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Key Points:

¢ In-situ aircraft observations reveal that abundant supercooled large liquid water
droplets are key to rapid icing.

* Diagnostic cloud droplet shape parameter («.) substantially increases predicted
supercooled LWC, better matching observations.

* Aircraft icing rate and intensity prediction are significantly enhanced by increased
LWC from the use of diagnostic a..
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Abstract

The characteristics of supercooled liquid water (SLW) within icing clouds over
eastern China are investigated using in-situ aircraft observations and numerical
simulations. SLW content increases from 0 to —4°C, but decreases sharply below —4°C.
Abundant supercooled large droplets (SLD) were observed, with the effective diameter
reaching 175 um and number concentration (N;) exceeding 19 cm™. An aircraft icing
rate and intensity forecast algorithm is proposed by incorporating flight conditions and
SLW spectral characteristics, together with a new diagnostic relation between cloud
droplet shape parameter and N, implemented into the three-moment NSSL scheme.
Sensitivity simulations indicate that the improved scheme can reproduce well the
temperature-dependent variation of SLW content, and significantly enhance forecasted
rate of icing, intensity, and icing cloud layer depth.

Plain Language Summary

Aircraft icing is a common threat to flight safety. This study analyzes the
characteristics of supercooled liquid water (SLW) within clouds of a severe icing event
over Anqing, Anhui Province of eastern China using in-cloud aircraft observations.
Observations show SLW content increases as temperature decreases from 0 °C to —4 °C,
but decreases sharply below —4 °C due to conversion of water vapor into ice crystals.
Specifically, abundant supercooled large droplets were observed, with maximum
diameter reaching 175 um. A forecasting algorithm for icing rate and intensity that
considers aircraft flight speed, SLW content, and droplet size is proposed. We also
design a diagnostic method for the shape parameter of cloud droplet spectrum, and
couple it with the three-moment NSSL microphysics scheme. Numerical experiments
show that the new scheme better reproduces the temperature-dependent variation of
SLW, and significantly improves the forecasting skill of icing rate and intensity. In
summary, diagnosing the shape parameter of the cloud droplet spectrum is critical for
improving the accuracy of SLW and aircraft icing intensity forecasts.
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1. Introduction

Aircraft icing refers to the phenomenon that ice accumulates on aircraft surfaces
through the freezing of supercooled liquid water (SLW) or water vapor deposition. In
particular, supercooled large droplets (SLD) (Cober & Isaac, 2012) can substantially
increase the rate and intensity of icing (Cao et al., 2018), and severely degrade aircraft
maneuverability and stability. Therefore, comprehensive knowledge of icing cloud
microphysics and accurate prediction of icing occurrence and intensity are important
for flight safety (Bernstein et al., 2019).

Aircraft in-situ observation is one of the most effective approaches to investigate
cloud microphysical properties. Extensive research flights have been conducted in
North America and Europe to characterize aircraft icing environments (e.g., Isaac et al.,
1999, 2001; Cober & Isaac, 2001, 2012; Bernstein et al., 2021). For example, between
1995 and 2000, the Environment Canada (EC) and the National Aeronautics and Space
Administration (NASA) Glenn Icing Technology Branch conducted six field projects,
obtaining detailed observations of aircraft icing environments that included SLD (e.g.,
Cober et al., 2001; Isaac et al., 2001). Cober and Isaac (2012) further analyzed the flight
observations of aircraft icing environments that included SLD greater than 100 um in
diameter. They segregated the SLD observations into four subsets based on the
maximum drop size and median volume diameter (MVD), and developed envelopes of
maximum LWC for each subset as a function of horizontal extent and temperature.
More recently, Lucke et al. (2025) compared the microphysical properties of SLD
between two flight campaigns performed in the Great Lakes and over France. They
found that SLD conditions during the North American campaign mainly occurred in
thick stratus clouds, with smaller MVDs than those during the European campaign.
Such differences further demonstrate that cloud type, in-cloud temperature, vertical
velocity, and microphysical properties vary significantly for different regions.

