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Abstract

Mesoscale bands develop within winter cyclones as concentrated regions of locally enhanced
radar reflectivity, often corresponding to intensified precipitation rates lasting several hours.
Surface precipitation characteristics are governed by the microphysical properties of the ice-
phase particles aloft, yet their unique microphysical evolutionary pathways and ambient
environmental dependencies in banded regions remain poorly understood, in part due to a
paucity of observations within clouds. Addressing this need, the Investigation of Microphysics
and Precipitation for Atlantic Coast-Threatening Snowstorms measured properties of winter
cyclones from airborne in situ and remote sensing platforms. Observations collected within a
banded region of a decaying-stage northeast United States cyclone revealed a microphysical
pathway characterized by precipitation fallout from a weak generating cell layer through an ~2
km deep subsaturated downdraft region. Sublimation was a dominant evolutionary process,
resulting in > 70% reduction of the initial characteristic ice water content (IWC). This vertical
evolution was reproduced by a 1D particle-based model simulation constrained by observations,
conveying accuracy in the process representation. Four sensitivity simulations assessed
evolutionary dependencies based on observationally-informed perturbations of the ambient
relative humidity, RH, and vertical air motion, w. Perturbations of ~2% RH significantly varied
the resultant characteristic IWC loss, as much as 29%, whereas comparable perturbations of w
had negligible effects. Intrinsic particle evolution during sublimation demonstrated a notable
imprint on vertical profiles of radar reflectivity, but Doppler velocity was more strongly
governed by the ambient w profile. These findings contextualize radar-based discrimination of

sublimation from other ice-phase processes, including riming and aggregation.



47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

1. Introduction

Northeast U.S. winter cyclones commonly develop mesoscale banded regions which can
produce intense rain- and snowfall rates within concentrated regions of the storm (Novak et al.,
2004, 2008; Ganetis et al., 2018). These mesoscale bands may be diagnosed from radar
reflectivity measurements such as the operational NWS Multi-Radar Multi-Sensor product
(MRMS; Zhang et al., 2011; Brodzik, 2022b). For example, Novak et al. (2006) defined a
mesoscale band as having a length > 250 km, width of 20 to 100 km, and radar reflectivity > 30
dBZ for at least 2 h. Numerical weather prediction of precipitation rates within these potentially
high-impact mesoscale bands are challenging, in part because of the demonstrated variations in
microphysical properties and evolutionary processes, including rapid changes in crystal habits
(Stark et al., 2013) and degrees of riming (Colle et al., 2014) measured at the surface.

Mesoscale banding developed during a significant midlatitude cyclone on 4 February 2022
that produced widespread and diverse wintry-mixed precipitation spanning the midwest to
northeast U.S. At the surface, the cyclone was defined by a relatively weak, elongated low-
pressure center and stationary frontal boundary positioned along the U.S. northeastern coastline
(Zaremeba et al., 2024). As described in DeLaFrance et al. (2024b, see Fig. 2a and sec. 2.1), two
distinct regions of enhanced composite reflectivity developed northeast of the low-pressure
center. One of the regions of enhanced reflectivity was positioned on the warm side of the frontal
boundary and lacked well-defined banding structure but produced transitory mixed-phase wintry
precipitation including rain, ice pellets, and snow over the southern New England region and
extending offshore. A second region developed near the surface stationary front that extended
into New Hampshire and Maine and exhibited a well-defined banded structure, but with

decreasing composite reflectivity in time. Nonetheless, the reflectivity in this banded region was
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consistently 6.5 to 9.0 dB greater than in the region that lacked well-defined banding. This
relative and persistent enhancement in reflectivity in the banded region despite its apparent decay
in time raises interesting questions about the evolutionary pathways for precipitating particles in
this region and their implications for surface precipitation.

Radar reflectivity measurements have a long history of use in estimating precipitation rates,
initially from simple empirically derived relationships between reflectivity and rain rate (e.g.,
Marshall and Palmer, 1948) and later extended to snowfall rates (e.g., Boucher and Wieler, 1985;
Fujiyoshi et al., 1990; Heymstfield et al., 2016). Ambiguity in precipitation intensity due to
varied microphysical particle properties has motivated the adoption of more complex
relationships derived from an improved understanding of the unique effects of microphysical
processes-based evolution on radar remote sensing measurements. Often these techniques are
derived from two or more coincident radar-based measurements (e.g., Grecu et al., 2016; Chase
et al., 2022; Dunnavan et al., 2023). Leveraging scattering dependencies based on the physical
properties of ice crystals and calculations based on modeled snowflakes of varied complexities
have shown promise in characterizing the unique effects of ice-phase microphysical processes
from coincident radar-based sources (e.g., Petty and Huang, 2010; Kneifel et al., 2011, 2015;
Leinonen and Moisseev, 2015; Leinonen and Szyrmer, 2015). Similarly, leveraging
dependencies of intrinsic particle fall velocity on their physical properties (e.g., Mitchell, 1996;
Heymsfield and Westbrook, 2010) and incorporating measurements from the radar Doppler
spectrum provides further constraint on process-based changes, especially during riming (e.g.,
Kalesse et al., 2016; Mason et al., 2018, 2019). Through development of novel methods to detect
and quantify the effects of microphysical processes from remote sensing radar measurements,

physical properties of the ice particles may be more accurately estimated. However, as these
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retrieval techniques continue to become increasingly complex and adopt multi-source
measurements, validation of retrieved physical properties and inferred microphysical processes
using observations from precipitating clouds remains crucially important.

Addressing this observational need, the Investigation of Microphysics and Precipitation for
Atlantic Coast-Threatening Snowstorms (IMPACTS) field campaign collected measurements
from precipitating clouds over the northeast and midwest U.S. during 36 science flights over the
2020, 2022, and 2023 winters using a comprehensive suite of remote sensing and in situ
instruments (McMurdie et al., 2022a). Eleven science flights were conducted during the 2022
deployment with eight of those including coordination between the in situ cloud-sampling P-3
and overflying ER-2 aircraft providing coincident remote sensing and in situ measurements
within diverse winter storm environments (McMurdie et al., 2022b). These measurements have
direct application towards validating remote sensing retrieval of microphysical properties of ice
crystals (e.g., Chase et al., 2020, 2022; Matrosov et al., 2022; Finlon et al., 2022; Heymsfield et
al., 2023).

Elucidating process-based insights from temporally and spatially discontinuous airborne
measurements within an evolving and moving cloud system remains challenging. Numerical
modeling simulations are one method of connecting independent observations to microphysical
processes. However, bulk schemes require a limited representation of particle properties and
microphysical processes, thus presenting challenges for the integration of, or comparison with,
observations (Morrison et al., 2020). Moreover, three-dimensional dynamic simulations of winter
storms are subject to extrinsic uncertainties from design choices including initial conditions,
grid-cell resolution, and lead time (e.g., Colle et al., 2023). However, recent advances in

Lagrangian particle-based modeling techniques have shown promise in accurately simulating
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ice-phase precipitation processes, typically at the expense of simplified dynamics and physical
domains (e.g., Jensen and Harrington, 2015; Brdar and Seifert, 2018; Bringi et al., 2020;
DeLaFrance et al., 2024a).

Recently, DeLaFrance et al. (2024b) used one-dimensional particle-based modeling
simulations constrained by IMPACTS observations to elucidate process-based insights on the
evolution of precipitating particles within the region of the 4 February 2022 winter storm that
lacked well-defined banding. Within this region of concurrent vapor deposition, efficient
aggregation, and riming, simulated particle evolution revealed that rime accumulations
accounted for a dominant 55% of the total ice-phase precipitation mass. Additionally, the riming
process produced a unique change in the vertical profile of Doppler velocity, consistent with the
coincident remote sensing radar observations. For this riming-dominant evolutionary pathway,
sensitivity simulations designed from observationally-informed perturbations of ambient
supercooled liquid water concentrations yielded a precipitation rate variability exceeding 60%
(DeLaFrance et al., 2024b). These perturbed states further demonstrated substantial variations in
reflectivity and Doppler velocity that emphasized differential effects of riming and aggregation
processes. These results warrant further investigation on the implications for the dependencies of
other ice-phase microphysical processes on their ambient environmental properties; in particular,
those associated with the banded region during this same event. With this motivation, this paper

aims to address four specific questions,

1. What was the microphysical evolutionary pathway of precipitating particles that
contributed to enhanced reflectivity along a mesoscale band during this IMPACTS winter

storm event?
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2. What is the role of the ambient environment of the evolving particles in governing
precipitation fallout within the banded region?

3. What are the quantitative implications of sensitivities in the evolution of ice-phase
particles to their ambient environment properties?

