irregularity (MI) images lie in between these two
categories, and are diagnosed infrequently.

The stacked area plot in Figure 5 shows the percent-
age of particles in each irregularity category from each 2DS
size bin. For reference, the overlaid dashed lines show the
edges of the HVPS size bins. We see that, at sizes greater
than 250𝜇m, the data are dominated by ice particles with
high irregularity in all runs. Only at smaller sizes is there
a significant fraction of low irregularity particles. How-
ever, some care is needed in the interpretation of these
near-circular images, as it is possible for ice particles to be
diagnosed as LI if they are poorly imaged, or if they are
small and regular in shape (e.g., short columns or thick

plates). Analysis of the data at the coldest temperatures
(−28 to−18 ◦C) gives an indication of the magnitude of this
effect. Around a quarter of the particles are classified as LI
at D =75𝜇m in R1 and R2; however, we do not expect sig-
nificant numbers of supercooled drizzle drops in such cold
clouds. The fraction of LI particles as a function of size is
very consistent across R1–R6 and R9, which suggests it is
not a microphysical characteristic of the cloud (which is
expected to be variable in time and space) but instead is a
feature of the imaging and classification process. Inspec-
tion of images, such as those shown in Figure 6, from the
CPI probe in these runs (which has an even finer resolu-
tion than the 2DS, but very low sample volume) confirms
this view, as no particle in this size range in R1–R6 is a
drop. Figure 6a shows examples of particles of 100–200𝜇m
size that are observed in R1. This offers a clear diagnosis
that the PSDs in these runs are ice dominated.

In runs R7, R8, R10, and R11 we observe that a larger
fraction of particles with D ∼ 100𝜇m are classified as LI.
This indicates that small drizzle drops are present in these
runs, in addition to ice particles. To confirm this, the
corresponding CPI imagery was inspected, which indeed
reveals the presence of small drops, with drop sizes clus-
tered around 100𝜇m. An example of these particles from
R8 is shown in Figure 6b.

In our verification of the HVPS spectra in Figure 1, we
compared the HVPS data with the HI PSDs from the 2DS
(i.e. only the ice-phase particles). This confirms that the
drizzle drops in this case are too small to influence the
HVPS data, and therefore that the PSDs we analyse in what
follows represent the ice particles in the cloud, but not the
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8 of 30 MAMMATT et al.

F I G U R E 5 The percentage of particles measured by the 2DS probe that are classified as high, medium, or low irregularity in each
aircraft run, labelled as HI, MI, and LI. The dashed lines show the edges of each HVPS size bin. From this we can see that, generally, the low
irregularity particles are only seen in the first two bins. The run number above each panel corresponds to runs described in Table 2. [Colour
figure can be viewed at wileyonlinelibrary.com]

drizzle. In addition to supercooled drizzle drops, some of
the runs presented later also contain much smaller cloud
droplets with sizes< 50 𝜇m. The liquid water content from
these cloud droplets is quantified using the CDP probe,
and the time series of this quantity is shown in Section 4
as microphysical context; however these droplets are too
small to influence the PSDs presented in the analysis that
follows.

3 DOUBLE MOMENT GAMMA
DISTRIBUTIONS

In many microphysics schemes, PSDs are represented by
gamma distributions in the form

N(D) = n0D𝜇 exp(−𝜆D), (1)

where N(D) is the PSD, n0 is an intercept parameter, D is
the particle size, 𝜆 is the slope parameter which evolves
as mass and number change, and 𝜇 is a shape parameter
that is fixed in double moment microphysics schemes. To

compare the observed PSDs with equivalent gamma distri-
butions, we must define which properties of the observed
and gamma PSDs to match.We choose to match the zeroth
and second moments of the PSD—more details on this
approach are given in Section 3.1.

To link Equation (1) to the observed moments, the
intercept parameter n0 can be expanded to relate to physi-
cal quantities:

n0 = n 𝜆1+𝜇

Γ(1 + 𝜇)
. (2)

Combining Equations (1) and (2) gives a double moment
gamma distribution that is directly comparable to observed
physical quantities:

N(D) = n 𝜆1+𝜇

Γ(1 + 𝜇)
D𝜇 exp(−𝜆D). (3)

It is useful to demonstrate how the different parameters
affect the shape of this gamma distribution, which we
show in Figure 7. The values of the parameters shown
here are chosen to demonstrate the general sensitivity
of the gamma distribution to these parameters, and are
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MAMMATT et al. 9 of 30

F I G U R E 6 Example images from the CPI probe of particles of the order of 100–200𝜇m in size from (a) R1 and (b) R8, as described in
Table 2. The smallest and largest particles from these images have their sizes written adjacently for scale. It is clear from the examples that in
R1 these small particles are ice, whereas in R8 these particles are liquid and very consistent in size. [Colour figure can be viewed at
wileyonlinelibrary.com]

F I G U R E 7 This plot demonstrates the effect of changing PSD parameters on the resulting gamma distribution. The gamma
distribution used is from Field et al. (2023), parameterised using values that are characteristic of those seen in, or calculated from, the
observations. (a) The effect of varying n. In this plot, 𝜇 = 2 and 𝜆 = 8000 m−1. (b) Changing 𝜆; here n = 6000 m−3 and 𝜇 = 2. (c) 𝜇 is varied
whilst n = 6000 m−3 and 𝜆 = 8000 m−1. [Colour figure can be viewed at wileyonlinelibrary.com]

representative of the values seen in the observations.
Figure 7a shows that n scales the PSD up or down.
Figure 7b shows that 𝜆 affects how steep the slope is; the
greater the value of 𝜆, the narrower the particle size distri-
bution. In Figure 7c, we show that 𝜇 affects the curvature
of the PSD. In single moment microphysics schemes, such
as the one described in Wilson and Ballard (1999), 𝜇=0,
which reduces this function to an exponential distribution.

