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Abstract. The spatial distribution of surface snowfall accumulation is dependent on the 3D trajectories of ice
particles and their residence times through regions of ice mass increases and decreases. We analyze 42 non-
orographic, non-lake-effect winter storms in the northeastern and midwestern United States from the Investiga-
tion of Microphysics and Precipitation for Atlantic Coast-Threatening Snowstorms (IMPACTS) and Profiling
of Winter Storms (PLOWS) field campaigns. In situ aircraft measurements (1 Hz, ~ 100 m horizontal distance)
yield key data on vertical air motions, relative humidity with respect to ice (RHjce), and number concentration.
When suitable airborne radar data are available, we sort the in situ measurements by distance from cloud radar
echo top.

In total, 90 % of updrafts (vertical air motion > 0.5 ms’l) were < 1.3 km across. Measurements obtained
within 3 km of cloud echo top were nearly twice as likely (13 % versus 7 %) to have vertical velocities capable of
lofting precipitation-sized ice compared to points sampled at lower levels. Below the near-cloud-top generating
cell layer, most of the storm volume has RHjce < 95 % consistent with sublimation.

Rather than ice precipitation growth within broad areas of vertical air motions, observations indicate that ice
growth in these storms primarily occurs episodically within layers of overturning cloud-top generating cells
with scales < a few kilometers. Below the generating cell layer, conditions for ice growth are rarer, and the
ice particles usually either persist or shrink during most of their descent. The observed distributions of ambient
in-cloud conditions provide benchmarks for evaluations of winter storm model output.
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1 Introduction

The 3D trajectories of precipitation-size ice particles through
winter storms partly control the amounts and spatial distri-
bution of surface snowfall accumulation. Blowing snow at
the surface can further modify accumulations at local scales,
which we will ignore for this study. Quantitative precipitation
forecasts of snowfall accumulations often have large uncer-
tainties of 100 % or more (Novak et al., 2008, 2014, 2023;
Greybush et al., 2017; National Weather Service, 2018). Rel-
ative humidity (RH) controls where and when hydromete-
ors are nucleated and grow or shrink in size. A motionless
ice particle can grow by vapor deposition if RH with respect
to ice (RHjce) > 100 %. Saturation vapor pressure is a func-
tion of temperature only. Stronger upward air motions, which
yield faster decreases in air temperature than weaker verti-
cal motions, are conventionally associated with higher RH
values. This works for undiluted parcels, but most parcels
are diluted, even in cumulus clouds (e.g., Blyth, 1993; Blyth
et al., 2005; Lasher-trapp et al., 2005). Water vapor content
is a time-integrated property of an air parcel. A short episode
of upward vertical motion, and the corresponding small de-
crease in air temperature, may not be sufficient to fully coun-
teract previous dry air entrainment and to bring a parcel to
saturation.

In this study, we examine aircraft in situ data from two
recent winter storm field projects, the Investigation of Mi-
crophysics and Precipitation for Atlantic Coast-Threatening
Snowstorms (IMPACTS; 2020-2023; McMurdie et al.,
2022) and the Profiling of Winter Storms (PLOWS; 2009-
2010; Rauber et al., 2014). These field campaigns sampled
several dozen winter snowstorms in the northeastern and
midwestern United States. The geographic regions encom-
pass parts of the Appalachian Highlands, the Atlantic Coastal
Plain, and the Interior Plains (Fenneman, 1916). Our focus is
on storms in which neither lake-effect nor orographic pro-
cesses are important. We analyze vertical air motions (w)
and RH with respect to cloud particle number concentrations
measured by wing-mounted probes and radar-observed struc-
tures which provide situational context of the storm structure
to yield insights into where ice mass increases are more and
less likely to occur within the storm.

A key characteristic of vertical velocity within storms is
that it is spatial-scale-variant. In order to be clearly inter-
preted, observed and modeled vertical velocity values need
to be accompanied by their associated spatial scale. On syn-
optic (>~ 2000 km) and larger scales, the atmosphere is very
close to hydrostatic balance, meaning that vertical air parcel
accelerations are negligible and that the mean vertical veloc-
ity is reasonably close to 0.0ms™!. In winter storms, there
can be gradual ascent on the order of a few centimeters per
second (cms~!) when averaging along a warm conveyor belt
(1004 km long; Browning, 1971). On convective and smaller
scales (<~ 10km), the atmosphere is usually not in hydro-
static balance and deviations away from a mean of 0.0 ms ™!
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are observed (Markowski and Richardson, 2010; Holton and
Hakim, 2013). Processes such as buoyancy, turbulence, grav-
ity waves, and vertical pressure gradients can yield vertical
motions of several meters per second or more at scales less
than a few kilometers. Figure 1 uses vertical velocity mea-
surements from a single flight leg during IMPACTS to il-
lustrate that, as the horizontal scale of measurements is in-
creased from 0.1 to 10 km, the maxima and minima in verti-
cal velocity become smaller in magnitude. At a given spatial
scale, vertical air motions within winter storms, with the ex-
ception of orographic and lake-effect snow storms, are usu-
ally weaker than those within deep convection (e.g., Blyth
et al., 2013).

Microphysical properties of hydrometeors are time-
integrated. The “microphysical pathway” is the succession
of mass changes a hydrometeor undergoes as a function of
the sequence of relative humidity (RH) and temperature envi-
ronments that the hydrometeor encounters as it moves along
its trajectory through the storm. The length of time between
when a cloud particle reaches precipitation size and begins
to fall out and when the particle reaches the surface has been
called the cloud “delay time” and “residence time” by differ-
ent authors (e.g., Feingold et al., 1996; Barstad and Smith,
2005; Smith, 2006; Janiszeski et al., 2023). We will use resi-
dence time in this article to refer to the time for precipitation-
size ice (diameter > (0.2 mm) to fall out, which excludes the
time the particle spends as cloud-size ice and is not falling
out. The spatial distribution of surface precipitation is highly
sensitive to the residence time (e.g. Smith, 1979; Colle and
Mass, 2000; Colle and Zeng, 2004; Colle et al., 2005; Lack-
mann and Thompson, 2019). When residence time is in-
creased, the lengthening of the snow particle trajectory yields
more time for advection by horizontal winds and for particle
growth and/or shrinkage processes to occur prior to the par-
ticle reaching the surface.

The residence time is a function of the starting altitude
where the particle first grows to precipitation size and starts
to fall out and of the effective fall speeds of the particle along
its trajectory. Effective fall speed is the sum of the terminal
velocity of the particle and the vertical air motion. Updrafts
will decrease effective fall speed and increase residence time,
while downdrafts will do the opposite.

To move precipitation-size ice upward, the vertical air mo-
tion has to be greater than the particle terminal velocity. Typ-
ical observed terminal velocities of precipitation-size ice (di-
ameter >~ 0.2mm) are 14+0.5ms~! (Fitch et al., 2021). The
median fall speeds of unrimed aggregates, rimed particles,
and graupel vary depending on wind speed and turbulence.
The fall speeds of individual ice crystals further depend on
the variations among ice crystal shapes within a broad cate-
gory such as aggregates (e.g., Vazquez-Martin et al., 2021).
The classic Locatelli and Hobbs (1974) paper measured very
few fall ice particle speeds < 0.5ms™! (their Fig. 4). More
recent work by Lachapelle et al. (2024) also observed few fall
speeds in snow < 0.5ms™! (their Fig. 14). Fall speed distri-
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Figure 1. In situ vertical velocity measurements from IMPACTS for a single flight leg from 22:20 to 22:47 UTC on 19 January 2023 averaged
to different scales. (a) 1s averages (~ 100 m horizontal scale for 100 ms ™! aircraft horizontal velocity). (b) 10 s averages (~ 1 km horizontal
scale). (¢) 100s averages (~ 10 km horizontal scale). In each panel, the dashed horizontal line is at 0.5 ms~! vertical velocity, and purple
shading indicates where measured vertical velocity > 0.5 ms~—!. As the averaging period increases, the magnitudes of maxima and minima
in vertical velocity become smaller, and there is a decreasing portion of the flight leg where vertical velocity is outside of the measurement
uncertainty range of +0.5ms™!. This flight leg was at 3.5 kma.s.l., where the air temperature was roughly —10 °C. There are coordinated
ER-2 radar data for this flight leg which indicate that the P-3 flew through a layer of generating cells, with CRS cloud echo top heights

between 4 and 6 km a.s.1.

butions are broadened by turbulence. In high turbulence and
at low temperatures (< —13 °C), the sensitivity of fall speed
to ice precipitation particle size essentially disappears. Based
on these observations, we infer that upward air motions of at
least 0.5 ms™! are required to loft most precipitation-size ice
particles.