4. To what extent are radar remote sensing measurements of reflectivity and Doppler
velocity modulated by process-based responses to perturbations in ambient

environmental properties?

To address these questions, we use numerical modeling simulations constrained by
IMPACTS observations from the banded region to assess process-based sensitivities and
quantify their imprint on radar remote sensing measurements. In the following section, we
introduce the IMPACTS instrumentation and observational strategy during the 4 February 2022
winter storm. Section 3 provides an observational analysis of the precipitation processes during
this event. In Section 4, we establish a control simulation and discuss its observational
validation. Section 5 describes four sensitivity simulations to assessing process-based
dependencies on the ambient environment. We provide some context for, and discuss the utility

of, our findings in Section 6 and offer concluding remarks in Section 7.
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Figure 1: Flight tracks for the ER-2 and P-3 on 4 February 2022 and composite reflectivity
from the NWS MRMS product at the time of aircraft sampling within the region of analysis at
each flight leg as indicated by the colored lines. The ASOS surface locations for Wiscasset, ME
(KIWTI) is shown in panel (a).

2. Observations from a banded region of enhanced reflectivity during IMPACTS

2.1. The 4 February 2022 winter storm

Because of the objective of IMPACTS to sample banded precipitation and that the colder

region to the north and west of the surface front presented a greater likelihood of snowfall at the



167

168

169

170

171

172

173

174

175

176

177

178

179

180

181
182
183
184

surface, a banded region near the front was the primary target of the 4 February science flights.
Therefore, spatial and temporal coordination of sampling from the two IMPACTS aircraft was
prioritized near the banded region. Composite radar reflectivity from the NWS MRMS product
shown in Fig. 1 provides spatial and temporal context of the intended sampling objectives of
IMPACTS flights relative to the prominent banded enhancement elongated southwest-to-
northeast near the Gulf of Maine coastline. With passage of this band, steady winter precipitation
was reported at the Automated Surface Observing Stations (ASOS; Brodzik, 2022a) in
Wiscasset, Maine (KIWI, location shown in Fig. 1a). Between 00:00 and 07:06 UTC 4 February,
KIWI reported above freezing surface temperatures before rapidly decreasing below 0°C (Fig.
2a). The hourly precipitation rate reached a modest maximum rate of 2.5 mm during the 12:00
UTC hour and precipitation intensity gradually reduced thereafter (Fig. 2b). A relative minimum
in mean sea level pressure occurred at about 19:00 UTC 4 February (Fig. 2¢), associated with the

passage of the surface front.
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Figure 2: Time series of (a) ambient temperature and dew point, (b) accumulated precipitation,
and (c) mean sea level pressure measurements on 4 February 2022 at the KIWI (Wiscasset, ME)
ASOS site (indicated on Fig. 1).
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IMPACTS executed a flight strategy consisting of six flight legs in a “lawnmower-style”
arrangement oriented orthogonal to the band that resulted in semi-Lagrangian aircraft sampling
from approximately 14:00 to 18:00 UTC (Fig. 1). In contrast to sampling an evolving and
moving storm along a flight leg fixed in space at varied altitudes (i.e., Eulerian), an advantage of
Lagrangian sampling is that it attempts to maintain temporal and spatial continuity of the storm
and the precipitating particles therein. Towards the objective of Lagrangian sampling, the P-3
aircraft, equipped with in situ cloud probes, flew at a high altitude initially and descended with
each subsequent constant altitude leg, while horizontally translating with the storm. The ER-2
was equipped with remote sensing instrumentation and flew in coordination with the P-3 above
the storm at constant altitude of approximately 20 km a.m.s.l. To minimize temporal differences
between the two aircraft owing to their differential air speeds, each aircraft sampled the center
points of the flight legs at nearly the same time and the center points were positioned near the
band’s along-track composite reflectivity maxima.

On the initial flight leg, the P-3 sampled at a constant altitude of 6.2 km a.m.s.1. intersecting the
far western edge of the band. Flight leg 2, at an altitude of 5.5 km a.m.s.1., was positioned
northeast to better intersect the region of enhanced radar echo. The remaining legs were
positioned northeast of the previous leg at a distance that approximated the storm’s advective
speed, each at a lower altitude and intersected the melting level on the final flight leg at 3.0 km
a.m.s.l. To constrain our analysis to the ice-phase precipitation processes within this storm, in
situ and remote sensing measurements from flight legs 2 through 5 (5.5 to 3.6 km a.m.s.1.) are
used. Obtaining precise Lagrangian observations from temporally and spatially evolving winter
storms is exceptionally challenging and, from this strategy, requires that the storm maintain

steady state during sampling. However, measurements collected between sampling along flight
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leg 2 (~14:45 UTC, Fig. 1a) and flight leg 5 (~17:15 UTC, Fig. 1d) occurred as the maximum
composite reflectivity within the banded region weakened from 54.5 to 47.5 dBZ, which occurs
at the radar bright band due to melting of the particles aloft. The reduced intensity at the bright
band suggests a change in the particle properties or the downward mass flux from ice aloft,
indicating a decay of storm intensity, consistent with the reduction in precipitation rate during
the same time period. Thus, we suggest that flight legs 2 through 6 provided semi-Lagrangian
context for coincident in situ and remote sensing measurements of the cloud and precipitation

particles during evolution between 5.5 and 3.0 km a.m.s.1.

2.2. IMPACTS observational assets

The IMPACTS campaign benefited from a comprehensive suite of aircraft-based in situ and
remote sensing instrumentation onboard the cloud-penetrating P-3 and overflying ER-2 aircrafts.
From these instruments, the in situ measurements of precipitating particle properties and their
ambient environmental conditions coincident with remote sensing radar are crucial towards
addressing our research questions.

The P-3 aircraft was equipped with several particle probes to derive quantitative measures of
the physical properties and concentrations of ice- and liquid-phase populations of particles.
Measurements of the ice-phase particle size distributions (PSD) were derived from a vertically
oriented High-Volume Precipitation Spectrometer (HVPS) probe (Bansemer et al., 2022). The
HVPS is an Optical Array Probe (OAP), which permits sizing of a sampled ice crystal based on a
two-dimensional projected image (Lawson et al., 1993) from a 128-element array with a pixel
resolution of 150 pum (Bansemer et al., 2022). Thus, the HVPS is ideally suited to measuring

larger ice crystals, ~0.5 to 30.0 mm diameter. Commonly, the HVPS is paired with a Two-
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Dimensional-Stereo (2D-S) OAP which also has a 128-element array but at a higher resolution of
10 um and, therefore, is ideally suited for measuring small ice crystals. However, because the
2D-S did not operate during the 4 February flight, our analysis uses HVPS measurements to
derive in situ PSDs from ice crystals of diameters, D, > 0.5 mm. Measurements of the liquid-
phase particle population were derived from the Fast Cloud Droplet Probe (FCDP), a component
of the HAWKEYE combination probe, to estimate droplet sizes within a range of 2 to 50 um
based on principles of Mie light scattering (Lawson et al., 2017). The National Center for
Atmospheric Research (NCAR) provided processing of the 1 Hz particle probe data (Bansemer
et al., 2022).

Particle imagery provides crucial evidence of the unique habits and geometric properties of
the ice crystals and permits inferences of the microphysical processes by which they evolved.
We use imagery collected from the Particle Habit Imaging and Polar Scattering Probe (PHIPS); a
novel instrument composed of two cameras separated by 120° with a resolution of 2 um within a
field of view of approximately 3 x 2 mm (Schnaiter, 2022). For ambient environmental context,
in situ meteorological properties were measured by instrumentation onboard the P-3 aircraft to
derive pressure, temperature, dew point, and water vapor (Yang-Martin and Bennett, 2022).
Measurements of the three-dimensional ambient wind field were obtained from the Turbulent Air
Motion Measurement System (TAMMS; Thornhill, 2022). The TAMMS instrument is a system
of sensors distributed across the aircraft to estimate the horizontal and vertical components of the
winds and for configuration on the P-3 aircraft yields an estimated accuracy of 0.2 m s! for the
horizontal and vertical wind speeds (Thornhill et al., 2003; Thornhill, 2022). Supplementing the
IMPACTS airborne measurements, ambient meteorological conditions were obtained from

operational rawinsondes at NWS launch sites (Waldstreicher and Brodzik, 2022). Additionally,
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the MRMS product were used to assess the surface conditions and provide large-scale context

during IMPACTS events.
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ambient air temperature (contoured) corresponding to the HIWRAP Ku-band radar (b)

reflectivity and (c) Doppler velocity measurements from the ER-2 flight leg 5 as shown in Fig.
1d. Coincident sampling from the P-3 aircraft occurred at 3.6 km a.m.s.1. and the in situ
observational extent assessed by frontal analysis is indicated by the horizontal green line

spanning 43.69°N to 44.44°N. The marker in panel (c) locates the KIWI (Wiscasset, ME) ASOS
surface station positioned ~2.5 km west of the flight leg (see Fig. 1a).