3.1 Estimating equivalent gamma PSDs
from the observed PSDs

Double moment microphysics schemes predict two quan-
tities: the number concentration of particles and IWC. In
our analysis, we compute gamma distributions that have
the same moments as our observed PSDs. This is achieved
by calculating moments of the observed distributions and
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10 of 30 MAMMATT et al.

using these to calculate the slope parameter, 𝜆, of the
gamma distribution. A moment is calculated as

mi = ∫
∞

0
N(D)Di dD, (4)

where mi is the moment number, N(D) is the PSD, D
is particle diameter, and dD represents the bin width
(Rasch & Carslaw, 2022). The number concentration of
the gamma distribution is equal to m0. IWC is depen-
dent on the mass–size relationship of particles, which has
the form m = cDd. Previous literature has shown evidence
that d is close to 2 (e.g., Brown & Francis, 1995; Heyms-
field et al., 2010; Locatelli & Hobbs, 1974). CASIM (Field
et al., 2023) uses the mass–size relationship from Cotton
et al. (2013), where m = 0.026D2, and thus IWC is propor-
tional to m2. Our analysis is testing what the parameterised
PSD would be if m0 and m2 were equal to the observa-
tions, consistent with the situation where CASIM is cor-
rectly predicting the observed number concentration and
ice water content.

We use a ratio of the zeroth and second moments
to calculate the value of the slope parameter 𝜆 in
Equation (3). Using Equations (1) and (4), we derive a
moment such that

mi = ∫
∞

0
n0D𝜇 exp(−𝜆D)Di dD. (5)

By using the definition of a gamma function, Γ(z + 1) =
∫ ∞

0 tz exp(−t) dt, the equation for a moment can be simpli-
fied to

mi =
n0

𝜆𝜇+i+1 Γ(𝜇 + i + 1). (6)

Using a ratio of two moments i and 𝑗, we derive 𝜆 as

𝜆 =
(

mi

m𝑗

Γ(𝜇 + 𝑗 + 1)
Γ(𝜇 + i + 1)

)1∕(𝑗−i)

. (7)

In this case, i = 0 and 𝑗 = 2, relating to n (m0) and IWC
(m2), as discussed previously. This value for 𝜆 is then used
in Equation (3), so that the differences presented between
the observed and parameterised distributions in Section 4
are not dependent on differing slope parameters.

Based on the particle phase analysis discussed in
Section 2.3, particle size analysis, and visual inspection of
the particle images, the PSDs analysed in what follows are
in the ice phase. Following the hydrometeor classifications
used in CASIM, we chose 𝜇 = 2 for “snow”. Although our
analysis is applicable to two moment schemes in general,
in what follows we focus on the specific formulation in
the CASIM scheme described by Field et al. (2023) as an
example for two moment schemes.

4 RESULTS AND DISCUSSION

4.1 Time series of PSDs and their
gamma equivalents

In this section, we examine the PSDs sampled across each
of the runs described in Table 2 and compare them with
the CASIM distributions. We then explore the quality of
the gamma approximation and the microphysical scenar-
ios in which a gamma PSD is a good or bad fit, and what
the consequences of that are. The results are presented in
the following format:

• First, we show the time series of the PSDs across the
run, which provides information about the breadth and
shape of the distributions sampled, as well as the vari-
ability in those properties across the length of the run
(Figure 8).

• Second, we show the equivalent time series of gamma
PSDs defined such that m0 and m2 are equal to that in
the observed data (Figure 9).

• Third, we visualise the ratio between the model and
observed PSDs and explore the magnitude and location
of significant discrepancies (Figure 10), allowing us to
quantify the realism of the gamma distribution at differ-
ent particle sizes and across different parts of the cloud
(Figures 11 and 12).

We examine the PSDs throughout each aircraft run to
understand better the variability that occurs between dif-
ferent temperatures, and variability between microphysi-
cal regimes at the same temperature. Figure 8 shows the
PSD with time through each aircraft run as measured by
the HVPS probe. The coloured shading shows the concen-
tration of particles in each size bin. A moving average of
15 s has been applied to improve the representation of less
common large particles (Khain et al., 2015) and to help us
understand better whether these large particles are associ-
ated with a change in microphysical regime. An averaging
window of 15 s was chosen as it would take the aircraft
approximately 15 s to travel 1.5 km, which is comparable
with the grid length of the Met Office UK Variable grid
(UKV) model’s inner domain. This is also a suitable prac-
tical compromise between using a long enough averaging
window to improve sample size statistics, without smooth-
ing across differing microphysical regimes. The solid black
line on these plots shows the liquid water content (LWC)
throughout the run, measured by the CDP. The grey shad-
ing shows the segments that will be examined in more
detail in later sections (explained in Section 4.2). The time
scale bars shown in magenta represent two minutes of
each run, and clearly demonstrate that the runs vary in
length.
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MAMMATT et al. 11 of 30

F I G U R E 8 15 second moving average of the observed PSD during each run for this case study. The heatmap shows the concentration
of particles in each size bin (y-axis) per second (x-axis) using a logarithmic colour scale. LWC measured by the CDP probe (described in
Table 1) is shown by the black line, referenced against LWC = 0 gm−3, which is shown by the dashed line. The run number above each panel
corresponds to the runs described in Table 2. The shading and labels show the segments that are described in Table 3 and examined in more
detail in Section 4.2. Time scale bars representing two minutes of each run are shown on each panel. [Colour figure can be viewed at
wileyonlinelibrary.com]

We calculate the PSD per second from the gamma
distribution in CASIM using the method described in
Section 3. The moments used to calculate the parame-
terised distribution are the moments from the observa-
tions, and we therefore assume that CASIM would per-
fectly prognose particle concentration and mass mixing
ratio to use as the zeroth and second moments. Figure 9
shows the parameterised PSD based on the 15 s moving
average of the observed PSD shown in Figure 8. It is impor-
tant to note that, whereas the observed PSD has a finite
width, the parameterised PSD will forecast infinitely small
concentrations. This figure shows that, whilst the overall
shape of the parameterised PSD with time is similar to the
observed PSD, much of the detail and complexity has been
smoothed. Since a single gamma distribution cannot rep-
resent a multimodal PSD, the PSDs are poorly represented
in regions with coexisting particle populations.