For a typical warm front sloped at a grade of 1/300
(Markowski and Richardson, 2010, p. 122), the horizontal
velocity of air impinging on that front would need to be at
least 150 ms~! in order for the mean vertical velocity caused
by the upglide over the front surface to reach 0.5ms~!. Be-
cause such fast horizontal air velocities do not occur in the
troposphere, some combination of frontogenetical circula-
tion, buoyant accelerations, turbulence, and wave motions
would be required to induce upward motion >0.5ms~! in
winter storms.

Most previous work on characterizing the vertical veloc-
ity characteristics within non-orographic winter storms used
wind profilers and Doppler radars to estimate vertical air mo-
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tions at horizontal scales from ~ 0.01 to ~ 1 km. Estima-
tion of the vertical air motions from airborne and ground-
based vertically pointing sensors is complicated by the vary-
ing fall speeds of precipitation within the radar resolution
volume (Gossard, 1988, 1994; Gossard et al., 1990; Rosenow
et al., 2014) and by airborne radar pointing angle errors (e.g.,
Rauber et al., 2017).

Cronce et al. (2007) used a ground-based 915 MHz wind
profiler to sample vertical velocities in three winter storm
cases in the central and southern United States. The profiler
was positioned for each storm to measure bands of enhanced
radar reflectivity on the northern side of cyclones. The ver-
tical resolution of the profiler was 105 m. The profiler had
a half-power beamwidth of 9°, so the horizontal resolution
at 2, 4, and 6 km altitudes was 310, 620, and 940 m, respec-
tively. Cronce et al. (2007) focused their analysis on periods
when enhanced reflectivity bands passed overhead. Within
nine heavy reflectivity features (maxima in signal-to-noise
ratio > 7dB), they sampled 1515 total data points across
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roughly 360 min of data sampling. Their measured vertical
velocities ranged from —4.3 to 6.7ms™!, and 35 % of their
measured vertical velocities exceeded 1 ms~! (Cronce et al.,
2007, their Fig. 14). The overall mean vertical velocity in
their measurements within precipitation bands was 0.6 ms~!.
Oue et al. (2024) used ground-based vertically pointing Ka-
band radar with a vertical gate spacing of 15m to charac-
terize updraft velocities within four snow storms over east-
ern Long Island, NY. The radar half-power beamwidth was
0.32°, corresponding to a horizontal resolution at 2, 4, and
6 km altitudes of 11, 22, and 33 m, respectively. They found
that updrafts, defined as upward Doppler velocity (vertical air
motion + particle fall speed) > 0.4 m s~! were mostly < 20s
in the time-height data, corresponding roughly to < 500 m in
horizontal scale (Oue et al., 2024, their Fig. 5).

Rosenow et al. (2014) used airborne W-band radar data
obtained by the National Center for Atmospheric Research
(NCAR) C-130 aircraft to characterize vertical air motions in
three midwestern United States winter storms, with a focus
on the comma head region on the northern side of the cyclone
and on cloud-top generating cells. Their radar data had a
15 m vertical range gate spacing and a 0.7° beamwidth corre-
sponding to a horizontal resolution at 2, 4, and 6 km distances
from the aircraft of 24, 48, and 72 m, respectively. Within
generating cells in the highest ~ 1.5 km of cloud radar echo,
they found maximum vertical motions between 1 and 2 ms™!
(Rosenow et al., 2014, their Figs. 8 and 10). Below the gener-
ating cells, they found much weaker vertical motions within
updrafts, on the order of 0.1-0.2ms ™! (Rosenow et al., 2014,
their Figs. 8 and 10). Rosenow et al. (2014) also sampled
discrete cells of elevated convection above a 1 km deep rain
layer. The base of the elevated convection was ~ 4—5 km be-
low echo top, on the southern side of the comma head region
of the cyclone. Within the elevated convection, updrafts with
peak velocities as strong as 7ms~! on 1 km horizontal scale
were found (Rosenow et al., 2014, their Fig. 19). Rauber et al.
(2017) used the HIAPER Cloud Radar, an airborne W-band
radar, to sample a winter storm with heavy snow in the north-
eastern United States. There were updrafts sampled in that
case as strong as Sms~! (when accounting for ~ 1 ms~!
particle fall speeds) at 1 km horizontal scale and 1 km verti-
cal scale associated with Kelvin—Helmholtz waves and gen-
erating cells (Rauber et al., 2017, their Fig. 10). The Kelvin—
Helmbholtz waves and generating cells were usually no more
than 1-2 km wide.

Winter storms that yield snowfall over coastal plain pop-
ulation centers have less commonly been the focus of field
campaigns as compared to orographic winter snow storms
(e.g., Stoelinga et al., 2003; Houze et al., 2017; Tessendorf
et al., 2019). Vertical air motion distributions have been
documented for cumulus environments (e.g., LeMone and
Zipser, 1980; Yang et al., 2016; Qin et al., 2023), but this
has yet to be done for winter storms. We fill this gap with a
comprehensive analysis based on data from the 42 research
flights during the IMPACTS and PLOWS field campaigns,
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which sampled surface snow-producing storms. These two
field projects are the primary research aircraft in situ data sets
for winter storms with snow reaching the surface in the north-
eastern and midwestern US. The vertical velocity and RH
distributions presented here provide new insights into typi-
cal in-cloud conditions in these types of storms and a set of
benchmarks for evaluating model simulations of extratropi-
cal cyclones in the northeastern or midwestern United States.

2 Data and methods

2.1 In situ measurements of vertical velocity and relative
humidity

During IMPACTS, the in situ platform for storm penetration
measurements was the NASA Airborne Science Program’s
P-3 Orion based at the Wallops Flight Facility. Cloud prop-
erties and ambient conditions were measured on 40 total sci-
ence flights in 2020, 2022, and 2023 (McMurdie et al., 2022).
For this study, we use the subset of 30 IMPACTS flights that
sampled storms with surface snowfall. Some of these storms
included portions with freezing levels aloft and surface rain.
Vertical air motions measured in situ by aircraft probes are
not affected by nearby precipitation fall speeds. The 3D am-
bient wind field is the vector difference between the speed
of the aircraft with respect to the Earth and the speed of the
air with respect to the aircraft (Lenschow, 1986). The spa-
tial resolution of the in situ measurements is a function of
sampling frequency and air speed.