Aircraft icing forecasting methods can be mainly categorized into empirical
diagnostics, statistical icing potential forecasting, and explicit cloud-resolving
numerical prediction. Currently, operational icing forecasting is dominated by icing
potential forecast approaches. Relevant verifications indicate that such methods can
only predict the occurrence probability and intensity of icing, and suffer from high false
alarm rates (Mao et al., 2023; Zhou et al., 2023). Cloud-resolving numerical models
coupled with multi-moment microphysics parameterization (MP) schemes are in
principle capable of explicit prediction of the three-dimensional particle size
distribution (PSD) of supercooled water. For instance, Thompson et al. (2017)
compared the LWC, MVD and number concentration of supercooled liquid water
predicted by the operational High-Resolution Rapid Refresh (HRRR) model using
partially two-moment Thompson microphysics scheme, with decades of in-situ aircraft
observations collected by the United States Federal Aviation Administration. The
results show that HRRR model can reasonably reproduce the droplet size distribution
features of supercooled liquid water. Nevertheless, recent studies have revealed that
substantial uncertainties remain in the representation of various microphysical
processes and hydrometeor PSDs within MP schemes (e.g., Morrison et al., 2020; Yuan
et al. 2025; Luo et al., 2026). Specifically, Jensen et al. (2023) compared HRRR
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simulations with observations from the ICICLE campaign and found that the
Thompson-Eidhammer scheme significantly underestimates the frequency of SLD.
Current explicit predictions of supercooled cloud droplets for aircraft icing over China
still contain notable biases, partly attributable to observational constrains. Operational
numerical weather prediction and modeling research commonly use bulk microphysics
schemes. Such schemes generally classify hydrometeors into multiple categories x, with
x€[c, 1, i, 5, g, h] referring to cloud water, rainwater, ice crystals, snow, graupel and hail,
respectively, and assume their PSDs conform to the Gamma distribution defined as:
Ny (D) = NoxD**exp(—2,D), M

where N, (D) represents the total number concentration of category x with diameter D
per unit volume, Ny, a, and A, denote the intercept, shape, and slope parameters
of the PSD, respectively. Widely used multi-moment schemes, such as the NSSL
(Mansell et al., 2010) and Morrison (Morrison et al., 2009) schemes, predict the mass
mixing ratio and number concentration of cloud water (@, and Nt.), from which Ny,
and A, are derived, while a, is held constant. However, studies have noted that fixed
a. cannot properly capture the tail of the PSD (Zhang et al., 2023; Luo et al., 2018).
Zhang et al. (2023) developed a triple-parameter condensation scheme with «,
diagnosed, and elucidated the importance of «,. for cloud droplets PSD. The diagnosis
of a, for supercooled cloud droplets, along with its influence on aircraft icing
prediction, warrants further investigation.

The primary objectives of this study are twofold: (1) to characterize the icing
environment and the PSDs of SLW and SLD through analysis of in-situ aircraft icing
observations in a severe icing event over eastern China; and (2) to investigate the
explicit forecasting performance of multi-moment MP schemes for SLW against
aircraft observations, and develop «, diagnostic algorithm to improve SLW and icing
intensity prediction.

2. Methodology and Experimental Design

2.1. In-cloud Measurements

On March 9 2016, the Weather Modification Center of China Meteorological
Administration conducted an airborne in-situ icing detection experiment using an
MAG60 aircraft over Anqing, Anhui Province (Figs. 1a, 1b). During the first flight of the
day, aircraft icing was observed from 0110 to 0132 UTC at approximately 3000 m with
an ambient temperature of —5 °C. The observed aircraft icing was of rimed ice, with a
thickness of 2-4 cm. The icing event occurred at the top of stratocumulus clouds
following the end of convective precipitation under a cold front, and the icing altitude
corresponded to the base of a frontal inversion layer. A detailed description of the
synoptic conditions associated with this event is provided by Sun et al. (2019).

During the experiment, the MA60 was equipped with multiple sensors, including a
hot-wire LWC meter, an Airborne Integrated Meteorological Measurement System
(AIMMS-20), a Backscatter Cloud Probe (BCP), and a Cloud Imaging Probe (CIP).
Among them, the LWC meter operates via constant-temperature hot-wire compensation.
The AIMMS-20 observes environmental temperature, relative humidity, and pressure.
The BCP probe covers a cloud droplet size range of 5-75 um, which can also retrieve
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the cloud droplet Nt and LWC. The CIP has a measurable range of 25-1550 um,
mainly detecting large droplets.