To understand in which microphysical regimes the
parameterisation performs well, it is useful to compare
the observed PSDs (Figure 8) with the CASIM parame-
terised PSDs (Figure 9). Figure 10 shows the logarithmic
ratio between the two distributions. This was calculated by

finding the difference between the CASIM parameterised
and observed distributions and taking the logarithm of
this ratio for each second. In this figure, red represents
regions where the PSD from CASIM is greater, and values
of 1 occur when the parameterised PSD is 10 times greater
than the observed PSD. Blue shows regions where the
observed PSD is greater and values of −1 show where the
observed PSD is 10 times greater than the parameterised
distribution. It is clear that there is no regime where the
observed PSD is captured perfectly by the parameterised
distribution.

To facilitate the discussion, we have grouped the runs
with comparable microphysical characteristics. These are
presented in the following subsections.

4.1.1 Runs containing polycrystals

At cold temperatures and low saturation near the cloud
top, the microphysical regime favours the growth of small
polycrystals (Takahashi et al., 1991), and indeed we see
from Table 2 that the dominant crystal habits in R1–R5
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12 of 30 MAMMATT et al.

F I G U R E 9 As Figure 8, but for the CASIM parameterised PSD during each run for this case study. Time scale bars representing two
minutes of each run are shown on each panel. [Colour figure can be viewed at wileyonlinelibrary.com]

are polycrystals. From Figure 8, we see that R1–R5 have
similar PSD shapes; however, the width of the PSD and
size of particles with peak concentrations increases with
temperature. A common feature among all of these runs
is the absence of liquid water. In R1 and R2, particles
are less than 1.5 mm in size, with peak concentrations
at sizes of 300–500𝜇m. There is minimal change in this
structure throughout these runs, which is indicative of
a single mode of particles existing in these regimes. R3
has some variation in PSD width, ranging from approx-
imately 1–2 mm, and peak particle concentration size,
ranging from 0.5–1 mm. However, the monomodal struc-
ture of the PSD suggests a single particle population exists
in this run. There is more variation in the PSD shape in R4.
The maximum particle size remains relatively consistent
throughout at approximately 1.5–2.5 mm; however, we can
see differences in the magnitude and size of the peak con-
centrations clearly. In the first half of the run, we see that
the peak concentration is at around 750𝜇m, whereas in the
later half of the run the peak concentration is smaller at
less than 500 𝜇m. In R5, we see that the PSD has become
broader, with maximum particle sizes up to almost 3 mm.
The peak particle concentration remains fairly constant at
around 500𝜇m, apart from a region near the middle where

the distribution becomes bimodal, with two weaker con-
centration peaks surrounding 500𝜇m. This is indicative of
a larger and a smaller mode of particles coexisting here.
Comparing this with Figure 9, we see that, generally, the
structure and width of the PSD in these runs appears to
be captured relatively well. There is a less well defined
peak concentration size in the parameterised PSDs, and
the clear bimodal feature in R5 that is visible in Figure 8
is not represented in the parameterised distribution. This
is because a single gamma distribution cannot physically
represent a bimodal distribution. Figure 10 shows the dif-
ferences between the observed and parameterised distribu-
tions more clearly. We see that in R1–R3 the observed PSD
is narrower than the parameterised PSD. This is evident
from the high values at the smallest and largest ends of the
distribution. It is also clear that the parameterisation does
not capture the magnitude of the peak concentration accu-
rately. This suggests that using a higher value of 𝜇 would
capture the shape of the observed PSDs in these runs bet-
ter, as the value of 𝜇 affects the shape of the distribution
(demonstrated in Figure 7c). This same pattern is appar-
ent in most of R4, with the exception of a period near the
end of the run, where the observed distribution is broader
than the parameterised distribution. This corresponds to
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MAMMATT et al. 13 of 30

F I G U R E 10 Logarithmic ratio between the observed and CASIM parameterised concentrations. Positive values show where the
parameterised distribution is greater than the observed distribution and negative values show where the observed distribution is greater than
the parameterised distribution. Shading and panel labels as in Figure 8. Time scale bars representing two minutes of each run are shown in
black. [Colour figure can be viewed at wileyonlinelibrary.com]

the region with high concentrations of very small parti-
cles that is clear in Figure 8. Very small particles have low
mass but high concentrations; as CASIM is dependent on
the zeroth moment, it is weighted towards those particle
sizes with the highest concentration and therefore does not
capture the width of the observed PSD accurately here. We
see more variation in the differences between the observed
and parameterised PSDs in R5. The area with the observed
bimodal PSD is very clear in this plot, and there is also a
brief period where the observed PSD is broader than the
parameterised PSD. This is likely due to a slightly increased
concentration of very small particles.

4.1.2 Runs containing dendrites

As the temperature increases, the PSD changes shape due
to the dendritic particle habits that form at these temper-
atures, as shown in Table 2. The temperatures of these
runs are warmer than the temperatures typically associ-
ated with the dendritic growth regime (Libbrecht, 2005;
Takahashi et al., 1991), so we suggest that the dendrites

observed in these runs have sedimented from higher alti-
tudes. We start to see more variation between runs, but also
between different regions at the same temperature. We
also start to see the presence of liquid water, which adds to
the complexity of the microphysics. It is important to note
that liquid particles will not influence the PSD, as they are
too small to be observed by the HVPS probe (discussed in
more detail in Section 2.3 and demonstrated in Figure 5).
From Figure 8, we see that there is a range of PSD widths
and structures in R6. At the beginning of the run, there is a
relatively low concentration of large particles, with maxi-
mum sizes of up to 6 mm. This population does not persist,
and is instead replaced by a population of much smaller
particles with a maximum size of approximately 1.5 mm,
but which are also present in low concentrations. It is
clear that there is then a shift in microphysical regime, as
the maximum particle size increases to around 2–2.5 mm
and the concentration of particles increases, with the peak
concentration size at approximately 500𝜇m. In R7, the
particle size increases significantly, ranging from 4 to 6 mm
across the run, resulting in a much broader PSD than those
seen at colder temperatures. There is also a distinct regime
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change in this run, which seems to correspond to the pres-
ence of increased liquid water. In the first half of the run,
the highest concentration of particles is around 1.5 mm.
In the latter half of the run, there are very high con-
centrations of very small particles, which exist alongside
another low concentration population of much larger crys-
tals. The microphysical regime in R8 appears to be quite
different, with a persistent population of numerous small
particles, with maximum particle sizes of this population
remaining under 1.5 mm. However, there exists another
short lived population of much larger particles with max-
imum sizes exceeding 6 mm. We would expect these
two populations to have distinctly different microphysical
properties.