Fast-response, high-precision in situ measurements of the
ambient 3D winds, along with atmospheric state parameters
(static pressure and temperature) and aircraft data (position
and altitude), were measured on the P-3 using NASA Lang-
ley’s Turbulent Air Motion Measurement System (TAMMS).
For IMPACTS research data sampling (not transit legs), the
typical airspeed of the NASA P-3 is 100ms~!, and the in
situ data are archived at 20 Hz, yielding a resolution of 5 m.
The speed of the air with respect to the Earth is obtained
with a five-hole radome array arranged in a cruciform pat-
tern to provide angles of attack and sideslip, combined with a
Rosemount non-deiced temperature probe and pressure mea-
surements corrected for position error. The inertial veloci-
ties, along with position and altitude data, are provided by
an Applanix 610. The raw data are collected via a real-time
data system at 100 Hz and then averaged down to both 20
and 1 Hz final archive products, which include the 3D wind
field. The TAMMS has been flown on the P-3 since before
2000. Extensive calibrations are done to account for pres-
sure defect, heading offset, and the coefficients needed for
the angles of sideslip and attack. The uncertainty in TAMMS
vertical velocity measurements is £0.5ms~!. The TAMMS
data are archived by the NASA Global Hydrometeorology
Resource Center (GHRC) at https://cmr.earthdata.nasa.gov/
search/concepts/C1995869822-GHRC_DAAC.html (last ac-
cess: 24 February 2025) (Thornhill, 2022).
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Relative humidity was measured using an Edgetech
Vigliant Model 137 chilled mirror hygrometer on the P-3,
which has a measurement uncertainty of ~ 5 % for RHjce
(Yang Martin and Bennett, 2022). We will interpret mea-
sured RHj¢ce < 95 % as conditions with ice shrinkage by sub-
limation and measured RH;ce > 105 % as conditions with
ice growth by vapor deposition. Points with values in be-
tween are uncertain. In the 2023 IMPACTS deployment,
two diode laser hygrometers (DLHs; Diskin et al., 2002)
with different laser path lengths were used to precisely mea-
sure in situ humidity on the P-3, in addition to the stan-
dard chilled mirror hygrometer. For the 2023 deployment,
in which there were multiple corroborating measurements of
RHjce, the chilled mirror hygrometer and the DLH data were
generally in close agreement. We use corrected chilled mir-
ror hygrometer data in our RHjc. analysis. We apply a bias
correction for differences between the DLH and the chilled
mirror hygrometer using a linear regression. The chilled mir-
ror hygrometer works by maintaining the temperature of a
mirror at the dew or frost point so that there is conden-
sation on the mirror. The measured dew points (and thus
relative humidities) can oscillate around the true ambient
value, especially in conditions with sharp gradients in RH,
for example, near cloud boundaries. We apply a band-stop
filter to the chilled mirror hygrometer data to remove oscil-
lations on wave periods between 15 and 90s. Additionally,
the chilled mirror hygrometer has a delayed response time
compared to the DLH. Based on detailed comparisons be-
tween the two sensors, we shift the chilled mirror hygrom-
eter data earlier by 8s. The chilled mirror hygrometer data
are included in the P-3 Meteorological and Navigation data,
archived by NASA GHRC at https://cmr.earthdata.nasa.gov/
search/concepts/C1995868137-GHRC_DAAC.html (last ac-
cess: 24 February 2025) (Yang Martin and Bennett, 2022).

For PLOWS, the National Science Foundation/National
Center for Atmospheric Research (NSF/NCAR) C-130 was
equipped with both remote sensing and in situ instrumen-
tation for 18 science flights in 2009-2010 (Rauber et al.,
2014). We used data from the subset of 12 flights that sam-
pled surface snow-producing winter storms. Similarly to the
TAMMS used in IMPACTS, the C-130 was equipped with
a gust probe located on the radome of the aircraft and an
inertial navigation system which provided measurements of
the 3D wind vector. The PLOWS data are archived at 1 Hz.
The 1Hz measurements correspond to about 100m spa-
tial scale. As with the IMPACTS data, the PLOWS verti-
cal velocity measurements have roughly +0.5ms™! uncer-
tainty. We use the version of PLOWS data in the official
archive at https://data.eol.ucar.edu/dataset/113.063 (last ac-
cess: 1 March 2024) (UCAR/NCAR - Earth Observing Lab-
oratory, 2011).

The wind data from the two aircraft and campaigns can be
tied together via an intercomparison made between the two
back in 2001 as part of the NASA Transport and Chemical
Evolution in the Pacific (TRACE-P) and NCAR’s Aerosol

https://doi.org/10.5194/acp-25-6679-2025
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Characterization Experiment (ACE-ASIA). Two coordinated
flights were made, with multiple legs lasting between 10 and
60 min, from the marine boundary layer up into the free tro-
posphere. Thornhill et al. (2003) compared the mean val-
ues obtained for the velocities and temperature, along with
the variances, spectra, fluxes, and cospectra between the two
wind measurement systems. The mean values, variances, and
power spectra of the vertical winds showed excellent agree-
ment between the NASA P-3 and NCAR C-130 systems,
with the primary difference being in the low-frequency por-
tion of the spectra due to the autopilot. Although there have
been improvements since 2001 to the two data systems, it
is unlikely that the wind measurements obtained by the two
aircraft would have fundamentally changed.

To analyze the data which have minimal influences from
large changes in pitch and roll, we use only data sampled
when the aircraft is flying straight and level flight legs, ex-
cluding data sampled during turns, rolls, ascents, and de-
scents. We use the same definition of straight and level flight
legs for both IMPACTS and PLOWS. The aircraft (P-3 or C-
130) must have a pitch angle between —2 and 2° and a roll
angle between —4 and 4°. If there is a gap shorter than 5s
between any two straight and level flight legs, the two legs
are joined together (the gap is also considered straight and
level). We also exclude data from the transit flight legs be-
tween the aircraft base location and the targeted sampling
region. We only include data sampled at air temperatures
< 0°C. Across all the science flights during IMPACTS that
we analyzed, there were 39.6h (142614 1 s samples) of in-
cloud vertical velocity data along 430 straight and level flight
legs. For PLOWS, there were 22.8 h (82 107 1s samples) of
in-cloud vertical velocity data along 779 straight and level
flight legs. The differences in science objectives between the
two projects typically yielded longer flight leg lengths in IM-
PACTS than in PLOWS.

IMPACTS primarily sampled snow-producing storms in
the northeastern United States, with a few flights sampling
over the Midwest, while PLOWS primarily sampled over the
midwestern United States (Fig. 2a—b). The vertical air mo-
tion distributions sampled during these projects are the best
evidence of natural conditions within these types of winter
storms.

Most of the IMPACTS and PLOWS sampling was done
in the northwestern quadrant of cyclones (Fig. 2c—d). Warm
and/or occluded fronts are often found in the northwest-
ern and northeastern quadrants, which are generally asso-
ciated with frontogenesis and strong vertical wind shear
(which may be sufficient for Kelvin—Helmholtz instability).
The warmer air mass above warm fronts also often con-
tains local potential instability (Markowski and Richardson,
2010, p. 132). Release of instability near warm and occluded
frontal surfaces likely results in a broader distribution of ver-
tical velocity in the northwestern and northeastern quadrants,
compared to the southwestern and southeastern quadrants.
During IMPACTS, most of the sampling occurred ~ 500 km
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(b) PLOWS sampling geographic map
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Figure 2. Geographic maps of in-cloud portions of level flight legs with air temperature < 0 °C sampled during (a) IMPACTS by NASA
P-3 (legs in close coordination with NASA ER-2 are in green; legs with only P-3 are in blue) and (b) PLOWS by NCAR C-130 (red). Flight
legs plotted relative to trackable low-pressure centers for (¢) IMPACTS and (d) PLOWS. Line segments of legs are not continuous when the

airplane sampled in and out of cloud.

or less from the low-pressure center, whereas PLOWS more
often sampled 500-1000km away from the low-pressure
center (Fig. 2c—d).

2.2 Coordinated remote sensing data from NASA ER-2

In order to get a more complete picture of the snowstorm
and its surrounding environment, IMPACTS utilized two
aircraft flying coordinated flight legs (McMurdie et al.,
2022; Heymsfield et al., 2024). Joining the storm-penetrating
NASA P-3 was the NASA ER-2, which flew above the
storm and had several downward-pointing remote sensing
instruments. Airborne radar data from the NASA ER-2 put
the NASA P-3 in situ observations into their vertical storm
structure contexts. Backscattered echo can occur as long
as sufficient-sized particles are present in a volume, irre-
spective of the RH. We use data from the NASA Goddard
Space Flight Center’s Cloud Radar System (CRS; McLin-
den et al., 2021), a W-band (94 GHz) polarimetric Doppler
cloud radar on the ER-2. We use reflectivity and Doppler
velocity data from the CRS during straight and level ER-2
flight legs when the ER-2 and P-3 were well coordinated, de-
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fined by <3 km horizontal distance and < 5 min time gap
between the two aircraft. The edge of CRS echo (where
reflectivity &~ —20dBZ) provides an estimate of the cloud
boundary. When the P-3 and ER-2 were well coordinated
and the P-3 was within CRS echo, the P-3 distance from
echo top was calculated as the vertical distance from the
P-3 altitude to the nearest above altitude where CRS re-
flectivity < —20dBZ within the column. The CRS data are
archived by NASA GHRC at https://cmr.earthdata.nasa.gov/
search/concepts/C1995871269-GHRC_DAAC.html (last ac-
cess: 24 February 2025) (McLinden et al., 2022).

