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Abstract

Vertically-pointing Ka-band radar measurements are used to derive fall velocity —
reflectivity factor (Vi=aZcP) relations for frozen hydrometeor populations of different habits
during snowfall events observed at Oliktok Point, Alaska, and at the multidisciplinary drifting
observatory for study of Arctic climate (MOSAIC). Case study events range from snowfall with
highly rimed particles observed during periods with large amounts of supercooled liquid water
path (LWP > 320 g m™) to unrimed snowflakes including instances when pristine planar crystals
were the dominant frozen hydrometeor habit. The prefactor a and the exponent b in the observed
Vi—Ze relations scaled to the sea level vary in the approximate ranges 0.5 — 1.4 and 0.03 — 0.13,
respectively (reflectivities are in mm®m- and velocities are in m s). The coefficient a values are
the smallest for planar crystals (a~0.5) and the largest (a>1.2) for particles under severe riming
conditions with high LWP. There is no clear distinction between b values for high and low LWP
conditions. The range of the observed Vi—Z. relation coefficients is in general agreement with
results of modeling using fall velocity — size (vi =aDP) relations for individual particles found in
literature for hydrometeors of different habits, though there is significant variability in a and (3
coefficients from different studies even for a same particle habit. Correspondences among
coefficients in the Vi—Ze relations for particle populations and in the individual particle vD
relations are analyzed. These correspondences and the observed Vi—Z. relations can be used for
evaluating different frozen hydrometeor fall velocity parameterizations in models.

Significance statement

Frozen hydrometeor fall velocities influence cloud lifecycles and the moisture transport in the
atmosphere. The knowledge of these velocities is also needed to enhance remote sensing of
snowfall parameters. In this study, the relations between fall velocities and radar reflecitivities
of snowflakes of different types and shapes are quantitively analyzed using observations with

vertically pointing radars.
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1. Introduction

Hydrometeor terminal fall velocity information is important for weather and climate
studies as it determines cloud life cycles and affects the vertical transport of moisture in the
atmosphere. While fall velocities of liquid water drops as a function of their size/mass are relatively
well known (Gunn and Kinzer 1949), frozen (ice) hydrometeor fall velocities are much more
variable and, besides particle size, depend on other microphysical parameters including particle
habit/shape and density (e.g., Mitchell 1996). Fall velocities are also influenced by environmental
parameters (e.g., air density, turbulence). The parameterization of atmospheric ice fall speed
emerged as one of the most important determinants of climate sensitivity (Flato et al. 2013).
Uncertainties of frozen hydrometeor fall velocities are still significant, therefore sometimes scaling
factors for existing fall velocity parameterizations are used in climate models to constrain both the
global shortwave and longwave radiation to match the observed values (Hourdin et al. 2017).

The knowledge of frozen hydrometeor fall velocities is also important for development of
quantitative precipitation estimation (QPE) methods for snowfall. Snowfall rate and ice water
content (IWC) are related through fall velocities (e.g., Heymsfield et al. 2016). It allows for the
use of existing IWC remote sensing methods to infer also estimates of snowfall rate thus providing
more complete retrieval information. The fall velocity information provides a leverage for snowfall
QPE through the use of advanced IWC retrieval approaches, including those, which utilize novel
information from polarimetric weather radars (Ryzhkov et al. 2018).

Both modeling and direct observations have been used for developing hydrometeor fall
velocity parameterizations. General aerodynamic considerations involving the drag coefficient
calculations are typically used for theoretical developments. Modeling is usually performed for
aggregates and different types of pristine crystals using empirical relations between particle sizes
and masses as well as those between particle projected area ratios and sizes (e.g., Mitchell 1996;
Heymsfield and Westbrook 2010; Schmitt et al. 2019). Fall velocities of frozen hydrometeors of
different habits were also directly estimated near the ground using different in situ particle
sampling sensors (e.g., Garrett and Yuter 2014; Vazquez-Martin et al. 2021). Such instantaneous
estimates, however, are influenced by turbulence (e.g., Li etal. 2021), and wind (especially vertical
air motions), which can result in increased measurement uncertainties (e.g., Fitch et al. 2021).
Blowing snow also hinders ground measurements of falling snow (e.g., Schaer et al. 2020).

Since a number of weather and climate models nowadays provide estimates of such habit

dependent hydrometeor parameters as radar reflectivity factor and fall velocity (e.g., Hashino and
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Tripoli 2011; Jensen et al. 2017), the observational relations between these parameters for different
particle habits can be used to improve representations of hydrometer sedimentation rates in
models. Vertically-pointing Doppler radar measurements at different frequencies proved to be a
useful tool for characterizing hydrometeor terminal velocities (e.g., Kropfli, et al. 1990; Gossard
etal. 1992; Martner et al. 2002). Since observed Doppler velocities represent a sum of hydrometeor
terminal velocities and vertical air motions, time averaging is usually used to minimize the air
motion component (Orr and Kropfli 1999). The results are typically expressed as relations between
the particle ensemble reflectivity-weighted terminal velocity, Vi, and the reflectivity factor, Z.
(hereafter just reflectivity). It was shown that the averaging interval of around 20 min provides a
good compromise between minimizing the vertical air motion influence and the natural variability
of the Vi— Ze relations due to changing particle microphysics (Protat and Williams 2011).