From Figure 9, we see that the shape of R6 is cap-
tured well by the parameterised PSD, with changes in
the magnitude of the peak concentration parameterised
correctly. Figure 10 confirms this, as we see that the
parameterised PSD overestimates the smallest and largest
particles slightly and underestimates the peak concentra-
tion, but generally is a good fit. The short lived larger
mode of particles at the beginning of R6 is less well rep-
resented by the parameterisation, with the smallest and
largest particles being underestimated and the peak con-
centration overestimated, in contrast to the rest of the
run. Figure 9 shows that the early half of R7 is captured
relatively well by the parameterisation, but the regime
with very high concentrations of small particles is not
represented well by the parameterised PSD. Likewise, the
parameterised PSD does not capture the full width of
the observed PSD in R8. This is because, as explained
in Section 4.1.1, CASIM is weighted towards the parti-
cle size with the highest concentration. This is clear from
Figure 10, where we see that the very small mode of
particles in both R7 and R8 is underestimated signifi-
cantly by the parameterised PSD. The peak concentra-
tion of these modes is overestimated, and the parameter-
isation does not capture the tail of the observed distri-
bution, meaning the large particles are not represented
at all.

4.1.3 Runs containing needles

We expect the microphysical properties of the cloud to
change again with increased temperature, with needle and
column growth types being dominant at temperatures of
−8 to −3◦ C (Bailey & Hallett, 2009; Hueholt et al., 2022).
In Table 2, we see that the dominant particle habit in
R9–R11 is needle-like or columnar. There is evidence to
suggest that SIP is influencing the PSDs in these micro-
physical regimes due to the very high concentration of
small particles observed. There are three SIP mechanisms

to be considered: the Hallett–Mossop (or rime splinter-
ing) mechanism (Hallett & Mossop, 1974), ice–ice colli-
sional fragmentation, and freezing droplet fragmentation.
The correlation of high concentrations of small particles
with the presence of liquid water suggests that ice–ice
collision is not the dominant ice multiplication mecha-
nism in this case, and that it is not acting independently
of a different SIP mechanism. Droplet fragmentation has
been studied primarily in the laboratory (e.g., Lauber
et al., 2018; Phillips et al., 2018) or in convective clouds
(e.g., Lauber et al., 2021) and is therefore not well under-
stood in frontal clouds. However, we see from Table 2
that drizzle is observed infrequently, and later in Table 3
that secondary particles are observed when drizzle is not
present. We argue that this and further evidence presented
in Section 4.2 justifies focusing on the Hallett–Mossop
mechanism in the analysis that follows. It is also likely that
other particle types that have precipitated from higher lay-
ers of the cloud are influencing the PSDs in these runs.
Figure 8 shows that the range of particle sizes in R9 is
broad, with particles of more than 6 mm being observed
throughout the run. In the early half of the run, concen-
trations of these large particles are low, whereas the con-
centration of particles less than 1 mm in size is very high.
This, combined with the presence of liquid water, is indica-
tive of rime splintering occurring. In the latter part of the
run, the concentration of this population of very small par-
ticles drops significantly and the concentration of larger
particles increases. In R10 there is a persistent, high con-
centration population of very small particles with a peak
concentration size of less than 750𝜇m and maximum size
of up to 1.5 mm. This population coexists with liquid water,
which suggests that SIP may be contributing to the high
concentration of particles observed here. When the liquid
water content is low in this run, the PSD width increases
notably, with particles over 6 mm observed, whilst the con-
centration of the small particles decreases slightly. In R11,
the PSD width is very broad, with maximum particle sizes
up to 9 mm in parts of the run. The population of very small
particles that is present in R9 and R10 does not appear to
be present in R11, and instead the concentrations appear
generally to be distributed more evenly among particle
sizes. The PSD width decreases towards the end of the
run, and the population of very small particles is observed
for a short period at the end of the run. It is clear from
Figure 9 that the parameterised PSD performs poorly in
the runs presented in this section. Whilst the shape of
the observed PSD is captured broadly by the parameteri-
sation, the width of the parameterised PSD is significantly
narrower than the observed one. Figure 10 verifies this,
as we see that the parameterised PSD overestimates the
peak concentration of particles substantially and underes-
timates the concentration of small and large particles. In
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MAMMATT et al. 15 of 30

T A B L E 3 A summary of the segments studied in closer detail in this section. Note that the segment numbers are based on
altitude/temperature, not time. The particle habits in bold show the most common particle shape, with descending frequency listed
sequentially. LWC has units of kgm−3.

Segment
number

Temperature
(◦C) Particle habits Key features

S1 −24 Polycrystals, plates Narrow PSD width, ice only

S2 −18 Polycrystals Narrow PSD width, ice only

S3 −18 Polycrystals Narrow PSD width, ice only

S4 −16 Polycrystals, plates, columns Bimodal PSD, ice only

S5 −12 Polycrystals, columns, plates Narrow PSD width, ice only

S6 −10 Dendrites, polycrystals Broader PSD width, ice only

S7 −10 Dendrites, drizzle, aggregates Bimodal PSD, cloud droplets present

S8 −8 Dendrites, drizzle, aggregates Bimodal PSD, cloud droplets present

S9 −5 Needles, columns, drizzle, dendrites, aggregates Secondary ice particles present, cloud droplets present

S10 −5 Dendrites, columns, aggregates Bimodal PSD, ice only

S11 −2 Needles, columns, plates, ice lolliesa Secondary ice particles present, cloud droplets present

S12 −1 Needles, columns, dendrites, aggregates Bimodal PSD, cloud droplets present

aAs described in Keppas et al. (2017).

R9 and R10, this is due to the population of high concen-
tration, small particles seen in Figure 8, which weights the
parameterised distributions towards small particles. This
means that the large particles coexisting with this popula-
tion are not represented by the parameterisation. In R11,
large particles are also not represented by the parame-
terised PSD. This suggests that, although the concentration
of very small particles is lower in this run compared with
R9 and R10, is it significant enough to weight the parame-
terisation towards small particles, which therefore means
it fails to capture the width of the observed PSD.