2.3 Cloud probe data and cloud definition

During IMPACTS, groups from the University of North
Dakota (UND; Delene and Poellot, 2022) and the National
Center for Atmospheric Research (NCAR; Bansemer et al.,
2022) operated cloud sampling instruments and quality-
controlled the data. For this study, we utilize data from a
subset of their wing probes, including the Two-Dimensional
Stereo Probe (2D-S; Lawson et al., 2006) (horizontal orien-
tation only) and Cloud Droplet Probe (CDP; Lance et al.,
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Figure 3. P-3 in situ and ER-2 radar data for a well-coordinated
flight leg segment during the IMPACTS mission on 23 January 2023
from 14:35 to 14:45 UTC. In this flight leg, the P-3 flew through a
layer of cloud-top generating cells and encountered multiple narrow
updrafts > 0.5m s~ L (a) Time series of 2D-S total number concen-
tration (logarithmic scale). The in-cloud threshold (1073 cm™3 ) is
shown with a dashed horizontal line. (b) Time series of TAMMS
vertical velocity. The dashed horizontal line at 0.5ms™ ! indicates
the updraft threshold definition. In-cloud updraft envelopes are in-
dicated by purple shading. (c) Vertical cross-section of CRS reflec-
tivity. P-3 flight leg segments where the TAMMS vertical velocity
> 0.5ms ™! are indicated by black horizontal lines bounded by ver-
tical bars. (d) Vertical cross-section of CRS Doppler velocity, where
positive values indicate upward motion. TAMMS vertical velocity
is shown using colored points. Aspect ratio is 3 : 1 for panels (c¢)—

(d).

2010), to determine when the P-3 was flying in cloud.
The 2D-S detected cloud and precipitation particles 100—
2000 um in diameter, and the CDP detected cloud parti-
cles 2-50 um in diameter (McMurdie et al., 2022). When
either probe measured a total number concentration (Nt)
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> 1073 ¢cm™3 , we consider the P-3 to have been in cloud at
that time. In the example shown in Fig. 3, changes in the
2D-S total number concentration correspond to when the
P-3 was in regions outside of cloud and just above cloud
echo (at ~50km along the flight leg), higher reflectivity
and higher particle concentrations (at ~ 75km along the
flight leg), and lower reflectivity and lower particle concen-
trations (at ~ 115km along the flight leg). NASA GHRC
archives the 2D-S data at https://cmr.earthdata.nasa.gov/
search/concepts/C1995868627-GHRC_DAAC.html (last ac-
cess: 24 February 2025) (Bansemer et al., 2022) and the
CDP data at https://cmr.earthdata.nasa.gov/search/concepts/
C1997744632-GHRC_DAAC.html (last access: 24 Febru-
ary 2025) (Delene and Poellot, 2022).

From the NCAR C-130 during PLOWS, we use a com-
bination of a CDP to detect cloud particles 2—50 um in di-
ameter and data from the Two-Dimensional Optical Array
Cloud Probe (2D-C; UCAR/NCAR - Earth Observing Lab-
oratory, 2024) to detect cloud particles 25-800 um in diam-
eter. Similarly to IMPACTS, we consider the C-130 to have
been in cloud when either the 2D-C or CDP measured Nt >
1073 cm™3. For PLOWS, the 2D-C and CDP data are both
archived at https://data.eol.ucar.edu/dataset/113.063 (last ac-
cess: 1 March 2024) (UCAR/NCAR - Earth Observing Lab-
oratory, 2011).

2.4 Updraft envelope definition

Prior studies of updrafts and downdrafts in convective clouds
have defined and identified continuous envelopes of vertical
velocities meeting given thresholds. For updrafts, LeMone
and Zipser (1980) identified envelopes within the vertical ve-
locity time series which continuously exceeded O ms~' for
>500m and 0.5ms™! for > 1s (at least ~ 100 m). Yang
et al. (2016) used a 0.2ms ™! threshold to account for mea-
surement uncertainty, and they removed the 500 m diameter
requirement in order to capture smaller updrafts.

We use a similar method to Yang et al. (2016) to identify
updraft envelopes, but we have a measurement uncertainty in
vertical velocity of £0.5m s7! soweusea0.5ms™! thresh-
old for updrafts. This threshold also represents a lower-end
estimate for the terminal velocity of precipitation-size ice
particles (Garrett and Yuter, 2014; Fitch et al., 2021). While
Yang et al. (2016) combined updraft envelopes that were sep-
arated by a distance < 50m, we skip this step because our
data are at 1s intervals (the data of Yang et al. (2016) were
at 0.04 s intervals) and the P-3’s typical ground speed was
roughly 100ms~!. Figures 3 and 4 show examples of up-
draft envelope identification for P-3 flight legs. The flight leg
in Fig. 3 is through a layer with generating cells, and the
flight leg in Fig. 4 is ~ 2 km below the cloud-top generating
cells. This latter flight leg was entirely within cloud (2D-S
total number concentration > 1073 cm™3), and eight updraft
envelopes were identified.

Atmos. Chem. Phys., 25, 6679-6701, 2025
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Figure 4. As in Fig. 3 but for a well-coordinated flight leg on
23 January 2023 from 15:35 to 15:46 UTC when the P-3 flew
through the middle of the cloud layer, about 2 km below the cloud-
top generating cells. In this flight leg, the P-3 encountered far fewer
updrafts > 0.5 ms ! than it did in the flight leg shown in Fig. 3.

For each updraft envelope, we compute the integrated up-
ward mass flux (¢upward in kg m~! s~!) using Eq. (1):

Pupward = P w Lupdrafts ()

where p (kgm™3) is the air density, w (ms~!) is the mean
vertical velocity within the updraft envelope, and Lypdraft (m)
is the length of the updraft envelope. p is calculated from the
ideal gas law using the virtual temperature (7, in K) with
Eq. (2):
p
-_P_ 2
P RaT. 2
where p (Pa) is the air pressure and Ry is the dry air gas
constant (287 J kg’1 K| ). Ty is calculated from the air tem-
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Figure 5. Cross-section through the center of an idealized spher-
ical updraft with diameter D in the xz plane where the aircraft is
traveling in the y direction (i.e., into the page). Each dot represents
one of 1000 randomly generated aircraft passes through the spheri-
cal updraft, such that the likelihood of the aircraft passing through
a given subregion of the cross-section is proportional to the area of
that subregion. Points are colored by the length of the aircraft’s path
through the sphere (Lypdraft), relative to the actual diameter of the
sphere (D).

perature (7 in K) and water vapor mixing ratio (g, unitless)
using Eq. (3):

T, =(1+eq)T, 3)

where ¢ is the ratio between the molecular mass of water and
dry air (~ 0.61).

2.5 Potential sampling biases with in situ aircraft data

With aircraft-mounted in situ instruments, we are only able
to sample along lines through the storms, representing a tiny
portion of the total 3D storm volume. PLOWS in particular
and IMPACTS to an extent targeted regions where upward
motions and ice mass growth were expected. Hence, their ob-
served updraft distributions are likely upper bounds on what
would be present over the entire storm volume. For safety,
regions with severe turbulence are avoided during research
flight missions. Severe turbulence only occurred during one
IMPACTS P-3 flight, where strong Kelvin—-Helmbholtz waves
were present over the Gulf of Maine on 29-30 January 2022.
Regions with severe icing, which might have strong upward
motion, were also avoided during research flight missions.
Measurements of updraft breadth by in situ instruments are
subject to underestimation because the aircraft will usually
not perfectly bisect an updraft. We can quantify this by con-
sidering an idealized case with a spherical updraft with di-
ameter D and vertical velocity > 0.5 ms~!. We assume that

https://doi.org/10.5194/acp-25-6679-2025
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Figure 6. Theoretical cumulative distribution function (CDF) of the
measured length of an updraft (Lypdraft) by an aircraft randomly
passing through a spherical updraft with diameter D, relative to D,
according to Eq. (7). For each proportion A of the actual updraft
diameter D, the proportion of random aircraft passes measuring
an updraft smaller than A is shown (e.g., 25 % of random aircraft
passes measure an updraft smaller than 0.5D).

the aircraft’s path through this spherical updraft is a straight
line which misses the center of the updraft by a distance 5.
The updraft breadth measured by the aircraft is the length of
this straight line, Lypdratt, Which can be calculated as