The 4 February event was sampled by radar from the high-altitude ER-2 aircraft at Ku (13.9

Ghz), Ka (35.6 Ghz), and W bands (94 GHz). As an example of one flight leg, Fig. 3 shows

vertical cross sections following the ER-2 on flight leg 5. Frontogenesis and ambient air
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temperature derived from the 17:00 UTC NOAA Rapid Refresh (RAP) 13-km model (Benjamin
et al., 2016) is shown in Fig. 3a. Notably, there is a northward sloping frontal boundary aloft
indicated by the local maximum in frontogenesis. As the ER-2 as it overflew the frontal band,
radar reflectivity and Doppler velocity, measurements were collected from the dual-band (Ku
and Ka) High-Altitude Wind and Rain Airborne Profiler (HIWRAP; McLinden et al., 2022),
which has a vertical resolution of 150 m (Li et al., 2016). Figure 3b-c shows these Ku-band
reflectivity, Zk., and Doppler velocity, Vp k. measurements from the HIWRAP radar onboard the
ER-2 between ~17:08 and ~17:16 UTC. The P-3 aircraft sampled this location at 3.6 km a.m.s.1.
between ~17:05 and ~17:17 UTC. At the center point over the band, the time difference between
the two aircraft was 91 seconds. During flight leg 5, the two aircraft overflew the KIWI ASOS
station, which reported a precipitation rate of 1.02 mm h'! at its location ~2.5 km west of the
flight leg (Fig. 1a). At KIWI, a radar bright band signature of the melting level occurs near 3 km
a.m.s.l. on the southern portion of the flight leg and abruptly terminates to the surface near 50
km along-track distance. This termination of the melting level is most apparent in the Vp xu
gradient (Fig. 3c) associated with the change in fall velocity of melting ice-phase particles.

The banded region was associated with a prominent cloud aloft, extending to about 6 km
a.m.s.l. Substantial decreases in Zk, were apparent immediately above a distinct vertical gradient
in Zg, at 6 km a.m.s.I. (Fig. 3b ). This vertical Zx, gradient exhibited small-scale [O(1 km)]
structural variabilities and filaments in Zg, down to the melting level. Similar small-scale [O(1
km)] structural variabilities were present in Vp k, near 6 km a.m.s.l., and within a background of
negative Vp k., there were several isolated regions of substantial updrafts. Below 5 km a.m.s.1.,
Vb k. became increasingly negative, which indicated either increasing particle fall velocities or a

reduction in, or reversal of, ambient updrafts. The vertical cloud structure sampled by the ER-2

15



298

299

300

301

302

303

304

305

306

307

308

radar on flight leg 5 is suggestive of a weak generating cell layer near 6 km. a.m.s.l. and

precipitation fallstreaks (e.g., Rosenow et al., 2014; Plummer et al., 2014) towards the banded

region below. Operational rawinsondes launched at 12:00, 15:00, and 18:00 UTC from Portland,

Maine (KGYX), which was approximately overflown on flight leg 4, demonstrated a southwest

flow minimal directional wind shear above the frontal boundary (not shown). The lack of
directional wind shear aloft suggests that the primary transport of ice particles aloft occurred
within the vertical plane sampled by IMPACTS aircraft and minimally through horizontal
advection. Thus, we assume that successive collections of observations from descending P-3
flight legs cohesively translated with the storm motion and were minimally affected by

horizontal advection along sheared surfaces aloft.
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individual P-3 flight legs 2 to 5. Mean altitudes of the P-3 are stated for each flight leg.
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2.3. Observational context of in situ measurements

At either edge of the banded region, the horizontal extent of cloud aloft is marked by distinct
gradients in Zx, (Fig. 3b). At the northern edge, a reduction in Zx, occurs at a region of
significant shear in the precipitation fallstreaks, which is expected with a wind shift along a
frontal boundary. Near this northern edge of the flight leg, a frontogenesis maximum is evident
aloft in the RAP analysis (Fig. 3a). However, comparison of the RAP analysis (Fig. 3a) to
prominent observed cloud characteristics including (i.e., melting level radar bright band and
sloped frontal boundary, Fig. 3b-c) indicates some spatial or temporal uncertainty in the analysis.
Therefore, we use the in situ environmental measurements to objectively identify the location of
the frontal boundary, establishing flight-leg specific observational domains (i.e., observational
regions indicated in Fig. 1 by different colors for each of the four flight legs) that preserve the
intended Lagrangian in situ sampling of the evolving ice-phase particles.

To constrain our analysis to the air mass trailing the sloping front aloft, we define the
northern extent of the horizontal observational domain by a frontogenesis maximum. We
compute frontogenesis from P-3 in situ measurements of horizontal winds, # and v, and potential

temperature, 8, using the two-dimensional form of the (Miller, 1948) equation,

Fo o= — [_Q(a_”% 6_17%)_%(6_1169 3”69)]
2D 7 pg||l ox \oxax ' axay ay \ay ax ' ayay/l"

Because of the considerable noise in frontogenesis computed from the 1 Hz measurements,
we apply a substantial smoothing using a 60-s rolling mean (Fig. 4). We assess the northern
extent of the observational domain for each flight leg by identifying a relative maximum in the
smoothed frontogenesis. The frontogenesis analysis indicates a frontal boundary with an

apparent northward gradient with increasing height, which primarily results from the southwest-
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to-northeast orientation of the band. In addition, a northward sloping frontal boundary formed

from the warmer air mass to the south overrunning the cold surface air mass to the north.

flight leg ER-2 start ER-2 end P-3 start P-3 end
leg 2 14:50:46.5 14:54:16.0 14:48:35 14:54:17
leg 3 15:35:12.0 15:40:41.5 15:34:41 15:42:13
leg 4 16:17:47.0 16:24:40.5 16:11:25 16:23:23
leg 5 17:08:13.0 17:16:11.5 17:04:33 17:16:49

Table 1: Start and end times (UTC) of ER-2 and P-3 aircraft sampling on 4 February 2022
within the objectively identified observational domains for each flight leg, as indicated in Fig. 1.
At the southern edge of the band, there was a distinct absence of cloud during most of the
aircraft sampling along flight legs 2 through 5 (Fig. 1a-d). Thus, we assess the southern edges of

the observational domain at the altitude of the P-3 as the cloud edge. At each flight leg, we use
Zk, measurements at height of the P-3 aircraft to identify a reduction in Zx, below 0 dBZ. An
exception is made for flight leg 3, which intersected a transient cloud (Fig. 1b), where we instead
identify a relative minimum in Zg, (~5 dBZ). All further in situ observations used for analysis in
this study were obtained from within the complete segments spanning the flight-leg specific
cloud-edge-assessed southern points and the frontal-boundary-assessed northern points (Fig. 1).
Constrained by this approach, the evolutionary pathway of particles reaching the surface is
identified by observations of the particle properties and their ambient environment collected
within the cloud aloft at four altitudes descending in time. A summary of the start and end times
for ER-2 and P-3 flights along each flight leg traversing the objectively assessed, banded region

of cloud is provided in Table 1.
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Figure 5: Particle imagery collected from the PHIPS probe within the banded regions of P-3
flight legs 2 to 5. Images are intended for representation of the crystal properties only and are not
to scale. Mean altitudes of the P-3 and ambient temperatures are stated for each flight leg.

Particle imagery collected from the PHIPS probe on P-3 flight legs 2 through 5 are shown in
Fig. 5. At 5.5 km a.m.s.l. and an ambient air temperature of -12°C, a diversity of crystal habits
was observed including single crystal plates (e.g., 14:49:06 UTC), and dendrites (14:49:07 UTC)
as well as polycrystalline structures of plates, dendrites, and sideplanes (e.g., 14:50:03, 14:51:36,
and 14:53:13 UTC). Some of the particles at 5.5 km a.m.s.l. showed evidence of sublimation
(e.g., 14:49:06 UTC) in the form of rounded corners and a smooth, glossy appearance (Nelson,

1998). With descent on subsequent flight legs, there was increasing evidence of sublimation.
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However, beginning at flight leg 3 at 4.9 km a.m.s.l. where the ambient temperature was -8°C
and relative humidity (RH) with respect to liquid water, 83%, there was also evidence of riming
with varied degrees of accumulated supercooled liquid water droplets (e.g., 15:34:44 and
15:36:27 UTC). Similarly diverse crystal habits with varied degrees of rime accumulation and
sublimation were observed in imagery collected on flight leg 4 (4.2 km a.m.s.1., -4°C, 82% RH)
and flight leg 5 (3.6 km a.m.s.1., -2°C, 80% RH).