Besides, we developed a density-based screening method to filter out ice particles
from the measurements. The bulk density (pp,) can be estimated using the LWC, Nt,

and MVD. Assuming particles are spherical, pp,;x can be calculated as:
Lwc
NEXEXMV D3

2)

Specifically, particles with py,;, lower than 0.5 g cm™ were identified as ice, and
excluded from analysis. Besides, the Cloud Particle Image Processor (CPIP) was used
to verify both the results, which further confirmed the effectiveness of the density-based
screening method. The excluded particles indeed exhibited typical morphological
features of ice particles (Fig. S7), showing larger and darker spots relative to liquid
droplets.

Ppuik =

2.2. Quantities for Aircraft Icing

2.2.1 Aircraft Icing Rate based on Multi-moment MP Schemes

Aircraft icing rate (Rate) quantifies ice accretion rate on airframes. It is a vital
reference for pilots to evaluate icing severity and avoid from icing zones. Previous
studies have indicated that the icing rate is positively correlated with flight speed,
supercooled LWC, and collection efficiency (Guardone et al., 2026). To enhance the
prediction skill of icing rate using multi-moment schemes, this study further optimizes
the icing rate. Initially established by Lewis et al. (1947), it has been widely adopted in
studies on aircraft icing and wire icing (Thompson et al., 2017).

Based on the typical flight speeds of modern commercial aircraft during descent and
cloud penetration, this study assumes a standard 3-inch-diameter cylinder
(approximately 7.62 cm) moving at a speed of 329 miles per hour (approximately
147.22 m s™"). This cylinder serves as a proxy for aircraft leading-edge icing severity
(Lewis et al., 1947). Rate based on the simulations using multi-moment schemes is
defined as:

a, LWCsrw v A
6pj

Rate = , 3)

where a; is the collision efficiency, LW (s, denotes the total supercooled LWC of
cloud water and rainwater (g m3), 4 indicates the cross-sectional area of the standard
cylinder (m?), v denotes flight velocity (ms™'), and p; represents ice density, fixed at
0.917 g cm™3. The specific formula for a; follows Thompson et al. (2017):

a; =X—0.028 —Z(Y — 0.0454) 4)
X = 1.066K_0'00616exp(—1.103K_0'688) 5)
Y= 3.641K_0'498€Xp(—1.497K_0'694) (6)
Z =0.00637(p — 100)0'381 @)
K = PwMVDscw?v (8)

9uaD

__ Re?

¢ =" ©)
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Re = PaMVDscwv (10)

Ha
0.001779
= 11
Ha 1+0.03368Ta+0.00022ZlOTa22 ( )
LWCSLW = (qC + qr) X Pa when T < 0°C. (12)

Herein, K is the Stokes number, characterizing the deviation degree of droplets moving
along with airflow and acts as a key factor determining the collection coefficient. Re
is the droplet Reynolds number, affecting the drag coefficient and trajectory of droplets.
¢ is the Langmuir parameter, describing the curvature characteristics of droplet
trajectory. W,, T, and p, are air dynamic viscosity coefficient, temperature (°C), and
density, respectively. In Egs. (8) and (10), MV Dg;, (um) represents the mass-weighted
MVD of supercooled cloud water and rain water predicted by multi-moment schemes,

MVDg,y = MVDCXEC:qMVDfxqf when T < 0°C, (13)
C r
© DxN,(D)dD
MVD, = 0 DXN®)D (14)
Jo Nx(D)dD

In this study, the three-moment NSSL MP scheme (Mansell et al., 2010) is adopted,
within which a, can be diagnosed from the radar reflectivity of rain (Eqgs. 15-16),
while «a. is fixed as zero.

2
7 = Ga) (Par)” (15)

r 2
Cr Nrr

__ (6t ap)(5+ ar)(4+ ay)

G(ar) = (16)

B+ ap)2+ ap)(1+ ay)

Furthermore, long-term observations indicate that a. generally ranges between 0
and 12 over the East Asian monsoon region (Yin et al., 2011). Therefore, following
Thompson (2008), this study develops a diagnostic method for a. based on total cloud
droplet number concentration (N7.) given in Eq. (17),

@ = min(12, 1-+2) (17)
The diagnostic method for . is implemented into the NSSL three-moment scheme,
and its impacts on aircraft icing prediction are evaluated. To better represent icing
intensity, we convert the icing rate to mm min"'. The corresponding thresholds for each
icing intensity level (trace, light, moderate, and severe) are defined in Table S2.