Lupdraft =V D? —4h?. @

In reality, the regions where vertical velocity >0.5ms™! in

winter storms will be irregularly shaped. A sphere is a con-
venient idealized shape for these calculations, as it is ro-
tationally symmetrical and is likely a reasonable approxi-
mation for order 1km updrafts within cloud-top generating
cells. One could imagine an oblong updraft region associ-
ated with Kelvin—Helmholtz waves with the major axis close
to vertical. We calculate the distribution of measured updraft
breadths for many random aircraft passes through the ide-
alized spherical updraft (Fig. 5). We assume that /4 is dis-
tributed such that, within the cross-section of the spherical
updraft, which contains the sphere’s center and is perpendic-
ular to the aircraft path, the number of random aircraft passes
within a region of the cross-section is proportional to the area
of that region. In other words, the probability of the aircraft
passing within a distance s of the sphere’s center is

w52 452

&)

The cumulative distribution function (CDF) of Lypdraft is
P(Lupdraft < A), where A is the proportion of the actual up-
draft diameter in (0, D) (Fig. 6). From Eq. (4), this can be
rewritten as P(+~/ D? — 4h? < A). Rearranging this gives

D2 _— A2
P(Lypdraft <A)=1—P | h < — | ©6)
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After substituting Eq. (5) into Eq. (6) and simplifying,

A 2
P(Lupdraft <A)=1- —> . @)

This means that, using aircraft in situ data, the probability of
measuring an updraft breadth smaller than some proportion
of D is equal to the square of that proportion. For example, if
an actual updraft is 1 km across, then 25 % of random aircraft
passes through that 1 km updraft will measure the updraft to
be < 0.5 km across. Similarly, since 0.72 = 0.49, then 49 %
of random aircraft passes will measure that 1 km updraft to
be < 0.7 km across.

The updraft envelopes identified from in situ data follow-
ing Sect. 2.4 will all represent underestimates of the real
horizontal breadth of updrafts. Assuming spherical updraft
shapes, 25 % of the measured updraft envelope lengths will
be below half the actual updraft breadth (Fig. 6). If one mul-
tiplied the length of the measured updraft envelope by 3.2,
then it would overestimate the actual updraft for 90 % of the
updrafts. As a rough rule of thumb, multiplying the updraft
envelope length by 3.2 will overcompensate for underesti-
mates of updraft breath because the aircraft did not exactly
bisect an updraft.

2.6 ERAS reanalysis

We use ERAS reanalysis data (Hersbach et al., 2020) to ob-
tain the large-scale context for the in situ aircraft data. ERAS
data are output on a 0.25° grid (~ 25 km) globally at 1h in-
tervals. While this is coarser than most operational weather
models, the ERAS grid spacing is adequate for resolving the
synoptic-scale environment. Reanalysis assimilates quality-
controlled observations that are delayed and not available for
use operationally. The ERAS output is available either on a
single level (e.g., 2m temperature, 10 m wind components;
Hersbach et al., 2023a) or on pressure levels (e.g., 800 hPa
temperature and wind components; Hersbach et al., 2023b).

To track surface lows, we used the algorithm from Craw-
ford et al. (2021) with ERAS mean sea level pressure (MSLP)
data (Tomkins et al., 2024). The low relative position of the
P-3 was calculated from the surface low tracks for each IM-
PACTS case.

We used ERAS data to characterize the omega and fronto-
genesis environments sampled by the P-3 during IMPACTS.
Frontogenesis describes the rate at which the gradient of a
scalar field, e.g., potential temperature (6 in K), is chang-
ing with time in a parcel-following framework. We calcu-
lated 2D frontogenesis (F>p in Km™!s™!, often displayed in
K (100km)~"h™") following Novak et al. (2004), who used
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a simplified form of the equations from Miller (1948):

o L[99 (dudo v
= ver | ox \oxax | ax ay

90 (9u 00  dv 90
+——11 (®)
dy dy

ady \ dy dx
where | V6| is the magnitude of the horizontal gradient of 8
(Km™') and u and v are the zonal and meridional compo-
nents of the flow (in ms™!), respectively. Positive frontogen-
esis is indicative of forcing for ascent associated with frontal
circulations (Lackmann, 2011, p. 140).

3 Results

3.1 Vertical velocity measurements and context for
individual flight legs

Two contrasting flight legs within and below generating cells
for conditions with snow at the surface highlight key differ-
ences in the vertical velocity structures and large-scale in-
stabilities. For the IMPACTS flight leg on 23 January 2023,
14:35-14:45 UTC, cloud top varied between 5 and 7 km al-
titude (Fig. 3). As the aircraft flew in and out of cloud at
5 km altitude, cloud particle concentrations varied from near
zero outside of cloud to 10™' cm™3 in cloud. Updraft en-
velopes were frequent and narrow in regions with generating
cells, with upward motion > 0.5ms~! being broken up by
intermittent measurements < 0.5 ms™! (around 20-40, 70—
80, and 125 km along leg distance). The horizontal scale of
most updrafts with magnitudes > 0.5ms~! was only a few
hundred meters across. Based on ERAS reanalysis (Fig. 7),
the flight leg was to the northwest of and near a band of fron-
togenesis > 1 K(100km)~'h~! at 700 hPa. There was neg-
ative 25 km scale frontogenesis (i.e., frontolysis) present at
the P-3 flight level with modest 25 km scale upward motion.

The IMPACTS flight leg on 23 January 2023, 15:35—
15:46 UTC, was entirely within cloud (Fig. 4) and had cloud
particle concentrations near 10~2 cm~3. Cloud top was close
to 7.5km for most of the leg. The P-3’s flight altitude
(3km) was ~2km below the layer with generating cells.
At this altitude, the P-3 encountered few updraft envelopes
stronger than 0.5ms™!. This flight leg was to the northwest
of and near a band of weak 25km scale frontogenesis at
700 hPa. Along flight level, weak 25 km scale frontogene-
sis was present (Fig. 8a), and 25 km scale upward motion is
indicated just above flight level.

3.2 In-cloud environments sampled by IMPACTS and
PLOWS

The distributions of ERAS5 frontogenesis and omega for all
the IMPACTS flight legs utilized in this study (Fig. 9) show
that the most commonly sampled environments had 25 km
scale frontogenesis near 0 K (100 km)~'h~! and 25 km scale
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omega near —0.4 Pas™!. Strong frontogenesis and strong up-
ward motions on the 25 km scale are outliers. The air tem-
perature distributions of the in situ samples are shifted to
higher temperatures for IMPACTS as compared to PLOWS
(Fig. 10). PLOWS tended to sample higher altitudes (>
4500 m above sea level) more often compared to IMPACTS
(not shown), but climatologically winter surface tempera-
tures in the midwestern US also tend to be lower than in
the northeastern US. As a consequence, PLOWS near-cloud-
top storm environments in the midwestern US tended to
be colder than those for IMPACTS, which were primarily
in the northeastern US. PLOWS had more than twice as
many 100 m measurements as IMPACTS at temperatures <
—22°C, corresponding to polycrystalline and multiple ice
growth modes (Hueholt et al., 2022). Samples at air temper-
atures between —22 and —8 °C represent more than half the
samples from both IMPACTS (79443 100 m samples) and
PLOWS (45927 100 m samples). In this temperature range,
ice growth mode is a function of both temperature and RH,
with multiple-growth mode at low supersaturations with re-
spect to ice (< 105 %), tabular growth for RHyaer < 100 %,
and branched growth for RHyqeer > 100 % (Hueholt et al.,
2022).

Sorting the vertical velocity data by air temperature illus-
trates the different aircraft sampling strategies and cloud-top
temperatures between the IMPACTS and PLOWS projects
(Fig. 11). For IMPACTS and PLOWS, there is a higher in-
cidence of values > 0.5ms™! at air temperature < —22°C
(23 % and 11 %, respectively) as compared to between —8
and —22°C (14 % and 5 %, respectively). The small number
of PLOWS samples at air temperature > —8 °C likely makes
that distribution not representative.