4.2 Exploring the microphysical
structure in more depth

In this subsection, we analyse smaller segments of the
aircraft time series to understand the microphysical prop-
erties of the cloud in greater depth for the different regimes
discussed in Sections 4.1.1–4.1.3. This includes segments
with a range of LWCs, PSD widths, microphysical pro-
cesses such as SIP and particle habits. Table 3 lists 12
segments, each two minutes long, extracted from the full
time series in Figure 8. The time interval of each seg-
ment is indicated by the grey shading and labelled in
Figures 8–10. These segments were selected to be reason-
ably homogenous.

To understand better the fundamental microphys-
ical changes between different regimes, we calculate
an average observed PSD per segment, which is
shown in Figure 11. Also shown in Figure 11 are the

gamma-equivalent PSDs for comparison. This figure
clearly shows the changes in observed PSD shape in dif-
ferent microphysical regimes, and demonstrates how the
parameterisation has a varied performance between these
regimes.

We examine ice crystal shape data for the same seg-
ments. We calculate the area ratio for each image sampled
in the segment, defined as the ratio of particle area to that
of a circle with a diameter equal to the maximum parti-
cle dimension, and bin the data by particle diameter. We
use area ratio as a metric of particle shape. When distinct
ice crystal types are present in the same cloud volume,
such as needles and polycrystals, they often appear as dis-
tinct modes in these area ratio distributions. We use this
to inform our interpretation of the PSDs. Figure 12 shows
a normalised 2D histogram of particle concentrations for
each area ratio and size bin, and the grey line shows the
median area ratio for each size bin. A higher area ratio
means the particle is more circular.

4.2.1 Segments containing polycrystals

The segments in the colder parts of the cloud system
display a broadly similar pattern, and one that is consis-
tent with the analysis in Section 4.1.1. From Figure 11,
we see that the PSD is monomodal and quite compara-
ble in shape to a gamma distribution. However, even here
there are non-negligible differences in the detailed dis-
tributions. In S1 and S2, we observe that the gamma fit
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16 of 30 MAMMATT et al.

F I G U R E 11 Average PSDs from each 2 minute segment, labelled above each panel and described in Table 3. Observations are shown
by the crosses and the CASIM parameterised PSD is shown by the solid line. The mean values of particle concentration (n, in m−3) and 𝜆 (in
m−1) for each run are shown in each subplot. [Colour figure can be viewed at wileyonlinelibrary.com]

overestimates the concentration of particles greater than
1 mm, while underestimating the peak of the distribution.
In S3 we see the opposite; the peak is well captured, but
the tail of particles larger than 1 mm is underpredicted.
S4 has a slightly bimodal structure, with a mode near
500 𝜇m and another near 1250𝜇m, which suggests that
multiple snowflake populations may be developing even at
this level. The first peak is captured well, but the second
peak is not represented in the parameterised distribution
and the tail of particles greater than 1 mm is overesti-
mated. Figure 12 shows that the area ratios of these cold
particles decrease systematically with particle size, in a
manner similar to that reported elsewhere (e.g., Heyms-
field et al., 2013). The pattern of this decrease is similar
across S1, S2, and S3 due to the homogeneity of particles
in these segments. An example of the particles seen in S1
is shown in Figure 13, where it is clear that polycrystals
of relatively consistent sizes are the dominant crystal type
in this regime. However, in S4 we observe a slight inflec-
tion of the median area ratio as a function of diameter
at around 1250𝜇m, which corresponds with the second
peak in the PSD seen in Figure 11, and note that the area
ratio of particles greater than 1 mm is systematically higher

than in S1–S3. Figure 14 shows the particles observed in
this segment, which provide evidence to suggest that there
are two coexisting particle populations: a population of
polycrystals, which have possibly precipitated from higher
altitude cloud layers, and a population of plate-like crys-
tals, which are characteristic of particles that have formed
at this temperature (Takahashi et al., 1991).

4.2.2 Segments containing dendrites

Figure 11 shows that the PSDs in S6, S7, and S8 are
poorly represented by the gamma parameterisation. The
observed PSD in S6 is broad; however, the concentration
of larger particles and maximum observed particle size
is overestimated by the parameterised distribution. The
observed PSDs in S7 and S8 show a similar bimodal pat-
tern, with very high concentrations of small particles but
broad ranges of particle sizes, as discussed in Section 4.1.2.
The concentrations of small and large particle modes are
shown in Table 4 and show that the concentration of the
small particle mode in S7 and S8 comprises the major-
ity of the particle concentration across the whole size
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MAMMATT et al. 17 of 30

F I G U R E 12 Area ratios by segment, labelled above each panel and described in Table 3. Each particle observed in each run was
binned according to particle size and calculated area ratio. Each bin has been normalised by the total number of particles in each size bin.
The solid line shows the median area ratio for each size bin. [Colour figure can be viewed at wileyonlinelibrary.com]

distribution. This leads to extremely poor representations
of the observed PSD by the parameterised distribution.
The concentrations of the smallest particles are underes-
timated due to the shape of the gamma distribution, but
the concentrations of the rest of the population of small
particles are overestimated. The population of larger par-
ticles is not represented at all by the parameterisation.
Figure 12 provides evidence to suggest that these segments
are being influenced by populations of small particles that
weight the parameterised distribution towards these small
particles. Particles in S6 have a largely uniform distribu-
tion of area ratios; however, there is a small inflection
in the median area ratio in the first two size bins that
indicates a slightly different particle population that is
influencing the PSD. There are clearly two distinct parti-
cle populations in both S7 and S8, with a small population
of particles the area ratios of which broadly follow the
profiles seen in the colder runs. At sizes ≳ 1–2 mm, the
dominant population becomes the larger particles, which
have a remarkably consistent area ratio across the broad
range of sizes observed. The total observed particle con-
centrations displayed in Table 4 are an order of magnitude
higher than predicted ice nuclei concentrations based on

temperature from DeMott et al. (2010) in each segment dis-
cussed in this section. Whilst ice nuclei concentrations are
also dependent on numerous other factors such as season
and location, this relationship provides an approximate
value to compare with the observed ice concentrations.
The concentration of large particle modes is comparable
with the estimated ice nuclei concentrations, which is con-
sistent with the dendritic particle populations in these
segments forming by primary nucleation. As mentioned
in Section 4.1.2, the temperatures of these segments are
warmer than we would expect for the formation of den-
drites, which therefore suggests that these particles have
formed at slightly higher altitude, where active ice nuclei
are slightly more numerous. The high concentrations of
the small mode of particles are comparable with the con-
centration of ice particles observed in colder runs, shown
in Table 2, which could be evidence that the small mode of
particles consists of polycrystals that sediment from higher
altitudes. Figure 15 may support this suggestion, as a pop-
ulation of large dendritic crystals is visible in the HVPS
images, but there is also evidence from the 2DS images that
a population of small polycrystals (∼ few hundred microns
in diameter) is present.
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18 of 30 MAMMATT et al.