2.2.2 Aircraft Icing Layer Depth

Based on the aforementioned formulas for Rate, we propose a new parameter, i.e.,
aircraft icing layer depth (Depth, in meters), defined as the cumulative depth of model
layer k£ with the icing rate Rate, exceeds 0.01 mm min™', by

Depth = Y,3? ADepth;, when Ratej > 0.01 mm min™'. (18)

2.3. Configuration of the WRF Simulations

Simulations of the aircraft icing event are conducted using the Weather Research and
Forecasting (WRF) model version 4.7.0 (Skamarock et al., 2019). The ERAS5 reanalysis
datasets (0.25°x0.25° resolution, 1-h intervals, Hersbach et al., 2020) are used as the
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initial and boundary conditions for the simulations. Two one-way nested domains with
horizontal grid spacings of 9 km and 3 km are employed (Fig.1c). Both domains utilize
49 hybrid vertical coordinate levels extending from the surface to 10 hPa, using a
terrain-following coordinate near the ground and transitioning to isobaric levels above
approximately 12 km (Beck et al., 2020; Skamarock et al., 2019). The simulations were
initialized at 1800 UTC on March 8 and integrated until 0000 UTC on March 10,
encompassing most of the lifecycle of the frontal system and the entire aircraft flight
segments. The radiation, planetary boundary layer, and surface physics schemes follow
those of Luo et al. (2026).

To investigate the impacts of diagnostic @, on the simulated PSDs of SLW and the
prediction of icing intensity, three sensitivity experiments are conducted (see Table S1),
namely, experiments NSSL._2mom and NSSL_3mom using the NSSL two-moment and
three-moment schemes, with a fixed a, of 0; and NSSL 3mom_diag using the
three-moment scheme with a diagnostic a, calculated by Eq. (17).

3. Results

3.1 Characteristics of SLW and SLD for Aircraft Icing

AIMMS observations showed that the aircraft climbed to 3200 m at 0100 UTC,
where the ambient temperature dropped below 0°C and subsequently remained
between —2 °C and —8 °C at altitudes of 3000-4600 m. Throughout the flight, the
ambient relative humidity remained high (>90%), indicating conditions favorable for
supercooled water and aircraft icing (e.g., Bernstein et al., 2005; Cober & Isaac, 2012).
BCP observations revealed that between 0120 and 0150 UTC, N,. and LWC of SLW
increased significantly, reaching 62 cm™ and 0.29 g m3, respectively (Figs. 2al, a2, a4).
The effective diameter (ED) of SLW was 20~25 um (Fig. 2a3). During this period, CIP
observations showed abundant SLD, with ED and N, exceeding 175 ym and 19 cm™,
respectively, and LWC of ~0.061 gm™ (Figs. 2b1-b4). This was also consistent with
the records of onboard personnel, who noted that rapid icing beginning at 0136 UTC
with ambient temperature of approximately —5 °C (Sun et al., 2019). Between 0300 and
0330 UTC, both BCP and CIP again detected SLD, with CIP showing a further increase
in ED to 200 um and N of ~1.57 cm™ (Figs. 2b1-b4). Ultimately, the aircraft icing
thickness reached approximately 2-4 cm during this event.

3.2 Validation of Explicit Prediction of SLW

To quantitatively assess the prediction skill of different simulations for SLW, the
simulated temperature-dependent characteristics of LWC and PSDs of SLW are
compared with in-situ aircraft observations (Fig. 3). Those of LWC over the entire inner
domain are also examined (Fig. S3). The observations showed that LWC occurred
predominantly at temperatures above —6 °C (accounting for 94.7% of the occurrences).
The 50th percentile of LWC shows little variation with temperature, while the 90th,
95th, and 99th percentiles of LWC varied significantly with temperature (Fig. 3a3).
Between 0 °C and —4 °C, these percentiles increased with decreasing temperature,
reaching their peak values near —4 °C of 0.1399, 0.2137, and 0.2901 g m3, respectively
(Fig. 3a3, Table S3). This was likely associated with weak updrafts within stratiform
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clouds, which transport more water vapor above the freezing level, that
generate increasing amounts of supercooled water as the temperature drops from 0°C
to —4°C (Thompson et al., 2017). Below —4 °C, LWC decreased significantly with
decreasing temperature. The supercooled water reduction could result from both
intensified Wegener-Bergeron-Findeisen (BWF) process at lower temperature and
entrainment-driven mixing near cloud top (Cober & Isaac, 2012; Ricaud et al., 2020).