3.3 Updraft envelope properties

We identified 2305 updraft envelopes > 0.5 ms ™! during IM-
PACTS and 1079 updraft envelopes during PLOWS. The
distribution of updraft envelope length is highly skewed
(Fig. 12a). The vast majority of updraft envelopes were nar-
row; i.e., the updraft envelope threshold was only barely
met for a brief time period (distance of a few hundred
meters). Median updraft envelope lengths and intensities
were 0.28km and 0.73ms™! for IMPACTS and 0.24 km
and 0.72ms~! for PLOWS. The mean length of updraft en-
velopes observed was 0.82km for IMPACTS and 0.53 km
for PLOWS. Overall, 90 % of the updraft envelopes were
shorter than 1.3 km. There does not appear to be a correla-
tion between updraft envelope length and mean vertical ve-
locity; that is, wider updrafts are not necessarily stronger
(Fig. 12a). In aggregate, the more numerous narrower up-
draft envelopes contributed more of the upward mass flux
than the more sparse wider updraft envelopes (Fig. 12b). Dur-
ing IMPACTS, 51 % of the upward mass flux (Eq. 1) within
envelopes meeting our criteria (i.e., not including updrafts

https://doi.org/10.5194/acp-25-6679-2025
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ERA5 (01/23 15 UTC) cross-section along P-3 flight leg at 2023/01/23 14:35-14:47 UTC
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Figure 7. Large-scale environmental setting for flight leg through generating cells corresponding to Fig. 3. The P-3 flew through multiple
narrow updrafts > 0.5ms ™! at an altitude with frontolysis and near the top of the layer with stronger omega which was adjacent to a band
with strong frontogenesis at 700 hPa. Vertical cross-sections (aspect ratio 3 : 1) of (a) 2D frontogenesis (K(lOOkm)f1 hfl) and (b) omega
(Pas~L; where upward motion is negative) obtained or calculated from ERAS data along a cross-section corresponding to the flight leg
shown in Fig. 3. In panels (a) and (b), the P-3 flight level is indicated by a thin horizontal line and observed in-cloud updrafts > 0.5 ms~!
are indicated by thick horizontal lines. (¢) Map of the flight leg (blue), MSLP (contoured in black every 5hPa), and 700 hPa frontogenesis
(shaded, K (100km)~!'h~1).

ERAS5 (01/23 16 UTC) cross-section along P-3 flight leg at 2023/01/23 15:31-15:47 UTC
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Figure 8. As in Fig. 7 but for flight leg several kilometers below height of generating cells corresponding to Fig. 4. The P-3 flew through

sparse updrafts > 0.5ms™

700 hPa.
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at an altitude with near-zero omega and weak frontogenesis adjacent to a band with weak frontogenesis at
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Figure 10. Distributions of in-cloud temperatures sampled during (a) IMPACTS and (b) PLOWS. Colder temperatures are at the top of each
plot. The in-cloud environments sampled during PLOWS tended to be colder than those sampled during IMPACTS.

weaker than 0.5 ms™!) was contributed by updraft envelopes 3.4 Observed distributions of vertical velocity and RHice
narrower than 3 km. For PLOWS, this value was 72 %.
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3.4.1 General characteristics

In these winter storms, the in-cloud 100 m scale vertical air
velocity is usually nearly zero. The distribution of in-cloud
vertical velocity measurements during IMPACTS was cen-
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In-cloud vertical velocity by temperature
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Figure 11. Histograms of in-cloud vertical velocity measurements taken on level flight legs at different temperature ranges, from colder
temperatures at the top to warmer temperatures at the bottom. Distributions from IMPACTS are shown in the left column, and distributions
from PLOWS are shown in the right column. Temperature ranges and sample sizes are indicated for each panel. Data are averaged over
1's corresponding to about 100 m based on typical P-3 air speeds. Temperature ranges were chosen to correspond with different ice growth
modes. Depending on the RH, polycrystalline growth can occur at temperatures < —22 °C. Tabular, branched, or side-branched growth can
occur between —22 and —8 °C. Columnar growth can occur between —8 and —4 °C. At most temperatures, multiple ice shapes form at low
supersaturations with respect to ice, including polycrystals, plates, irregulars, compact crystals, short columns, and equiaxed crystals (Bailey
and Hallett, 2004, 2009; Hueholt et al., 2022). Solid red lines show mean vertical velocity for each subset, and dashed red lines show 10th,
50th, and 90th percentile vertical velocity for each subset. In each column, gold lines show the distribution for all data from that project

obtained in straight and level legs.

tered near Oms~! (mean: 0.08 ms~!; median: 0.04ms_1),
while the distribution for PLOWS was centered at slightly
higher values (mean: 0.12ms~!; median: 0.09ms~'). The
in-cloud 100m scale vertical velocity distributions show
mean and median values of a few centimeters per second
and that less than 15 % of the measurements (12.8 % for
IMPACTS and 7.5 % for PLOWS) are capable of lofting
snow (> 0.5ms~!) on ~ 100 m horizontal scales (Fig. 13).
It is likely that the slightly higher mean and median val-
ues in PLOWS as compared to IMPACTS relate to PLOWS
aircraft specifically targeting altitudes with generating cells,
whereas IMPACTS had an observation strategy that included
sampling a variety of storm structures at multiple altitudes
and temperatures. We found a broader distribution of in-
cloud vertical velocities sampled during IMPACTS than dur-
ing PLOWS (standard deviations of 0.51 and 0.38 ms™!, re-
spectively; Fig. 13a). In-cloud downdrafts were less com-
mon than in-cloud updrafts, especially during PLOWS. Just
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6.3 % of in-cloud 100m scale vertical velocity measure-
ments during IMPACTS and 2.6 % thereof during PLOWS
were < —0.5ms~!. Because the research flights during IM-
PACTS and PLOWS targeted regions of likely snow growth
(e.g., regions of locally enhanced radar reflectivity), we ex-
pect the proportion of aircraft samples with vertical velocity
> 0.5ms~! to be an overestimate compared to the proportion

of the entire storm volume with vertical velocity > 0.5 m s

3.4.2 Characteristics sorted by distance from cloud
echo top

Since cloud-top altitudes can vary by several kilometers even
within the same storm and the layer with generating cells
tends to follow the cloud top, we have found sorting by dis-
tance from cloud echo top to be more useful in interpreting
physical processes than sorting by air temperature (Fig. 14).
Data presented in the context of cloud echo top are only for
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Figure 12. (a) A 2D histogram of updraft envelope mean vertical velocity against updraft envelope length for IMPACTS and PLOWS
combined. (b) The proportion of total upward mass flux contributed by updraft envelopes within 0.5 km length bins for IMPACTS and

PLOWS separately.
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Figure 13. In-cloud vertical velocity measurements taken on level flight legs during IMPACTS and PLOWS on an ~ 100 m horizontal scale:
(a) probability density function (PDF) and (b) cumulative density function (CDF). For both IMPACTS and PLOWS, > 90 % of vertical
velocity measurements on an ~ 100 m horizontal scale were < 0.5 ms~! (vertical dashed line in panel b).

IMPACTS P-3 flight legs which are well coordinated with the
ER-2 (Sect. 2.2, Fig. 2), representing a smaller sample size
than the entire set of in-cloud data points in Fig. 13.
In-cloud points sampled within 3 km of CRS cloud echo
top were nearly twice as likely (13.3 % versus 7.3 %) to
have vertical velocity > 0.5ms~! than points sampled far-
ther below cloud echo top (Fig. 14a). For downdrafts, 8.7 %
of points < 3km below cloud echo top had vertical veloc-
ity < —0.5ms~!, compared to 2.6 % of points > 3 km below
cloud echo top. These vertical velocity distributions are con-
sistent with the frequent occurrence of generating cells in the
layer within 3 km of cloud echo top as reported by Rosenow
etal. (2014), Plummer et al. (2014), and Rauber et al. (2015).

Atmos. Chem. Phys., 25, 6679-6701, 2025

The distribution of RHj.. relative to distance from CRS
cloud echo top (Fig. 14b) suggests that regions within 2 km
of cloud-top height are the primary regions of ice mass in-
creases in these winter storms. Lower regions of cloud (>
2 km below cloud top) are more likely to be regions where
ice mass is constant or decreasing. Given a measurement
uncertainty in RHjce of ~ 5 %, ice growth likely occurs at
measured RHjc. > 105 % and ice shrinkage likely occurs at
measured RHjee < 95 %. It is uncertain whether points be-
tween 95 % < RHjce < 105 % are subsaturated or saturated.
The median RHj.. value increases from ~ 95 % at 2 km be-
low cloud echo top height to ~ 100 % in the closest 0.5 km
below cloud echo top height (Fig. 14b). The distribution of
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Figure 14. Some 2D histograms of (a) in situ vertical velocity, (b) RHjce, and (¢) 2D-S particle counts versus the P-3 distance below CRS
cloud echo top height for in-cloud samples with air temperature < 0 °C during IMPACTS only. In all panels, the number of points in each
bin is normalized by the total number of samples taken at a given distance below echo top. Dashed black lines indicate the 10th, 50th, and
90th percentiles of vertical velocity as a function of distance below echo top height. For vertical velocity, the measurement uncertainty is

~0.5ms!, and the vertical dashed green line is at 0.5 ms~!

vertical velocity. For RHj., the measurement uncertainty is ~ 5 %, the vertical

brown line is at 95 % RHjc, and the vertical blue line is at 105 % RHje.