From PHIPS particle imagery collected at all heights, relative to the prevalence of single
crystals, very few aggregate particles were observed. However, transient occurrences of
aggregate particles were evident among HVPS images collected on flight legs 2 through 5 (not
shown). This modest evidence of aggregate particles differs from the high prevalence of
aggregate particles observed within the offshore region of enhanced reflectivity that lacked well-
defined banding (DeLaFrance et al., 2024b). However, riming was evident in both regions. The
presence of riming among particle populations at flight legs 3 through 5 suggests a mixed-phase
layer with an upper boundary between 4.9 and 5.5 km a.m.s.1., but riming occurred
heterogeneously throughout the mixed-phase layer. Interestingly, populations of rimed particles
were observed in close proximity to sublimated particles (e.g., 15:38:08 and 15:40:04 UTC).
Additionally, some particles appear to have experienced riming followed by sublimation at some
later time (e.g., 17:10:05 UTC), whereas others appear to only experienced sublimation between
formation aloft and 3.6 km a.m.s.L. (e.g., 17:12:09 UTC). Collectively, particle imagery from
above the band indicates a dominant microphysical process between 5.5 and 3.6 km a.m.s.1. was

sublimation.
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3. Properties of evolving ice-phase particles and their ambient environment

Liquid-equivalent precipitation rates at the surface are governed by the particle mass and its
rate of fallout from cloud above. To determine the surface implications, we first quantify the
initial ice-phase precipitation mass aloft, at 5.5 km a.m.s.l., and its evolution within cloud
between 5.5 and 3.6 km a.m.s.1. Figure 6 shows the median and interquartile range (IQR, 25
and 75" percentile) ice mass PSDs from all HVPS measurements of particles with D > 0.5 mm
collected during P-3 flight legs 2 through 5. Consistent with DeLaFrance et al. (2024b), we
assume a mass—dimension relationship following Brown and Francis (1995). The greatest ice
mass concentration and largest particle sizes were identified at 5.5 km a.m.s.l. Additionally, we
found the most variability expressed by the IQR of PSDs at this height. However, based on the
observed diversity among crystal habits at 5.5 km a.m.s.l. (Fig. 5), this variability in the observed
PSD is not surprising. Because measurements of ice at small particle sizes are unavailable for the
4 February event, the total ice water content (IWC) is not completely defined by measurements
from the HVPS. Thus, throughout the present study, we define the characteristic IWC as the
fraction of IWC computed at D > 0.5 mm, applicable to both observations and models simulation
output. The median characteristic IWC at 5.5 km a.m.s.l. was 0.540 g m™ and decreased to 0.278
g m3 at 4.9 km a.m.s.l., then further decreased to 0.127 g m™ at 4.2 km a.m.s.l. At 3.6 km
a.m.s.l., the characteristic IWC slightly increased to 0.148 g m™; however, there was a notable

reduction of ice mass at the largest particle sizes, especially relative to 5.5 km a.m.s.l. (Fig. 6a,

d).
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Figure 6: Ice mass PSD median (line) and interquartile range (shaded) in situ measurements
from the HVPS probe at particle diameters > 0.5 mm within the banded regions of individual P-3
flight legs 2 to 5. Mean altitudes of the P-3 and ambient temperatures are stated for each flight
leg.

The relative maximum in ice mass at 5.5 km a.m.s.l. is consistent with the notion of ice-
phase particles concentrating aloft along the frontal boundary and maintained within a weak
generating cell layer (Fig. 3). Precipitation fallout within the cloud below shows quantitative
evidence of sublimation in the characteristic IWC loss with descent, while a reduction in particle
size, especially among large particles, is consistent with the minimal evidence of aggregation in

the imaged particles (Fig. 5). The small increase in characteristic IWC between 4.2 and 3.6 km

a.m.s.l. occurs among particles ~0.5 to 2 mm in size and is most likely a result of accumulated
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rime mass, despite the concurrent sublimation. Due to intermittency of the FCDP instrument on 4
February, measurements of the supercooled liquid water droplets population in the banded region
are available only for flight leg 5 at 3.6 km a.m.s.1. At this height, there was a mean liquid water
content (LWC) of 0.02 g m™ and droplet diameter of 17 um. However, imagery of supercooled
liquid droplets and rimed particles suggest that rime accumulation occurred at least as high as 4.9
km a.m.s.] (Fig. 5). The prominence of sublimation effects concurrent with riming presents a
distinctive evolutionary pathway for losses and accumulations of ice mass and requires a notable

ambient environment supportive of these primary processes.
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Figure 7: Violin plot distributions of (a) relative humidity and (b) ice supersaturation in situ
measurements within the banded regions of flight legs 2 to 5. Outliers exceeding the 5™ and 95
percentiles are not plotted.

Subsaturated conditions were found at all heights within the cloud. Figure 7a shows the

measured ambient RH with respect to water at each P-3 flight level. The RH was similar through

the vertical profile of cloud with median values from 79.7% (3.6 km a.m.s.1.) to 83.0% (4.9 km
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a.m.s.l.) and the range of variability was typically less than ~5-6% across each flight leg
segment. Expressed as saturation with respect to ice in Fig. 7b, the cloud demonstrated an
increasingly subsaturated ambient environment with descent. At 5.5. km a.m.s.l. (-12°C), the
median ice saturation was -8.9% and further decreased to -17.9% at 3.6 km a.m.s.l. (-2°C). It is
not readily apparent whether the magnitude of increasing subsaturation at lower heights (warmer
temperatures) is representative of the cloud’s vertical profile at any given time or a result of the
temporal evolution between sampling at flight leg 2 and flight leg 5 (~2 h) within a decaying
stage storm. Nonetheless, the subsaturated vertical profile is consistent with the evidence of
sublimation among particle images at all heights (Fig. 5). However, riming requires the presence
of supercooled liquid water droplets which, although are not sustained in a subsaturated
environment, require time to evaporate. For example, within the median observed environmental
conditions on flight leg 3 at 4.9 km a.m.s.l. (~83% RH, -8°C), droplets with an initial radius, ro,
of 10 um will require ~10 s to evaporate and substantially longer for larger droplets (e.g., ~70 s
for ro = 30 um; Roy et al., 2023). It is plausible that supercooled liquid water droplets were
formed in locally supersaturated environments outside of the observationally constrained domain

of our analysis, such as regions of sustained updrafts (e.g., Rauber and Tokay, 1991).
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Figure 8: Violin plot distributions of in situ measurements of vertical wind velocity from the
TAMMS instrument within the banded regions of P-3 flight legs 2 to 5. Outliers exceeding the
5™ and 95™ percentiles are not plotted.

The distribution of ambient vertical wind velocity, w, measurements from the TAMMS
instrument on each P-3 flight leg are shown in Fig. 8. Notably, there was a characteristic ambient
updraft at 5.5 km a.m.s.l. and abrupt transition to a weak downdraft below. This w profile is
consistent with the notion of a weak generating cell layer with precipitation fallout inferred from
the appearance along the prominent cloud top and fallstreaks in Zx, below ~5 km a.m.s.1. from
the radar cross section along flight leg 5 (Fig. 3b). At 5.5 km a.m.s.1., the median w was 0.63 m s
!, which is weaker than updrafts of 1 to 2 m s'! that are common in generating cells within winter
cyclones (e.g., Rosenow et al., 2014; Kumjian et al., 2014; Keeler et al., 2016). Between 4.9 and
3.6 km a.m.s.1., the ambient median wind field was characterized by weak descent with w = ~ -
0.06 to ~ -0.10 m s°!, which is within the estimated uncertainty (of 0.2 m s!) of the TAMMS
instrument. However, within this cloud layer, variabilities in w were observed, and at all heights,

updrafts were identified at the upper quartile of measurements. This range of w variability was
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similarly evident in horizontal gradients of Doppler velocity across flight leg 5, despite an
overall descent below ~5 km a.m.s.l. (Fig. 3c). Intermittent updrafts may have provided a source
of supercooled liquid water within the subsaturated ambient background environment. It is
further plausible that supercooled liquid water transport occurred through horizontal advection.
However, because of the minimal evidence for directional shear aloft, it appears more likely that
supercooled liquid water transport, and more importantly, particle evolution and fallout occurred
within the vertical plane sampled by aircraft. To support these observational inferences of
microphysical processes associated with the band, we use an observationally constrained
numerical simulation and quantify the independent process-based effects and their dependencies
on properties of the ambient environment for governing the cloud’s precipitation mass and rate

of fallout.