We note that with «, fixed at 0, simulations NSSL_2mom and NSSL_3mom yield
similar Q., Nt., and PSDs (Figs. S1, S2, S4). Thus, it appears that the prediction of
additional radar reflectivity for hail and rain in NSSL 3mom compared to
NSSL 2mom has minimal impacts on the prediction of SLW. Thus, we focus on
comparing the differences between the NSSL 3mom and NSSL 3mom_ diag
simulations. To exclude the influence of convective clouds, we applied a reflectivity-
based filter (mdbz < 30 dBZ) to isolate stratiform regions. Results show that extensive
high-LWC values are distributed within the 0 °C to —4 °C layer in both simulations
(Figs.3al-a2). The maximum 90th percentile of LWC from NSSL 3mom and
NSSL 3mom_diag over southwest Anhui region are significantly higher than the
observations (NSSL 3mom: 0.2952gm™, NSSL 3mom diag: 0.309 gm™,
observation: 0.1399 gm™) (Figs. 3al, a2, Table S3). On the other hand, within the —
4 °C to —8 °C layer, the simulated LWC decreasing rates are substantially stronger than
those observed (Figs.3al-a3). This discrepancy may stem partly from flight-sampling
strategy (Thompson et al., 2017), but may also attribute to the overestimation of BWF
process within the NSSL scheme (Nam et al., 2024; Zhang et al., 2025). Notably, the
maximum 99.9th percentile of LWC from NSSL 3mom diag is ~9% higher than that
from NSSL 3mom and closer to the observations, demonstrating the improvement in
explicit prediction of SLW achieved by the diagnostic a, (NSSL_3mom: 0.4083 g m™3,
NSSL 3mom_diag: 0.4467 g m™, observation: 0.3140 g m, Table S3).

For the entire inner domain, the 50th percentile of LWC from different simulations
remains largely unchanged with temperature, whereas the 90th, 95th, and 99th
percentiles decrease slowly as temperature fell from 0°C to —6 °C, and remain nearly
constant below —6 °C (Fig. S3). This may be attributed to the development of extensive
cumulus clouds and even convective clouds, where stronger updrafts transport
supercooled water to higher altitudes (Van Lier-Walqui et al., 2016; Zhao et al., 2025).
Moreover, the 50th, 90th, 95th, and 99th percentiles of LWC from NSSL 3mom_diag
are 10-17% higher than those from NSSL 3mom (Fig. S3, Table S3). This finding
aligns with the comparison from the specific aircraft observation regions and further
demonstrates that diagnosing the cloud droplet shape parameter improves the explicit
simulation of SLW.

Figure 3b1 shows the PSDs of supercooled cloud droplets at grid points with high
icing rates over the aircraft observation regions (c.f., red dashed box in Fig. 1¢) from
the NSSL 3mom and NSSL 3mom diag simulations. Figure 3b2 presents the
supercooled PSDs (scatters and fitted curves) observed by the BCP and CIP probes at
aircraft cruising altitudes of 3000 m and 4000 m. It shows that the PSD of supercooled
cloud droplets in the NSSL._3mom follows an exponential form and is broader than the
observations due to the fixed a, of zero. In contrast, the PSD of supercooled cloud
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droplets in NSSL 3mom_diag follows a gamma distribution, exhibiting a narrower
spectrum than in NSSL 3mom, and is much closer to the aircraft observations
(Figs. 3b1-b2). The PSDs further affect the calculation of microphysical processes
contributing to supercooled droplet growth, thereby influencing icing intensity
forecasts.

3.3 Aircraft Icing Prediction and Impacts of Diagnosed a, of SLW

Given that the NSSL 3mom_diag simulation successfully reproduces the observed
LWC and PSD of supercooled cloud water, we further evaluate the performance of the
proposed Rate and Depth, along with the impacts of diagnosed «..