RHijce broadens closer to cloud echo top, and the mode of the
RH;c, distribution shifts to higher values at altitudes closer
to cloud echo top. Points with RH;ce > 105 % were observed
13.5 % of the time when less than 2 km below CRS echo top,
compared to 6.1 % of the time when more than 2 km below
CRS echo top.

One might expect increasing magnitudes of upward ver-
tical air motions to closely coincide with increasing RHjce,
but the observed data do not show this. The IMPACTS in
situ data reveal a negligible relationship between increasing
100 m scale vertical velocity and increasing RHj¢e (Fig. 15).
The lack of a relationship is an important clue that most air
parcels within these winter storm clouds are diluted by dry
air entrainment to some degree. Comparing the joint distribu-
tions between levels within 3 km of CRS echo top and more
than 3 km of CRS echo top, the lack of a distinct distribution
peak near RHje. ~ 100 % for the parcels that are closer to
cloud top suggests that they are more likely to be diluted by
dry air than those at lower levels in the cloud. While stronger
in-cloud updrafts and higher supersaturations with respect to
ice were each more common closer to cloud top (Fig. 14), the
presence of one of these conditions at a given location does
not imply the presence of the other condition.

Closer to cloud echo top, higher number concentrations
were more likely to be observed. The distribution of total
number concentration measured by the 2D-S (particles 0.1
to 2mm in diameter) also broadens closer to CRS cloud
echo top (Fig. 14c) as compared to lower altitudes. The 90th
percentile of total number concentration increases from ~
1072 cm™3 at 4 km below cloud echo top to over 10~! cm™3
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within 1km below cloud echo top. The median total num-
ber concentration is nearly constant at ~ 6 x 107> cm™> for
heights more than 1 km below echo top. The distributions of
RHjc. sorted by categories of cloud particle concentrations
shows that higher RHj¢. values are more likely in conditions
with higher particle concentrations (Fig. 16).

The distributions of vertical air motions, RH;jc., and parti-
cle number concentrations tell a physically consistent story.
Layers containing overturning generating cells near cloud
echo top have more frequent vertical air motions capable of
lofting ice, more frequent in-cloud conditions that are super-
saturated with respect to ice, and more frequent conditions
with higher particle counts. While, on the one hand, gener-
ating cells often contain higher upward vertical air motions,
dry air is also more likely to be entrained by the downward
branches of the overturning near cloud top, blurring the re-
lationship between 100 m scale vertical air motion and RH.
Number concentrations are higher where RHjc is higher,
since saturated and supersaturated RH;c. conditions facilitate
ice nuclei activation and preservation of small ice particles.

4 Discussion

The preferred locations of stronger vertical motions near
cloud top relate to the frequent occurrence of generating cells
at these locations. Locations near cloud echo top are incon-
sistent with the locations of frontal surfaces which tend to
be in the lower portions of the storm (Wallace and Hobbs,
2006).

Atmos. Chem. Phys., 25, 6679-6701, 2025



6694 L. R. Allen et al.: In-cloud characteristics in winter storms
IMPACTS 2D histograms of vertical velocity and RH ice by distance below CRS echo top
105 (a) Near (< 3 km below) cloud echo top 105 (b) Far from (= 3 km below) cloud echo top 0.025
N = 34959 N = 29818 ‘
120 | 1201
|
115 \ ‘ 115 ‘ 0.02
| , o
110, 110 | g
| £
_ 105 105 - foots g
& ] | g
8100 100 | €
- —— 5
n: c
9 95 1001 £
o
] g
90 90 i a
|
|
85 85 l ‘ < 0.005
|
80| 180 |
|
75— — — ' 75 | PE— — —— Yo
-15 1 0.5 0 05 1 15 -15 -1 0.5 0 0.5 1 1.5

Vertical velocity (m s'1)

Vertical velocity (m s'1)

Figure 15. Joint frequency distributions of 100 m horizontal-scale RHj. and vertical velocity (a) < 3 km below CRS echo top and (b) > 3 km
below CRS echo top for the well-coordinated flight legs during IMPACTS. The color scale in each panel is normalized by the total number
of measurements in the panel. The sample size (number of measurements) is indicated in the upper-left corner of each panel.

Based on the IMPACTS observations, the widely held
belief that typical non-orographic, non-lake-effect winter
storms contain broad areas of vertical air motions capable of
lofting precipitation-size ice is a misconception. Lackmann
and Thompson (2019) mistook observations of vertical air
motions obtained in generating cell layers near cloud top at
1-2km horizontal spacing (Rosenow et al., 2014; Rauber
et al., 2017) as corroborating their model output of loft-
ing of precipitation-size ice particles over broad (~ 25 km)
horizontal scales upwind of banded snowfall (Figs. 4, 5,
12, and 13 from Lackmann and Thompson, 2019). Their
two case studies focused on storms with strong frontogen-
esis (> SK(100km)~"h~! at 12 km grid spacing at 700 hPa;
Gary Lackmann, personal communication, 2024), which are
uncommon, making these two examples unrepresentative of
the larger snow-producing storm population. More realisti-
cally, Novak et al. (2008) presented a modeling study of a
winter storm with a linear region of strong frontogenesis and
enhanced radar reflectivity. Their simulation produced verti-
cal velocities exceeding ~ 0.6 ms~! at horizontal scales of
only a few kilometers wide near the region of strong fron-
togenesis (Novak et al., 2008, their Fig. 12c). A contribut-
ing factor in the confusion about the occurrence of strong
near-upright vertical air motions in winter storms is the com-
mon practice of plotting vertical cross-sections with high
vertical-to-horizontal aspect ratios that yield vertically exag-
gerated plots which distort features such as sloping fronts,
making them appear much more upright than they actually
are. Broad-scale upward motions strong enough to loft snow

Atmos. Chem. Phys., 25, 6679-6701, 2025

particles appear to be rare in non-orographic, non-lake-effect
winter storms.

The aircraft observations from IMPACTS suggest that we
need to revise our understanding of the relative roles of lift
along frontal surfaces versus overturning generating cells
near cloud top in the formation of precipitation-size ice mass
in mid-latitude winter storms. Layers of generating cells are
usually neither resolved nor parameterized in current nu-
merical forecast models with grid spacings of several kilo-
meters or more. This “error of omission” may have inad-
vertently overemphasized the roles of frontal surfaces and
yielded model output that has vertical velocity and RH dis-
tributions that are biased higher than observed. Those er-
rors may then cascade into quantitative precipitation fore-
casts which often have uncertainties exceeding 100 % for
snow (Novak et al., 2008, 2014, 2023; Greybush et al., 2017,
National Weather Service, 2018). There is a large body of
work based on < 1 km scale observations on the processes
within generating cells (e.g., Syrett et al., 1995; Evans et al.,
2005; Kumjian et al., 2014; Plummer et al., 2014; Rosenow
et al., 2014; Cunningham and Yuter, 2014; Rauber et al.,
2015; Plummer et al., 2015; Rosenow et al., 2014; Keeler
et al., 2016b, a, 2017). It is high time that cloud-top generat-
ing cells be adequately accounted for in operational forecast
models. How best to do this is a worthy topic for future re-
search.
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Figure 16. IMPACTS NASA P-3 in situ RHj.e and 2D-S particle counts from all IMPACTS in-cloud flight legs (~ 37h of data). Data
samples are divided roughly into thirds. Histograms of RHj¢. values for (a) 2DS total counts > 1073 and < 0.004cm ™3, (b) 2D-S total
counts > 0.004 and < 0.008 cm ™3, and (c) 2D-S total counts > 0.008 cm ™. At most temperatures, RHj.. from 100 % to 105 % corresponds
to multiple-growth mode, where there is co-occurrence of growth of different ice shapes by vapor deposition (Bailey and Hallett, 2004, 2009).
2D-S counts all (liquid and ice) particles between 100-2000 pm in size.