F I G U R E 13 Example images of the homogenous polycrystals from S1, as described in Table 3. The array width of the 2DS probe is
1.28 mm and that from the HVPS probe is 19.2 mm. The smallest and largest particles from these CPI images have the sizes written adjacently
for scale. [Colour figure can be viewed at wileyonlinelibrary.com]
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MAMMATT et al. 19 of 30

F I G U R E 14 As Figure 13, but for S4. The HVPS images clearly show that there are larger and smaller particles. The 2DS images show
that there are coexisting populations of plate crystals and polycrystals in this segment. [Colour figure can be viewed at wileyonlinelibrary.com]
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20 of 30 MAMMATT et al.

T A B L E 4 A summary of the concentrations of different particle modes discussed in Section 4.2.2. The segment numbers correspond to
those described in Table 3. INC refers to ice nuclei concentration. 75𝜇m is the minimum particle size observable by the HVPS probe.

Segment

Total
concentration
(m−3)

Small mode
size range
(𝝁m)

Small mode
concentration
(m−3)

Large mode
size range
(𝝁m)

Large mode
concentration
(m−3)

Predicted INCa

(m−3)

S6 1320 75–500 382 > 500 938 408

S7 1387 75–2000 1337 > 2000 50 408

S8 8686 75–1500 8651 > 1500 35 318

aEstimated by 0.117e−0.125TC , where TC is the temperature in ◦C. As described in DeMott et al. (2010).

4.2.3 Segments containing needles

The distribution of particle sizes at higher temperatures is
also poorly represented by the parameterised distributions.
Figure 11 shows that these segments are heavily influ-
enced by populations of very small particles that coexist
with populations of larger particles, which is clear from the
bimodal nature of the observed PSDs. In S9, we see that
the observed PSD profile is very similar to that seen in S7
and S8, with high concentrations of very small particles,
but with a coexisting population of large particles with a
broad size range. Despite being at the same temperature,
the observed PSD profile of S10 is noticeably different from
that of S9. The broad size range remains, but the concentra-
tions of the smallest particles are much lower and the parti-
cle size with the greatest concentration is around 500 𝜇m.
In S11 we see that the concentration of small particles is
again very high, but the range of particle sizes is narrower.
In contrast, the profile of S12 is similar to that of S10; how-
ever, the concentration of the smallest particles is higher.
All of these segments are poorly represented by the param-
eterised PSD, with the concentration of small particles
being slightly underestimated and the population of large
particles often being completely missed. Similarly to the
segments discussed in Section 4.2.2, Figure 12 shows that
populations of small particles are influencing the PSDs in
these segments. However, these populations have differ-
ent characteristics from the populations of small particles
examined in Section 4.2.2. In S9, there are very clearly two
populations of particles with different characteristics. The
smaller particles with sizes less than 2.5 mm have very low
area ratios, generally below 0.3, which is evidence that this
population is formed of needle and column crystals. Parti-
cles greater than 2.5 mm have a much higher area ratio of
0.4 or greater. This distinct population of small, needle-like
crystals and the presence of liquid water as shown in
Figure 8 provide evidence that SIP is influencing the PSD
in this segment. The Hallett–Mossop rime splintering pro-
cess (Hallett & Mossop, 1974) produces small ice splinters,
which are too small to be observed directly by the OAPs,
but these splinters grow into needle and column crystals

that have very low area ratios, like those seen in Figure 12.
Figure 16 provides evidence to support this, as it shows
that high concentrations of needle crystals were observed
in this segment, together with larger dendritic crystals,
which form the population of particles with higher area
ratios. The particle concentrations shown in Table 5 also
provide evidence for this. The concentration of the small
particle mode in this segment is two orders of magnitude
higher than the predicted ice nuclei concentration esti-
mated by temperature alone (DeMott et al., 2010), which
is consistent with findings from previous studies (Mossop
et al., 1972). We see this population of small, non-spherical
particles persist in S11 and S12. As the Hallett–Mossop
process does not typically occur at these temperatures, we
infer that the small particles produced in S9 have precip-
itated into lower layers of the cloud. The particle concen-
trations displayed in Table 5 support this theory, as we see
very high concentrations of the small particle mode rela-
tive to the concentration of larger particles, if indeed they
exist, and the concentrations of small particles are one to
two orders of magnitude higher than the predicted concen-
tration of ice nuclei. Figure 17 shows the particles observed
in S11, and there is evidence of mature secondary ice crys-
tals including ice lollies (Keppas et al., 2017) and heavily
rimed particles. Ice lollies form when a column crystal
collides with a drizzle drop, and may increase ice crys-
tal concentrations through secondary particle generation.
However, whereas this small particle mode is the only par-
ticle population in S11, in S12 we observe a coexisting pop-
ulation of large, rounded particles with high area ratios,
which suggests this second mode is aggregates. In S10,
the population of small particles is almost non-existent,
which is consistent with the PSD shown in Figure 11.
Figure 8 shows that this segment has no liquid water
present, which explains the absence of needle-like crystals,
as the Hallett–Mossop process requires the presence of liq-
uid water to produce ice splinters. Table 5 also shows that
the concentration of small particles in this segment is sig-
nificantly lower than in the other segments shown, though
interestingly the concentration is still an order of magni-
tude higher than the predicted ice nuclei concentration,
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MAMMATT et al. 21 of 30

F I G U R E 15 As Figure 13, but for S7. The HVPS probe shows that the population of larger particles here are dendrites and the 2DS
and CPI images show the presence of drizzle drops. [Colour figure can be viewed at wileyonlinelibrary.com]
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22 of 30 MAMMATT et al.