The predicted column-maximum Rate, icing intensity, and Depth at 0200UTC
March 9 from the simulations over the inner domain, along with their differences are
investigated (Figs. 4, S5). We found that the NSSL_3mom_diag significantly enhances
the predicted Rate and intensity, particularly over the convective cloud regions
(Figs. 4a—4e). The 50th and 90th percentiles of the difference in Rate between
NSSL 3mom diag and NSSL 3mom are 0.70mmmin' and 2.05mmmin’',
respectively (Fig. 4c). Statistics of icing intensity differences show a significant
reduction in the proportion of trace and light icing, with trace icing frequency decreases
from 31.0% to 15.2%, and light icing frequency from 52.0% to 49.0%. In contrast, the
frequencies of moderate and severe icing increase significantly, from 14.2% to 27.2%
and from 2.7% to 8.7%, respectively (Fig. 4f). Moreover, the predicted Depth in
NSSL 3mom_diag is substantially larger than that in NSSL_3mom, with the 50th and
90th percentile differences reaching 314.34 m and 1168.34 m, respectively (Figs. 4g-1).
We also note that differences in Rate, intensity, and Depth between NSSL 2mom
and NSSL 3mom are negligible (Fig. S5), consistent with their identical supercooled
LWC and droplet size distributions (Figs. S1-S4). These results further demonstrate
that the implemented diagnostic a. significantly improves aircraft icing intensity
forecasts, consistent with the earlier finding that NSSL 3mom_diag successfully
reproduces high supercooled LWC and a more realistic supercooled cloud PSD. We
note that the diagnostic equation is based on a single aircraft icing case, and its
applicability across different climatic regions and varying environmental conditions
requires further evaluations. Nevertheless, preliminary validation over Southwest
China using one-year independent simulations shows encouraging prediction skill
(Tables S4, S5), suggesting promising cross-regional applicability of the method.

4. Conclusions

In this study, in-situ aircraft observations of an aircraft icing event over Anhui
Province, China, are analyzed to investigate the microphysical properties and
supercooled droplet size distribution in the event. In addition, a new cloud-resolving
model-based quantity for aircraft icing rate and intensity has been proposed, accounting
for aircraft flight speed, combined PSDs of supercooled cloud water and rain, and the
collection efficiency. A diagnostic method for the shape parameter of cloud droplet size
distribution has been developed and coupled with the three-moment NSSL MP scheme
within the WRF model.
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In-situ aircraft observations revealed abundant SLW during the icing event. In
particular, the aircraft encountered a large number of SLDs, with the CIP probe
recording an effective diameter of 175 um and a number concentration exceeding 19
cm 3, which are likely responsible for the rapid icing. Between 0 °C and —4 °C, the 90th,
95th, and 99.9th percentiles of LWC increased with decreasing temperature. This may
be driven by weak stratiform-cloud updrafts transporting water vapor above the
freezing level, and latent-heat release from ice formation that amplifies vertical motion
and enhances LWC. Below —4 °C, LWC decreased sharply with decreasing temperature,
which may be related to intensified BWF process and entrainment-driven mixing near
cloud top. Besides, sensitivity simulations using different versions of the NSSL scheme
were conducted to evaluate the performance of the cloud-resolving model in predicting
supercooled water and aircraft icing. Results show that the NSSL 2mom and
NSSL_3mom simulations, using two- and three-moment NSSL schemes with fixed «a,,
produce essentially identical SCW distributions, leading to comparable forecasts of
aircraft icing rate and intensity. We found that NSSL 3mom_diag with a diagnostic a,
better reproduces the observed temperature-dependent variations of LWC than other
simulations. Across the entire inner domain, the 50th, 90th, 95th, and 99th percentiles
of LWC in NSSL._3mom_diag are 10—17% higher than those in NSSL._3mom, further
demonstrating that diagnosing @, promotes the growth of SCW. Moreover, compared
to NSSL 3mom, NSSL 3mom_diag predicts significantly enhanced aircraft icing rate
and intensity over convective cloud regions, increased frequencies of moderate and
severe icing intensities, and a substantially deeper icing layer.