5 Conclusions

We used airborne in situ measurements from the IMPACTS
and PLOWS field campaigns in the northeastern and mid-
western US (Fig. 2) to characterize the distributions of in-
cloud vertical velocity, the horizontal scales of updraft en-
velopes, and RHjce characteristics. Based on straight and
level flight leg data corresponding to about 100 m spatial
scale, our key results are as follows:

— Most updrafts were narrow. A total of 56 % in-cloud up-
draft envelopes exceeding a threshold of 0.5 ms™! were
less than 300 m in breadth (median envelope lengths of
0.28 km for IMPACTS and 0.24 km for PLOWS). Alto-
gether, 90 % of updraft envelopes were less than 1.3 km
in breadth.

— In-cloud points within 3 km of cloud top were nearly
twice as likely (13 % versus 7 %) to have vertical veloc-
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ity capable of lofting precipitation-sized ice compared
to points sampled further below cloud top.

The more numerous narrower updrafts contributed more
upward mass flux than the scarcer wider updrafts. For
updrafts > 0.5ms™!, the majority of the upward mass
flux was moved by updrafts < 3 km across.

Conditions for ice growth (measured RHjce > 105 %)
were more likely to occur near cloud echo top, while
much of the in-cloud volume more than 2km below
echo top had conditions for ice shrinkage (measured
RHjce < 95 %). Higher number concentrations of par-
ticles 0.1 to 2 mm in diameter are more likely to be ob-
served closer to cloud echo top than at lower altitudes.

The negligible relationship at 100 m horizontal scale
between increasing vertical air motions and increasing
RHjce > 105 % implies that most air parcels within win-
ter storms are diluted by dry air entrainment.

Atmos. Chem. Phys., 25, 6679-6701, 2025
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These results show that the types of winter storms sam-
pled by IMPACTS and PLOWS (extratropical cyclones, e.g.,
Nor’easters, Alberta clippers, and Great Plains cyclones)
contain mostly weak vertical motions incapable of lofting
precipitation-size ice. Our findings are not applicable to oro-
graphic or lake-effect snow storms, which superimpose addi-
tional forcings on extratropical cyclones. The finding based
on in situ data that upward motions (> 0.5 ms™!) are present
in only small portions of the cloud volume and are most
common in regions near-cloud-top generating cells extends
and confirms the work of Rosenow et al. (2014) and Rauber
et al. (2015), who used airborne radar data obtained during
PLOWS. In addition to generating cells, Kelvin—Helmholtz
waves can yield upward motions > 0.5ms~! in some re-
gions of winter storms. These manifest as small, sporadic
convective-scale updrafts (< 2 km across; e.g., Rauber et al.,
2017).

Many current conceptual models assume RHjce > 100 %
in radar echo and that precipitation-size ice grows gradu-
ally and relatively continuously as it descends from gener-
ating cells near cloud top to the surface (e.g., Plummer et al.,
2014, 2015; Rosenow et al., 2014, 2018; Finlon et al., 2022).
In contrast, IMPACTS data sets on RHj.. suggest that ice
growth is likely to be more episodic than continuous. Ice
particles likely grow within small regions of supersaturation
with respect to ice for a brief period of time (on the order of
minutes) relative to their overall residence time in cloud (on
the order of 2 h to fall 8 km).

In order to loft most snow particles, an updraft of at least
0.5ms~! is needed. Most updrafts stronger than 0.5 ms™!
were < 300m across, with regions of near-zero or down-
ward vertical motion in between. Even when one overcom-
pensates for the sampling bias of updraft envelope sizes by
multiplying aircraft-measured length by 3.2 (Sect. 2.5), the
vast majority of updrafts potentially capable of lofting snow
are < 1 km across. The altitude where precipitation-size ice
first forms and begins to fall is likely the primary factor in
residence time in winter storms rather than any subsequent
lofting. There is a lack of observational evidence of com-
monly occurring broad-scale precipitation-size ice lofting in
these storms (254 km wide updraft regions with vertical air
motions > 0.5 ms~!) as proposed by Lackmann and Thomp-
son (2019).

Surface snowfall rates and accumulations depend on
where within the storm precipitation-size particles form and
conditions along their trajectories to the ground. Generating
cells near the top of winter storms are key regions where
cloud ice can grow to precipitation size by vapor deposition
and riming (Kumjian et al., 2014). The precipitation parti-
cles falling from cloud top are then advected horizontally by
flows within the storm. Convergent flow may result in lo-
cally higher precipitation particle concentrations (Janiszeski
et al., 2023), or sheared flow may “smear” ice streamers to-
gether (Tomkins et al., 2025). This implies that conditions
on the ground during snow storms could be largely deter-
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mined 1 h or more in advance, given sufficient knowledge of
cloud-top structures and the shear profile. However, opera-
tional weather radars usually have insufficient spatial resolu-
tion to resolve generating cells of ~ 1 km spatial scale, and
information on the shear profile is largely limited to radar-
derived velocity azimuth displays (VADs) or data from wind
profilers.

Yielding and maintaining conditions of supersaturation
with respect to water requires stronger updrafts than main-
taining supersaturation with respect to ice does. Dry air en-
trainment leads to dilution of air parcels such that there is a
negligible relationship between 100 m scale vertical air mo-
tion and RH for the same place and time. Below the layer
of generating cells, vertical motions are weaker, the air is
less likely to be supersaturated with respect to ice, and ice
mass shrinkage via sublimation is more likely. Sublimation
can be a self-limiting process, as it increases the ambient RH
which later particles fall through. However, vertical air mo-
tions and ambient RH do not completely describe the con-
ditions immediately adjacent (a few microns) to the surface
of individual ice particles. When there is nonzero airflow
around an ice crystal (such as when it is falling and/or ad-
vected by horizontal winds), ventilation can enhance vapor
density at an ice particle’s corners, increasing RH immedi-
ately adjacent to the particle above ambient values (Hallett
and Mason, 1958; Keller and Hallett, 1982; Takahashi et al.,
1991; Fukuta and Takahashi, 1999). Quantitative ventilation
effects for the complex shapes of natural snow are poorly un-
derstood, which is why they are often not accounted for in
numerical models, but they may well turn out to be an im-
portant process in ice mass budgets (Wang, 2002; Bailey and
Hallett, 2002).

Convective-scale overturning motions are important to
produce upward air motion > 0.5ms™!. The small spatial
scales of these updrafts (often < 300 m) imply that numer-
ical model grid spacing > 1 km may be inadequate for re-
alistically simulating cloud processes in winter storms (as
found by Bryan et al., 2003, for deep convection). Gradual
large-scale layer lifting within winter storms can contribute
to the destabilization of the environment and to the subse-
quent release of upright instability, allowing cloud-top gener-
ating cells to form (e.g., Xu, 1992; Schultz and Schumacher,
1999; Morcrette and Browning, 2006).

There are many potential avenues for future work with the
data collected during IMPACTS. In order to further explore
the ambient conditions associated with ice particle growth
and shrinkage, the in situ humidity data need to be ana-
lyzed in the context of observed ice crystal shapes (Hueholt
et al., 2022). The Particle Habit Imaging and Polar Scat-
tering Probe (PHIPS) (Abdelmonem et al., 2011) provided
high-resolution particle images during each IMPACTS de-
ployment. The PHIPS images are of adequate resolution to
discern ice particle shapes and degrees of riming, which can
clarify the sequences of growth modes of the ice particles
(e.g., Fig. 7 from Hueholt et al., 2022). Corresponding hu-
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midity data will indicate whether or not ice particles are ac-
tively growing where they were observed (RHjce > 100 %).
How much of the ice precipitation particle’s residence time is
spent in subsaturated conditions with respect to ice is highly
relevant to surface snowfall rates. Not adequately account-
ing for subsaturated conditions within winter storm volumes
may be an important contributing factor in the persistently
large errors in surface snow rate forecasts.

Data availability. All of the NASA IMPACTS data are archived
by GHRC at https://doi.org/10.5067/IMPACTS/DATA101 (Mc-
Murdie et al., 2019). The NSF PLOWS 1s flight-level data
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https://doi.org/10.5065/D6HX1B1V (UCAR/NCAR - Earth Ob-
serving Laboratory, 2011). ERAS hourly data on pressure lev-
els are available from the Copernicus Climate Data Store at
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ERAS hourly single-level data are available from the Copernicus
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