F I G U R E 16 As Figure 13, but for S9. We see here needle crystals imaged by the 2DS probe. The HVPS images show that these appear
in high concentrations, but that there are also dendrites present which contribute to the broad width of the PSD observed here. [Colour figure
can be viewed at wileyonlinelibrary.com]
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T A B L E 5 A summary of the concentrations of different particle modes discussed in Section 4.2.3. The segment numbers correspond to
those described in Table 3. INC refers to ice nuclei concentration. 75 𝜇m is the minimum particle size observable by the HVPS probe.

Segment

Total
concentration
(m−3)

Small mode
size range
(𝝁m)

Small mode
concentration
(m−3)

Large mode
size range
(𝝁m)

Large mode
concentration
(m−3)

Predicted INCa

(m−3)

S9 11750 75–2500 11718 > 2500 32 219

S10 1712 75–1000 1242 > 1000 470 219

S11 17290 > 75 17290 — — 150

S12 3960 75–2500 3874 > 2500 86 133

aEstimated by 0.117e−0.125TC , where TC is the temperature in ◦C. As described in DeMott et al. (2010).

which suggests secondary ice particles are present in this
segment, despite not being actively produced.

4.3 Comparison of process rates
and moments from observed PSDs versus
gamma fits

The importance of representing PSDs accurately in numer-
ical weather models becomes apparent when model pro-
cess rates and forecast products are calculated, and it
becomes clear that inaccurate PSDs cause misrepresenta-
tion of these variables. In sections 4.1 and 4.2, we have
observed that there are significant differences between
the observed PSDs and their gamma equivalents. In this
Section, we detail the calculations made for process rates
(vapour growth and aggregation) and moments (precipi-
tation rate and radar reflectivity) using both the observed
and parameterised PSD time series (detailed in Table 2) to
gauge the significance of those differences for the evolu-
tion of the model microphysics and for its prediction of the
cloud characteristics.

We calculate the percentage change between precip-
itation, vapour growth and aggregation rates, and radar
reflectivity calculated from both the observed and param-
eterised PSDs. All constants are displayed in Table 6. We
estimate particle mass using the mass–size relationship of
the familiar form m = cDd, where D is the particle diame-
ter in metres and we use the values for the constants c and
d described in Cotton et al. (2013). The terminal velocity of
particles is estimated by

v = aDb
(
𝜌

𝜌0

)f

,

where 𝜌 is the density of air (we use 1 kgm−3 in our cal-
culations for simplicity), 𝜌0 is the reference density of air,
and a, b, and f are constants defined in Field et al. (2023).
Using these estimations, we calculate precipitation rate in
ms−1 by

r =
∫ N(D)mv dD

𝜌water
, (8)

where 𝜌water is the density of liquid water and dD is the
resolution of the OAP.

The vapour growth rate of ice crystals is calculated by

𝜓 = 𝜉 ∫ CFN(D) dD, (9)

where C = D∕2 is the capacitance of a sphere. 𝜉 is defined
as 𝜉 = 4𝜋Dv(Δ𝜌), where Dv is the diffusivity of water in air
andΔ𝜌 is the difference in vapour density between the sur-
face of an ice crystal and its environment. As we take the
ratio between the vapour growth rates calculated from the
observed and parameterised PSDs, Dv and Δ𝜌 are never
calculated explicitly. F is defined as the ventilation factor,
which represents the increased transport of vapour when
the particle is falling compared with when it is stationary,
and is given by F = 0.78 + 0.31Sc1∕3Re1∕2, where Sc is the
Schmidt number and Re is the Reynolds number, defined
by Re = vD∕𝜈k, where kinematic viscosity 𝜈k = 𝜂∕𝜌 and 𝜂
represents dynamic viscosity.

We calculate the aggregation rate by

W = ∫ ∫ KxyN(Dx)N(Dy) dDx dDy, (10)

where x and y represent the two PSDs involved in the
aggregation process (Pruppacher & Klett, 1997) and

Kxy =
𝜋

4
Eagg(Dx + Dy)2|vx − vy|.

Field et al. (2023) assume the aggregation efficiency of
particles Eagg = 0.1e0.08Tc , where Tc is the temperature in
degrees Celsius.

Radar reflectivity is calculated by

Z = 36 × 1018

𝜋2𝜌2
ice

|kice|2|kwater|2 ∫ m2N(D) dD (11)
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F I G U R E 17 As Figure 13, but for S11. We see needle and ice lolly crystals imaged by the 2DS. The CPI images from this segment show
that a mix of particle habits are present and that there is evidence of riming. [Colour figure can be viewed at wileyonlinelibrary.com]
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T A B L E 6 Definitions for all constants used in process rate
calculations in Section 4.3.

Term Constant

c 0.026a

d 2a

a 12b

b 0.5b

f 0.5b

𝜌0 1.22 kgm−3

𝜌water 1000 kgm−3

Sc 0.63c

𝜂 1.7 × 10−5 Nsm−2

|kice|2 0.174

|kwater|2 0.93

𝜌ice 917 kgm−3

aCotton et al. (2013).
bField et al. (2023).
cField et al. (2008).

(Wood et al., 2013, 2014), where |kice|2 and |kwater|2 are
the dielectric factors for ice and liquid respectively, and
𝜌ice is the density of solid ice. This equation is appropriate
for Rayleigh scattering and is a commonly used diagnostic
output for model evaluation.

Figure 18 presents the differences in the calculated pro-
cess rates between the observed and parameterised PSDs.
The results are presented as percentage errors, except
for radar reflectivity, where the fractional difference is
expressed as a difference in dB units. Positive differences
mean that the parameterised distribution predicts a higher
value than the observed distribution, and vice versa. As
in Figures 8, 9, and 10, the time scale bars in each panel
represent two minutes in each run.