4. Control simulation design and validation

Our modeling environment is designed to permit isolation and direct manipulation of
microphysical processes and the ambient environmental conditions to elucidate their independent
effects on an evolving ice-phase particle population. Model selection and its design follows
DeLaFrance et al. (2024b), which simulated the evolution of precipitating particles associated
with the southerly displaced region of enhanced reflectivity on 4 February. As in this prior study,
we use the Lagrangian particle-based McSnow model, which has a 1D columnar domain (Brdar
and Seifert, 2018). The McSnow model’s particle-based scheme evolves an initial population of
ice-phase particles through explicit processes of deposition (sublimation), aggregation, and
riming within a prescriptive ambient environment. Constrained by the semi-Lagrangian in situ

and remote sensing measurements, this McSnow model permits simulations of the likely
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evolution of a population of ice crystals. Furthermore, consistent with the present study’s
objectives, McSnow permits independent user control of these ice-phase processes, their regions
of activity or inactivity within the column, and properties of the ambient environment as
prescribed inputs. Furthermore, the ice-phase particle population evolves at the scale of the
particle, thereby removing assumptions about the evolving PSD, which is readily accessible
throughout the column. For comparability with simulations presented in DeLaFrance et al.
(2024b), we maintain consistency in the decisions regarding parameterizations and processing,
with select exceptions motivated by observed properties that were unique to each region of the
storm.

The first step is to create a control simulation that reproduces the observed evolution of
precipitating particles within their ambient environment using inputs derived from in situ
measurements between P-3 flight legs 2 through 5. Particles are introduced in the model such
that the initial PSD at the upper boundary remains prescribed, which we derive from a Gamma
distribution fitted to the median PSD observed at 5.5 km a.m.s.l. at the uppermost P-3 flight leg
(Fig. 6a). This initial PSD is represented by an estimated characteristic IWC of 0.540 g m™ and
total number concentration of 7 x 10> m (D > 0.225 um). Newly initiated particles have a mass—
dimension relationship of m = 0.00294D'%* (cgs) following Brown and Francis (1995) for
unrimed crystals but evolve independent of this assumption thereafter. Particle terminal velocity,
V3, 1s derived following Heymsfield and Westbrook (2010). In McSnow, modeled microphysical
processes are largely independent of Eulerian grid constraints (see the discussion in Brdar and
Seifert, 2018, Sect. 2). However, a gridded columnar domain provides a suitable framework for
analysis of the evolved bulk particle properties. As in DeLaFrance et al. (2024b), we specify a

column of 500 grid cells, equating to a vertical resolution of 11 m, based on an upper boundary
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at 5.5 km a.m.s.l. Particles evolve within a prescriptive ambient environment, which is derived
from the median value in situ measurements of standard atmospheric properties (i.e.,
temperature, dew point, RH, pressure) at each flight altitude (Fig. 7), and then linearly
interpolating between measurements. Similarly, w is prescribed from linear interpolation
between median in situ measurements at each flight altitude (Fig. 8).

The in situ observations of inferred microphysical processes motivated several design
considerations. Minimal evidence of aggregation throughout the column among particle imagery
(Fig. 5) and an overall reduction in particle sizes with descent in cloud suggest a very low
process efficiency. With McSnow, upon collision, two particles will remain joined as an
aggregate particle dependent on a sticking efficiency parameter, E,ge, Which scales from 0 to 1
(e.g., Pruppacher and Klett, 1997). Here, we adopt a sticking efficiency based on the laboratory
investigations of Connolly et al. (2012) in which they identify a maximum likelihood estimate
(MLE) and confidence interval (CI) for a temperature-dependent E.¢,. Whereas in DeLaFrance et
al. (2024b) it was appropriate to adopt an E,g following the upper range of the CI provided in
Connolly et al. (2012), here, we find it appropriate to adopt an E,g, following the lower range of
the CI. Therefore, Euge has a value of 0.4 at -15°C and linearly reduces to 0 at -10°C, which is
maintained to 0°C. Because rimed particles were frequently observed in particle imagery at 4.9
km a.m.s.l., but not at 5.5. km a.m.s.L. (Fig. 5), we define a mixed-phase layer of cloud below 5.0
km a.m.s.l. where riming occurs following a stochastic procedure (Brdar and Seifert, 2018) based
on prescriptive properties of the liquid water population. From the FCDP measurements, we
specify a LWC of 0.02 g m™ and characteristic droplet radius of 8 um. Consistent with
DeLaFrance et al. (2024b), all simulations run for 10 h at a time step of 5 s, and average the final

5 h, after reaching a steady state, for analysis.
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Figure 9: Composite ice mass PSDs from (a) in situ observations within banded regions of
P-3 flight legs 2 to 5 (see Fig. 1a-d) and (b) the control model simulation at equivalent heights.
For comparison purposes, line transparency of the simulations (b) is reduced at diameters less
than 0.5 mm where observations are unavailable. Mean altitudes of the P-3 are stated for each
flight leg.

To verify the control simulation, we first assess the evolution of the PSD throughout the ice-
phase layer of cloud. Specifically, we compare the model-simulated PSD with the median
observed PSD at each P-3 flight altitude. Figure 9a composites the flight-leg specific PSDs at D
> (0.5 mm, as shown in Fig. 6. The simulated PSD at equivalent heights from the model are
shown in Fig. 9b. A primary criterion towards establishing a successful control simulation was a
reproduction of the reduced characteristic IWC and particle sizes with descent that was
expressed in the observations. The control simulation has a vertical evolution of the PSD that

demonstrates consistency with observations, providing confidence that the modeled processes

are generally representative of the observed processes. At 5.5 km a.m.s.1., the control simulation
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has an initial characteristic IWC of 0.606 g m>. Between 4.9, 4.2, and 3.6 km a.m.s.1.,
characteristic IWC decreased to 0.303, 0.214, and 0.119 g m?, respectively. Some of the unique
variabilities among the observations are not captured by the simulation. For example, the relative
increase in mass at D = ~0.5 to 2 mm between 4.2 and 3.6 km a.m.s.1. in observations (Fig. 9a) is
likely due to accumulation of rime mass. In the control simulation, the rime fraction, the
fractional mass attributable to accumulated rime, reaches 0.33 at 3.6 km a.m.s.1., which is
consistent with a subjective assessment of rime accumulation among the particle imagery at this
height (Fig. 5, leg 5). In the observed cloud, however, supercooled liquid water (and riming) was
heterogeneously distributed throughout the mixed-phase layer, which is not represented in the
model. While this limitation introduces some uncertainty in the simulated accumulation of rime
mass, the relatively small accumulated rime fraction of 0.33 is consistent with our expectations
based on prior simulations within the southerly displaced region of enhanced reflectivity
(DeLaFrance et al., 2024b). Within that region of the storm, there was an ~500 m deeper mixed-
phase layer and higher LWC of 0.05 g m™, compared to 0.02 g m™ within the frontal region, and

its similarly-constrained control simulation produced a rime fraction of 0.55.
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Figure 10: Ku-band radar reflectivity estimated from the control simulation and violin plot
distributions of reflectivity from the ER-2 HIWRAP Ku-band radar at the altitude of the P-3
aircraft within the banded regions of P-3 flight legs 2 to 5. Outliers exceeding the 5" and 95
percentiles are not plotted.

Because we are motivated to identify the imprint of ice-phase microphysical processes and
their sensitivities to ambient conditions on radar remote sensing measurements, we further
evaluate the control simulation by computing Zx, from the evolved PSD, which is compared to
coincident measurements from the overflying ER-2 HIWRAP. Estimation of radar moments
from the simulated PSD follows DeLaFrance et al. (2024b) in applying a T-matrix approach
(Leinonen, 2014) to estimate the Ku-band radar backscatter cross section and a two-way path
integrated attenuation correction (Williams, 2022). Figure 10 shows the distribution of HTWRAP
Zxu measured at the height of the P-3 aircraft across each flight leg. The observed Zx, maximized
aloft and decreased between 5.5 and 4.2 km a.m.s.., then slightly increased at 3.6 km a.m.s.1.