We believe this study represents the first effort in forecasting aircraft icing rate and
intensity based on explicit supercooled water prediction using multi-moment
microphysics schemes within a cloud-resolving model. We acknowledge that the
conclusions drawn in this study are based on a single aircraft icing case and its
corresponding simulations. Although preliminary validations based on one-year
simulations over Southwest China exhibit encouraging aircraft-icing forecast skill, the
applicability of these diagnostic equations to other climatic regions under varied
environmental conditions remains to be verified. We hope this study would serve as a
call for the community for increased in-situ aircraft icing observations and
cloud-resolving model-based icing forecasting research, while paying close attention to
cloud microphysical properties and aircraft acrodynamic configurations.
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List of Figures

Figure 1. (a) time series of the flight altitude (m), atmospheric temperature (°C) and
relative humidity (%) between 00:40 and 03:50 UTC on March 9, 2016 during the
icing event; (b) three-dimensional aircraft flight path colored with air temperature;
and (c) two nested WRF model domain d01, d02 at 9-km and 3-km resolutions
with terrain elevation (m AMSL) in color. The red dashed rectangle in panel (c)
denotes the general aircraft observation region.

Figure 2. Measurement of cloud droplet by the BCP probe including (al) the number
concentration (#/cm?®), (a2) liquid water content (LWC) (g/m?), (a3) effective
diameter (ED) (um), and (a4) cloud droplet spectrum between 00:40 and 03:50
UTC on March 9, 2016 during the icing event. Panels (b1)—(b4) show the time
series of corresponding variables based on the CIP probe observations.

Figure 3. Scatterplot of temperature (°C) and LWC (mg/m?) with the 50th, 90th, 95th,
99th, and 99.9th percentiles for each degree Celsius from (al, a2) simulations
NSSL 3mom and NSSL 3mom_diag, and (a3) aircraft in-situ observations during
the icing event. The PSDs of supercooled cloud droplets at the grids with
maximum icing rate from the simulations are present in panel (bl), and the particle
spectrum (scatters and fitted curves) observed by the BCP and CIP probes at
aircraft cruising altitudes of 3000 and 4000 m are present in panel (b2).

Figure 4. Aircraft icing rate (mm/min), intensity, and icing layer depth (m) at 0200 UTC
on 9 March 2016 from simulations NSSL_3mon (a, d, g), and NSSL 3mom_diag
(b, e, h), respectively. Note that the differences of the parameters between the two
simulations are also shown in (c, f, i), with the 50th and 90th percentiles of the
differences labeled in black on panels (c, 1).
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Figure 1. (a) time series of the flight altitude (m), atmospheric temperature (°C) and
relative humidity (%) between 00:40 and 03:50 UTC on March 9, 2016 during the icing
event; (b) three-dimensional aircraft flight path colored with air temperature; and (c)
two nested WRF model domain d01, dO2 at 9-km and 3-km resolutions with terrain
elevation (m AMSL) in color. The red dashed rectangle in panel (c) denotes the general
aircraft observation region.
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Figure 2. Measurement of cloud droplet by the BCP probe including (al) the number
concentration (#/cm?), (a2) liquid water content (LWC) (g/m?), (a3) effective diameter
(ED) (um), and (a4) cloud droplet spectrum between 00:40 and 03:50 UTC on March
9, 2016 during the icing event. Panels (b1)—(b4) show the time series of corresponding
variables based on the CIP probe observations.
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Figure 3. Scatterplot of temperature (°C) and LWC (g/m?®) with the 50th, 90th, 95th,
99th, and 99.9th percentiles for each degree Celsius from (al, a2) simulations
NSSL 3mom and NSSL 3mom_diag, and (a3) aircraft in-situ observations during the
icing event. The PSDs of supercooled cloud droplets at the grids with maximum icing
rate from the simulations are present in panel (bl), and the particle spectrum (scatters
and fitted curves) observed by the BCP and CIP probes at aircraft cruising altitudes of
3000 and 4000 m are present in panel (b2).
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Figure 4. Aircraft icing rate (mm/min), intensity, and icing layer depth (m) at 0200 UTC
on 9 March 2016 from simulations NSSL. 3mon (a, d, g), and NSSL._3mom_diag (b, e,
h), respectively. Note that the differences of the parameters between the two simulations
are also shown in (c, f, 1), with the 50th and 90th percentiles of the differences labeled

in black on panels (c, 1).