We see that the performance varies greatly across the
runs, but a common feature is the evidence that the
sign of the fractional change in these calculated rates
is directly related to the width of the parameterised
PSD compared with the observed PSD. In Figure 10, we
find that the parameterised PSD in R1–R6 is generally
slightly broader than that observed, which corresponds
to vapour growth rates that are underestimated, whilst
the other processes calculated are overestimated. There
is a notable exception in R4, where the parameterised
PSD is slightly narrower than that observed (this segment,
S3, is examined in more detail in Section 4.2.1). Inter-
estingly, this segment corresponds to very well matching
process rates with comparatively small errors. In R8–R11,
where the parameterised PSD is generally narrower than

the observed PSD, we see that the vapour growth rate is
overestimated whilst the other processes calculated are
underestimated.

The magnitude of errors also varies significantly with
temperature. In R1–R6, we see that precipitation and
vapour growth rates are well predicted, with errors gener-
ally less than ±10%. As discussed in Section 4.1.1, these
runs are largely homogenous in nature, which leads to
accurate parameterisations of the PSDs in these micro-
physical regimes, as seen in Figure 10. However, it is
clear that the errors associated with aggregation rates
at these temperatures are much higher, often exceeding
100%. Aggregation rates are strongly temperature depen-
dent and are inefficient at low temperatures. Percentage
errors of 100% correspond to a doubling in aggregation
rate, which is significant at these low temperatures; this
has the potential to have notable impacts on model micro-
physics evolution. The radar reflectivity has errors of up
to ±2.5 dBZ, which may be a result of the narrow PSDs
observed at these temperatures.

In R7 and R8, it is clear that there are large differ-
ences between the process rates and moments calculated
using the observed PSD and parameterised PSDs. There
are relative errors of up to 80% in vapour growth rate
and −50% in precipitation rate. Aggregation rate is also
poorly predicted, with errors up to −75%. Reflectivity has
errors of more than −10 dBZ. As discussed in Section 4.1.2,
these runs are microphysically complex with multiple
particle populations and a range of particle habits. As a
result, PSDs are poorly parameterised in these conditions
and do not capture the range of particle sizes accurately,
therefore we are lacking information about the concentra-
tion of large particles. This explains why reflectivity and
aggregation rate, in particular, are highly inaccurate, as
these processes are strongly influenced by the larger ice
particles.

In R9–R11, we see errors of up to −25% in precip-
itation rates, up to 25% in vapour growth rates, and
up to −50% in aggregation rates. In R9, CASIM under-
estimates reflectivity by 5–10 dBZ. In R10, we see that
CASIM underestimates reflectivity by more than 5 dBZ
in some parts of the run. In R11, the reflectivity is
underestimated by up to 10 dBZ. These inaccuracies come
from the high concentrations of small particles in these
runs, as discussed in Section 4.1.3. As in R7 and R8,
the parameterised PSD is strongly weighted towards the
zeroth moment (particle concentration), which is domi-
nated by the smallest particle sizes. This means there is
no representation of the concentration of larger particles
in the parameterised PSD, introducing significant errors
into these process rates, which are dependent on higher
moments.
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F I G U R E 18 Percentage errors between precipitation rate, vapour growth rate and aggregation rate, and errors in radar reflectivity
calculated from the observed PSD and the parameterised PSD. Note the differences in scale between the percentage errors and dB errors.
Panel labels correspond to the runs described in Table 2. Time scale bars representing two minutes of each run are shown in each panel.
[Colour figure can be viewed at wileyonlinelibrary.com]

5 SUMMARY AND CONCLUSIONS

We have used our case study to analyse PSDs at differ-
ent temperatures in a midlatitude frontal cloud, and have
compared these with a gamma distribution from a double
moment microphysics scheme using known shape param-
eters and observed moments. The gamma distribution
used in this study matches that used in the UK Met Office’s
double moment microphysics scheme CASIM, but our
findings would be relevant to many other double-moment
microphysics schemes. Using this distribution, we have
analysed whether a gamma distribution can represent
the observed PSDs accurately with equal n and IWC.
In our case study, we generally see the narrowest PSDs
in low temperature/high altitude regions, with particle
sizes remaining less than 3 mm. PSDs at these tempera-
tures are generally captured relatively well by the param-
eterised distribution. This is because of the dominance of

polycrystals at these temperatures and near homogeneity
of the observed particle habit, which we see from the cal-
culated area ratios of particles, implying similar growth
histories for all particles. Consequently, the calculated
vapour growth rate, precipitation rate, and radar reflectiv-
ity are reasonably accurate. The aggregation rate, however,
is misrepresented by a factor of two, which illustrates
the sensitivity of microphysical process rates to errors in
the PSD.

At higher temperatures/lower altitudes, there is a
broader range of particle sizes observed, with more varied
particle habits and growth histories, including dendrites,
needles, polycrystals, and aggregates. We see bimodal dis-
tributions resulting from the coexistence of distinct pop-
ulations of particles and present evidence that some of
these secondary populations are caused by SIP mixed
with precipitation from higher cloud layers. We find
that a gamma distribution is not sufficient to represent
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these complex microphysical cloud regions accurately.
This inaccurate representation feeds through to the pro-
cess rates and microphysical properties of the cloud; errors
in the aggregation rate are in excess of 100% at times,
while the radar reflectivities are frequently in error by
several dB.

In many models (e.g., Field et al., 2023), unrimed
ice particles are split into two categories: cloud ice and
snow, representing small and large particles. The action
of primary nucleation and SIP in such models is to intro-
duce more particles into the cloud ice category, some
of which are gradually converted to snow. Each cate-
gory has its own parameterised PSD, which is indepen-
dent. Our findings suggest that when new particles are
generated in a cloud they evolve into larger particles,
which have distinct properties compared with the rest
of the snow particles in the cloud; thus ice nucleation
and SIP affect not only the generation rate of cloud ice
but also the PSD of the snow category. One way to cap-
ture this could be to allow multiple unrimed snow par-
ticle types within the scheme, with the nucleation and
subsequent evolution of each category acting indepen-
dently, each contributing to the overall snow particle size
distribution.

The data presented here constitute a single case study.
What is not yet clear is how frequent bimodal popula-
tions such as those analysed in this study are in frontal
clouds, or indeed within other cloud types. We are cur-
rently using radar Doppler spectra to investigate the occur-
rence of this multimodal behaviour across a large sample
of clouds.
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