Throughout the cloud column, the control simulation demonstrates good agreement with median

observation values to within ~2-3 dB. The observed PSD and Zk, evolution with height support a
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precipitation evolution pathway described by robust production or concentration of ice within the
updraft region of the generating cell layer along the frontal boundary aloft (~5.5 km a.m.s.1.) and
fallout within the downdraft regions below. This agreeing result establishes confidence in the
quasi-idealized 1D control simulation and, crucially, the simulated microphysical processes
within their ambient environment, prescriptively constrained by in situ measurements.
Microphysical evolution between the generating cell layer at 5.5 km a.m.s.l. and 3.6 km
a.m.s.l. was dominated by sublimation, yielding a significant characteristic IWC loss. Riming,
whether within isolated regions of updrafts or following sublimation (i.e., Fig. 5, 17:10:05 UTC),
negated some of the ice mass loss, as supported by the rime fractional mass of 0.33 accumulated
at 3.6 km a.m.s.l. in the control simulation. Further, riming likely aided fallout through increases
in particle density, and subsequently fall speed. As a result, when assessed as the vertical mass
flux at 3.6 km a.m.s.I. (lowest altitude of P-3 observations), the control simulation produced a
liquid-equivalent rain rate of 0.66 mm h!. Surface measurements at KIWI were reported as 1.02
mm during the 17:00 UTC hour, at the time of aircraft overpass on flight leg 5 (Fig. 2) and
reduced to 0.76 mm h'! during the following 18:00 UTC hour. To the extent that the control
simulation precipitation rate can be compared to the available ASOS tipping bucket
measurements with a resolution of 0.254 mm, the simulation is in general agreement with
observations. Moreover, any underestimation of the precipitation rate by the control simulation
may be a result, in part, of the absence of simulated liquid-phase precipitation formation below
the melting level. Despite the subsaturated ambient environment, precipitation fallout was
maintained through the cloud contributing to a relative enhancement in surface precipitation rate

with passage of the band.
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5. Ambient controls on particle evolution

The frontal cloud exhibited a heterogeneity expressed in the diversity of ice crystal habits and
their apparent process-based evolution (e.g., sublimation and riming, Fig. 5) and similarly, in the
ambient RH (Fig. 7a) and the magnitude and direction of vertical winds below ~5 km a.m.s.l.
(Fig. 8). Despite the promising agreement between our control simulation and the observations, a
limiting assumption of the simulation is the reduction of the observed cloud’s heterogeneity to a
prescriptive median state ambient environment. We are, therefore, motivated to explore the
particle evolution within perturbed ambient environments constrained by the range of variability
observed in the observed cloud. In considering precipitation pathways within these perturbed
environments, we further aim to elucidate the ambient dependencies of the dominant
microphysical process and quantify those effects on surface precipitation. Because the dominant
microphysical processes acting on particles upon fallout from the generating cell layer were
sublimation and sedimentation, we perturb two properties of the ambient environment that
directly affect these processes and demonstrated a range of variability in the cloud, RH and w
(i.e., updrafts and downdrafts). From these ambient properties, two groups of sensitivity

simulations are designed from the interquartile ranges of in situ measurements (Figs. 7a and 8).
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Figure 11: Ice mass PSDs for the control, dry, and moist simulations at (a) 4.9 km a.m.s.L.
corresponding to P-3 flight leg 3, (b) 4.2 km a.m.s.1. corresponding to P-3 flight leg 4, and (c) 3.6
km a.m.s.l. corresponding to P-3 flight leg 5. Perturbed-state cloud RH profiles for the dry and
moist simulations are derived from the interquartile range of in situ observations (see Fig. 7a).

5.1. Ambient relative humidity

For simulations which we term “dry” and “moist”, the prescriptive cloud moisture input is
perturbed by assuming the 25" and 75" percentile values of observed RH (Fig. 7a). For both the
dry (25" percentile) and moist (75" percentile) simulations, most perturbations at all heights
were < 2% RH, with the largest perturbation being a decrease of 2.6% RH at 4.9 km a.m.s.l. in
the dry simulation and increase of 2.9% RH at 3.6 km a.m.s.1. in the moist simulation. Figure 11
shows the simulated PSD for the control, dry, and moist simulations. Although retrievable at any
height from the simulation, we found it convenient to assess the PSD at heights equivalent to P-3
flight legs 3 through 5. At 5.5 km a.m.s.1. (flight leg 2), where particles are initialized,
simulations do not meaningfully differ from each other. Between 4.9 and 3.6 km a.m.s.l. (Fig.

11a-c), all simulations reproduce the reduction of the characteristic IWC with descent; however,

the extent of loss among all particle sizes is modulated by ambient RH. Table 2 quantitatively
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summarizes the characteristic IWC at each height for the control and sensitivity simulations. At

3.6 km a.m.s.1., the characteristic IWC is further reduced from the control simulation by ~26% in

the dry simulation and increased by ~29% in the moist simulation. Because of the significant

effects of sublimational ice losses identified in the control simulation, it is perhaps unsurprising

that small perturbations (< ~2% RH) in the dry and moist simulation yield increasing departures

from the control with descent. Nonetheless, these simulations demonstrate a significant

dependency on ambient RH for the survival of ice mass falling through the ~2 km deep

subsaturated cloud layer.

height observation control dry moist downdraft updraft
5.5km 0.540 0.606 0.600 0.621 0.619 0.630
a.m.s.l. [0%] [+2.5%] [+2.1%] [+4.0%]
4.9 km 0.278 0.303 0.287 0.337 0.298 0.331
a.m.s.l. [-5.3%] [+11.2%] [-1.7%] [+9.2%]
4.2 km 0.127 0.214 0.168 0.247 0.207 0.207
a.m.s.l. [-21.5%] [+15.4%] [-3.3%] [-3.3%]
3.6 km 0.148 0.119 0.088 0.154 0.116 0.118
a.m.s.l. [-26.1%)] [+29.4%] [-2.5%] [-0.1%]

Table 2: Simulated characteristic IWC (g m™®) at heights equivalent to the P-3 aircraft on
flight legs 2 through 5 for the median observations and control, dry, moist, downdraft, and

updraft sensitivity simulations. Perturbed-state cloud RH profiles for the dry and moist

simulations are derived from the interquartile range of in situ observations (see Fig. 7a).
Perturbed-state cloud vertical wind profiles for the downdraft and updraft simulations are derived
from the interquartile range of in situ observations (see Fig. 8). Percentage differences in

characteristic IWC from the control simulation are provided for each perturbed-state simulation

in brackets.
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5.2. Ambient vertical wind magnitude and direction

As with the ambient RH, we introduce two sensitivity simulations termed “downdraft” and
“updraft” which perturb the prescriptive ambient w by assuming the 25" and 75" percentile
values of observations (Fig. 8). Perturbation at all heights for the downdraft (25" percentile)
simulation decreased w by ~0.1 m s°!, yielding reduced updrafts in the generating cell layer and a
stronger downdraft below. Conversely, perturbations at all heights in the updraft (75" percentile)
simulation similarly increased w by ~0.1 m s’!. This resulted in a completely ascending profile
throughout the cloud, albeit nearly static (w = 0.01 m s!) at 4.2 km a.m.s.l. Even in this
perturbed state at the upper quartile of observations, w in the generating cell layer is 0.74 m s™!,
whereas updrafts greater than ~1 m s™! may be more typical of a generating cell layer. Thus,
given our observationally-constrained design specific to the 4 February event, our sensitivity
simulations assess a relatively small range of possible updraft and downdraft magnitudes within
generating cell clouds producing fallout precipitation.

Figure 12 shows the evolved PSD for the control, downdraft, and updraft simulations.
Compared to RH, the evolved PSD demonstrates a reduced range of variation in response to the
w perturbations. Notably, the greatest differences between simulations manifest at small particle
sizes (D < ~1 mm), which is a result of the differences in the particle’s intrinsic V; as the
particles reach 3.6 km a.m.s.l. (Fig. 12c¢). In general, V; increases with increasing particle size
(e.g., Locatelli and Hobbs, 1974). Thus, small particles have a relatively small intrinsic V; and
when subject to a small perturbation in w (~0.1 m s™!), experience an outsized net effect relative
to larger, faster falling particles. For example, at 3.6 km a.m.s.l. in the control simulation, 0.2
mm diameter particles attained a V; of -0.42 m s, whereas 2 mm particles had a V; of -1.39 m s~

!, Because ice mass is dominated by the larger, faster falling particles, which were minimally
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affected by w perturbations, the characteristic IWC in the downdraft and updraft simulation at

3.6 km a.m.s.1. were strikingly similar to the control simulation (within 2.5%).

== control m== downdraft === updraft

(b) (c)
4.2 km 13.6 km

2x1072

Mass (g m~3 mm™1)

1072}
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Figure 12: Ice mass PSDs for the control, downdraft, and updraft simulations at (a) 4.9 km
a.m.s.l. corresponding to P-3 flight leg 3, (b) 4.2 km a.m.s.1. corresponding to P-3 flight leg 4,
and (¢) 3.6 km a.m.s.1. corresponding to P-3 flight leg 5. Perturbed-state cloud vertical wind
profiles for the downdraft and updraft simulations are derived from the interquartile range of in
situ observations (see Fig. 8).

The most notable influence of w on the characteristic IWC occurs in the updraft simulation at
4.9 km a.m.s.1 (~9% increase, Table 2). This local enhancement is likely due to the enhanced
lofting and concentrating of particles which must overcome a larger w in the updraft region
immediately above the 4.9 km a.m.s.1. evaluation height. However, any resultant enhancement in
the characteristic IWC from additional lofting within the updraft region appears to be negated

between 4.9 and 3.6 km a.m.s.1. by the outsized effect of sublimational ice loss among all particle

sizes. While the updraft within the generating cell layer is crucial to the production and
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maintenance of a relatively high characteristic IWC aloft, perturbations of w in either the updraft
or downdraft regions yielded an inconsequential net effect on the characteristic IWC 3.6 km
a.m.s.l. However, the sedimentation rate of particles is modified by w perturbations. For
example, a 2 mm particle’s sedimentation rate at 3.6 km a.m.s.l. in the downdraft simulation was
-1.52 m s°!, whereas in the updraft simulation, the rate slowed to -1.36 m s™!. The ice-phase
contribution to surface precipitation rates is governed by characteristic IWC, which has an
evolutionary sensitivity to ambient RH (Fig. 11), and its sedimentation rate, which is modified
by w. Because of the dependency on radar remote sensing measurements to estimate
precipitation rates and the diverse process-based outcomes from these ambient perturbations, we

next quantify these effects on vertical profiles of Zx, and Vp xu.
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Figure 13: Ku-band radar reflectivity profiles for the (a) dry- and moist-perturbed and (b)
updraft- and downdraft-perturbed sensitivity simulations relative to the control simulation.
5.3. Implications of process-based responses to ambient variabilities on radar remote
sensing measurements
During the 4 February event, the enhancement in the composite reflectivity field along the
band was a sustained, prominent feature that suggested a local enhancement in surface

precipitation (Fig. 1). However, from vertical radar profiles across the band (e.g., Fig. 3), within
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the ice layer there was a relative maximum in Zx, at the generating cell layer, which weakened
with descent in the fallout layer below. The more substantial maxima in column Zg, occurred
from melting near 3 km a.m.s.l. For the ice-phase precipitation aloft, this signature of Zx,
reduction with descent is a result of sublimational loss and an inefficient aggregation process,
which was supported by results of the control simulation. These losses through the cloud have
implications for the downward precipitation mass flux, and therefore, precipitation rates at the
surface. Thus, by quantifying the effects of process-based evolutionary responses to perturbed
ambient environments, we aim to determine the utility of remote sensing radar measurements to
discern ice-phase microphysical processes and their implications for precipitation mass and its
fallout.

Vertical profiles of Zk, estimated from the evolving PSD between 5.5 and 3 km a.m.s.l. are
shown in Fig. 13 for the control and sensitivity experiments. All simulations produce a relative
maximum in Zg, immediately below initialization at 5.5 km a.m.s.l. associated with the updraft
and concentration of ice mass followed by a continuous reduction in Zx, with descent thereafter,
which is consistent with the observations (Fig. 10). A distinct change in the rate of change in Zx,
with height occurs at 5 km a.m.s.1. as a result of the initial onset of riming. Below 5 km a.m.s.1.,
Zku in the RH-perturbed environments becomes increasingly differentiated from the control with
descent (Fig. 13a). At 3.6 km a.m.s.l., Zx, was reduced in the dry simulation by 1.5 dB and
increased in the moist simulation by 1.6 dB relative to the control (Table 3). To provide context
for these results, we estimate the liquid-equivalent precipitation rate at 3.6 km a.m.s.l. Reducing
RH by ~1 to 2% in the dry simulation yielded a precipitation rate decrease of ~24%, whereas
similarly increasing RH yielded a precipitation rate increase of ~33% (Table 3). Thus,

modification of precipitation rate owed to differential ice losses by sublimation as a result of
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perturbed RH below the generating cell layer has a direct implication on the rate of change in Zx.
with height. Perturbations in w produced a greater range of Zx, variation aloft, within the updraft
region, although, by 3.6 km a.m.s.1., the downdraft and updraft simulations are nearly

indistinguishable from the control (Fig. 13b). Similarly, the precipitation rate at 3.6 km a.m.s.1. is

not meaningfully affected by perturbation in w (Table 3).

height property control dry moist downdraft updraft
5.5km reflectivity 18.0 17.8 18.2 18.1 18.4
a.m.s.L. (dBZ) [-0.2] [+0.2] [+0.1] [+0.4]
4.9 km reflectivity 15.7 15.3 16.1 15.3 16.4
a.m.s.L. (dBZ) [-0.4] [+0.4] [-0.4] [+0.7]
4.2 km reflectivity 14.3 13.0 15.0 13.9 14.5
a.m.s.L. (dBZ) [-1.3] [+0.7] [-0.4] [+0.2]
3.6 km reflectivity 12.2 10.7 13.8 11.6 12.4
a.m.s.L. (dBZ) [-1.5] [+1.6] [-0.6] [+0.2]
3.6 km precipitation 0.66 0.50 0.88 0.65 0.63
a.m.s.L. rate (mm h') [-24.2%] [+33.3%] [-1.5%] [-4.5%]

Table 3: Simulated Ku-band radar reflectivity at heights equivalent to the P-3 aircraft on
flight legs 2 through 5 and liquid-equivalent precipitation rate at flight leg 5 for the control, dry,
moist, downdraft, and updraft sensitivity simulations. Perturbed-state cloud RH profiles for the
dry and moist simulations are derived from the interquartile range of in situ observations (see
Fig. 7a). Perturbed-state cloud vertical wind profiles for the downdraft and updraft simulations
are derived from the interquartile range of in situ observations (see Fig. 8). Magnitude
differences in reflectivity and precipitation rate from the control simulation are provided for each
perturbed-state simulation in brackets.

The insensitivity of precipitation rate to perturbations in w indicates that precipitation flux
through the subsaturated ice layer is more strongly governed by the characteristic IWC preserved
throughout the layer than by changes in the sedimentation rate of the ice particles. This principle

is similarly expressed by the simulated vertical profiles of Vp x. (Fig. 14). Whereas, relative to
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the control simulation, perturbations in RH produced substantial differentiation in Zx, and,
ultimately, precipitation rate at 3.6 km a.m.s.l., a much smaller range of differentiation occurs for
Vb ku (Fig. 14a). At 3.6 km a.m.s.l., Vp k, in the dry and moist simulations are within 0.02 m s°!
of the control simulation (-1.51 m s'!). Similarly, while the updraft and downdraft simulations
appear to produce Vp k. profiles that are distinct from the control (Fig. 14b), the magnitude of
difference throughout the ice layer is explained by the magnitude of perturbation in w rather than

a change in the particles intrinsic V; through perturbed microphysical evolution.
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Figure 14: Radar Doppler velocity profiles for the (a) dry- and moist-perturbed and (b)
updraft- and downdraft-perturbed sensitivity simulations relative to the control simulation at Ku-
band.

6. Discussion

Despite the decaying stage of the winter storm, modest yet locally enhanced surface

precipitation rates (~1 mm h!) were sustained at the banded region by precipitation fallout from

the relatively high median characteristic IWC (0.540 g m™) in the generating cell layer. Within
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updraft regions of generating cell layers, airborne observations have revealed enhancements in
IWC (e.g., Houze et al., 1981; Plummer et al., 2015) and LWC (e.g., Wolde and Vali, 2001;
Evans et al., 2005; Ikeda et al., 2007; Plummer et al., 2014). These generating cell layers are
therefore a source region for significant precipitation enhancements in ambient environments
supportive of particle growth in the fallout region below. Indeed, prior studies have found that a
majority of IWC accumulation occurs below generating cell layers through vapor deposition and
aggregation (e.g., Herzegh and Hobbs, 1980; Plummer et al., 2015); two processes that were
notably absent in the fallout region of the banded cloud on 4 February. Thus, contrasting with the
precipitation pathways more commonly associated with generating cells, the dominant
microphysical process between the generating cell layer and the melting level was sublimation,
which yielded a substantial (> 70%) loss in the characteristic IWC.

The primary determinant for the rate of precipitation fallout from the banded cloud
contributing to surface enhancements was the amount of ice mass preserved through the
subsaturated layer. Sensitivity simulations demonstrated that, within this subsaturated
environment, particle evolution and its fallout have strong dependencies on the ambient RH (Fig.
11) but weak dependencies on w (Fig. 12) when independently assessed over an equivalent range
of observed variation. The intrinsic evolution of particle V; during sublimation and, subsequently,
riming contributes an outsized effect on precipitation fallout relative to perturbations of the
ambient w, which affect the sedimentation rate. Nonetheless, the w profile being characterized by
a median state updraft in the generating cell layer and intermittent updraft regions within overall
descent below were necessary in establishing conditions favorable for the riming that was
observed in particle imagery. Although riming was not evident among particles within the

generating cell layer at 5.5 km a.m.s.1., rimed particles were prevalent at 4.9 km a.m.s.1. and

45



830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

below, albeit heterogeneously distributed. Provided by a supply of supercooled liquid water in
updraft regions, riming is an efficient growth process for precipitation within and below the
generating cell (e.g., Houze et al., 1981; Plummer et al., 2014; Kumjian et al., 2014). Rime
accumulation appears to have had a prominent effect on the characteristic IWC. In the control
run simulation, approximately 33% of the characteristic IWC at 3.6 km a.m.s.l. was attributable
to rime accumulation. This contribution may even be underrepresented by the model based on
the smaller characteristic IWC in the simulation at 3.6 km a.m.s.l. and the increase in
characteristic IWC from 4.2 to 3.6 km a.m.s.1. in the observations which was not reproduced in
the simulation.

The resultant microphysical evolutionary pathways for particles within the banded region and
the southerly displaced region of enhanced reflectivity (Fig. 1) substantially differ. Riming was
prevalent in both regions, but to varied degrees. In the offshore region, DeLaFrance et al.
(2024b) identified robust particle growth by widespread riming which was enhanced by a highly
efficient, concurrent aggregation process. Consequently, despite a similar but reduced magnitude
of composite reflectivity (Fig. 1), simulated precipitation rates in the offshore region were over
two and a half times greater (1.77 mm h!) than those simulated for the banded region (0.66 mm
h'!). These differences are demonstrative of the implications of process-based modulation of
microphysical properties, which remain challenging to constrain in remote sensing retrievals, and
underscores the need for ice-phase process discrimination in radar measurements.

In the present study, sensitivity simulations were used to quantify the imprint of sublimation
on vertical profiles of Zx, and Vp x.. We found that vertical profiles of Zx, demonstrate a
substantial sensitivity (~+1.5 dB) to varied rates of sublimational characteristic IWC loss from

perturbed RH environments (Fig. 13, Table 3) whereas Vp xu is relatively insensitive to these
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perturbations (Fig. 14). Perturbations in w increase or decrease the magnitude of Vp xu, but the
rate of Vp k. was dominated by the significantly greater median-state magnitude differences
between the updraft and downdraft regions. Whereas Vp k., was previously shown to be
especially sensitive to riming-based variabilities (DeLaFrance et al., 2024b), in the present study,
it provided no independent quantitative value towards differentiating effects of sublimation (Fig.
14). Although not evaluated here, this finding likely extends to differentiation of the effects of
depositional growth, but for increasing Zx, with descent. In this scenario, an equivalent
sensitivity of Zg, but not V'p k. to depositional growth is analogous to the effects of aggregation
(DeLaFrance et al., 2024b). A similar ambiguity in the process-based distinction between
depositional growth and aggregation exists for multi-frequency radar techniques as scattering
models have shown dendritic and complex aggregation particles occupy a similar dual- and
triple-frequency radar scattering signatures (e.g., Petty and Huang, 2010; Kneifel et al., 2011;
Leinonen and Moisseev, 2015). Thus, discrimination between either low-density dendritic or
complex aggregate particle types or between deposition- or aggregation-dominant growth from

remote sensing measurements is likely to remain a challenge.

7. Conclusions
Mesoscale band development within winter storms is typically accompanied by
enhanced, and often, high-impact, surface precipitation rates over confined regions. The
microphysical properties of the ice-phase particles within these banded regions remain poorly
represented by numerical models and challenging to constrain in radar remote sensing retrievals,
owed in part to an incomplete understanding of the diverse microphysical pathways for banded

precipitation evolution. Addressing a need for more observations within clouds, the IMPACTS
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campaign deployed a cloud-penetrating P-3 and overflying ER-2 aircraft to measure properties of
a mesoscale banded region of a northeastern U.S. winter storm on 4 February 2022. During the
~3 h period that IMPACTS executed semi-Lagrangian sampling of the banded region, the storm
exhibited an apparent state of decay, weakening in composite radar reflectivity intensity, yet
maintaining a banded structure. This paper aimed to characterize the evolutionary pathways for
precipitation within the decaying-stage banded region, assess those implications for surface
precipitation, quantify sensitivities to ambient environmental properties, and determine the
imprint of microphysical process-based evolution on radar remote sensing measurements.

Surface precipitation along the band was associated with clouds that formed along a
stationary frontal boundary having a weak generating cell layer from ~6 to 5 km a.m.s.l. (w =
~0.6 m s!) and precipitation fallstreaks between ~5 km a.m.s.1. and the melting level, near 3 km
a.m.s.l. The fallout region between the generating cell layer and melting level was characterized
by a weak downdraft (w <~ -0.1 m s’!) and subsaturated (RH = ~80 to 83%) ambient
environment. Particle imagery at all heights showed evidence of sublimation; however, riming
was also present in heterogeneously distributed regions of a mixed-phase layer extending to ~5
km a.m.s.l. We observed very little evidence of aggregation.

Quasi-idealized 1D model simulations using the Lagrangian particle-based McSnow
model were designed from observational constraints with prescriptive ambient environments.
The observed reduction in characteristic IWC, particle sizes, and Zx, with descent through the ~2
km deep fallout layer were reasonably reproduced by the control simulation and provided
confidence in the modeled representation of precipitating particle evolution within the observed
cloud. We designed four sensitivity simulations to elucidate evolutionary dependencies on

ambient cloud moisture and vertical air motions based on perturbations in the prescribed RH and
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w profiles defined by the IQR of variability. From these sensitivity simulations, we quantified
sensitivities of particle growth and decay to ambient environmental properties and estimated
downward mass flux to determine the implications on precipitation fallout within the banded
region. Finally, these sensitivity simulations were used to determine the process-based imprint on
remote sensing measurements of Z, and Vp x, within this unique environment of the decay-state
banded cloud. Collectively, the control simulation and four sensitivity simulations have

supported the following conclusions:

o Enhanced surface precipitation rates during the passage of the mesoscale band resulted
from relatively high characteristic IWC formed within a generating cell layer that
produced ice-phase precipitation fallout within a descending layer below the generating
cells.

o The ambient environment of the frontal cloud supported a dominant ice-phase
microphysical evolution by sublimation, and secondarily, riming processes to yield a net
characteristic IWC loss exceeding 70% within the subsaturated fallout layer.

o Perturbations in ambient RH (~2%) yielded a substantial change in the characteristic
IWC preserved throughout the subsaturated layer (-26% to 29%) and in liquid-equivalent
precipitation rate (-24% to 33%); relative to RH, w-based perturbations (~0.1 m s!)
yielded substantially decreased range of variability in characteristic IWC (< 2.5%) and
precipitation rate (< 4.5%).

o Vertical profiles of Zx, were strongly dependent on RH-perturbed rates of sublimational

characteristic IWC loss throughout the cloud, but dependent on w-perturbed
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sedimentation rates only in the updraft region; vertical profiles of V'p k. demonstrated

negligible microphysical process-based sensitivity.

The 4 February 2022 winter storm event provided a unique natural laboratory for assessing
process-based implications for ice-phase precipitation evolutionary pathways within winter
storms for several reasons. The winter storm was characterized by two distinct regions of
enhanced reflectivity with diverse surface precipitation rates owed to their unique microphysical
pathways. These regions were well sampled by aircraft during the IMPACTS field campaign,
providing crucial coincident in situ and remote sensing measurements with approximately
Lagrangian spatial and temporal context. The offshore region of enhanced reflectivity, which
lacked well-defined banding, experienced sustained particle growth above the melting level
dominated by riming (DeLaFrance et al., 2024b). The banded region to the north was more
strongly affected by the decaying stage of the storm from an intrusion of subsaturated air
throughout the ice-phase layer of cloud. Consequently, particle growth was unsupported by the
ambient environment of the banded region and ice loss through sublimation was a dominant
microphysical pathway. For each region, the storm’s observed characteristics supported the
isolation of a microphysical process (i.e., riming or sublimation) in modeling sensitivity
simulations to assess their unique implications for surface precipitation and sensitivities to
ambient environmental properties. Results presented in the present study and DeLaFrance et al.
(2024b) provide new quantitative insights on the imprint of microphysical processes on radar
remote sensing measurements with application towards future retrieval algorithm development,
especially among those incorporating Doppler velocity measurements. Additionally, these

studies provide a framework of observational constraint and validation in future quasi-idealized
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Lagrangian and particle-based modeling studies to further quantify the unique implications of

process-based microphysical evolution within diverse winter storm environments.
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