The main objective of this study was to investigate Vi— Z. relations using radar observations
of Arctic snowfall. A combined analysis of these relations and concurrent estimates of frozen
hydrometeor types and shapes (i.e., habits) from polarimetric radar measurements also allows for
evaluation of how different snowfall processes that affect hydrometeor shapes (e.g., dendritic
growth and subsequent aggregation) are manifested in fall velocity changes. Of interest to this
study was also the investigation of Vi— Z relation transitions due to particle riming (i.e., accretion
and freezing of supercooled liquid on particle surface), observed during periods of increased

amounts of supercooled liquid water in the vertical atmospheric column.

2. A brief description of the approach for deriving V: - Ze relations

The Doppler velocity, Vp, measured by a vertically-pointing radar represents a sum of
vertical air motion, Va, and the reflectivity-weighted terminal fall velocity of hydrometeors, V.
The underlying assumption of the approach is that averaged over time small-scale vertical air
motions are sufficiently small compared to frozen hydrometeor fall velocities, so in average terms
Vb = V. This assumption was previously applied to cloud system measurements (e.g., Orr and
Kropfli, 1999; Protat and Williams, 2011; Ye and Lee 2021). It is even more justifiable for
snowfall, which is of main interest to this study, where precipitating hydrometeor fall velocities
are usually higher than those in cloud systems that do not produce precipitation reaching the
ground. Uncertainties of terminal fall velocities estimated using this approach are expected to be
within 0.05 — 0.1 m s (Orr and Kropfli 1999). A 20-minute time averaging was further used in

this study. Reflectivity averaging is performed in the linear units (i.e., in mm®m=).
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The V¢—Z. relations are derived for layers at different heights. For meaningful comparisons of
the relations, the dependence of fall velocities on air density was approximately accounted for by
referencing fall velocities to the mean sea level (MSL) as (Pruppacher and Klett 1997):

Vi(0) = Vi () [pa(h=0)/pa(n)]°* 1)
where Vi(h) is the radar-based fall velocity estimate at a height h above MSL, and pa is the air
density, which is obtained from radiosonde soundings of temperature and pressure using the ideal
gas law. The use of Vi(0) rather than V; (h) largely removes height dependences and allows for a
more accurate consideration of hydrometeor habit influences on fall velocities.

Measurements of reflectivity and Doppler velocities used in this study were conducted with
the U.S. Department of Energy’s (DOE) Atmospheric Radiation Measurement (ARM) Program
Ka-band (~ 35 GHz) zenith-pointing radars (KAZRs). Such radars are deployed at a number of
permanent and mobile ARM facilities. In the general operation mode, ARM KAZRs have a gate
spacing of 30 m, ~2 sec dwell time and a 1 km range sensitivity of about -35 dBZ. The lowest
KAZR range gate, where measurements can be used for estimating reflectivity, is typically at an
altitude of approximately 160 m above the ground. Applying the liquid cloud microphysical
process calibration approach (Maahn et al. 2019) to radar measurements indicated that Oliktok and
MOSAIC KAZRs were calibrated within few decibels for the measurement periods considered in
this study (Matrosov et al. 2022a).

3. Results of deriving Vi — Ze relations
3.1. The Oliktok Point, AK, facility case studies
Frozen hydrometeor fall velocities are influenced by their shapes and types (Pruppacher
and Klett 1997). Estimates of mean particle shapes as defined by their aspect ratios (i.e., the ratios
particle minor-to-major dimensions) were available from polarimetric measurements by the
Scanning ARM Cloud Radar (SACR). The fully polarimetric second version of this radar (SACR2)
was deployed side-by-side with the KAZR at the Oliktok Point facility during some periods of the
deployment of the ARM mobile facility (AMF3) at this location (Matrosov et al. 2020).
Nowadays many models account for several species of frozen hydrometeors (e.g., single
crystals, aggregates, graupel). The cases considered in this study were aimed to cover instances
when different species were dominant during extended periods of observations and concurrent
radar data were available. The Oliktok Point 21 October 2016 event provided periods of confirmed

layers of single planar crystals aloft as well as periods when irregular aggregates with limited
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riming were a dominant species (Matrosov et al. 2017; 2020). The 11 November 2016 event was
characterized by the extended period of very high values of supercooled liquid water path (LWP
> 320 g /m™). Such large LWP values are considered to be an indicator of extreme riming and
presence of graupel and heavily rimed particles (von Lerber et al. 2017).

Figures 1a and 1c depict time-height cross sections of KAZR measurements of reflectivity
and mean vertical Doppler velocity (ARM user facility 2015) on 21 October 2016. The routine
ARM measurements during the first three hours of this observational event were supported by in
situ balloon-borne microphysical measurements aloft using National Center for Atmospheric
Research’s video ice particle sampler (VIPS) (Matrosov et al. 2017). The multi-angle snowflake
camera (MASC) (Garrett et al. 2012) in situ images of falling hydrometeors near the ground during

this event were among most frequent for the entire AMF3 deployment at Oliktok Point.
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Figure 1. Time-height cross sections of Oliktok KAZR (a) and (b) reflectivities, and (c) and (d) mean
vertical Doppler velocities for the events observed on (a), (c) 21-OCT-2016, and (b), (d) 11-NOV-2016.
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Figure 2 shows results of particle aspect ratio retrievals from the SACR2 measurements.
These retrievals were performed using range-height indicator (RHI) measurements of radar
reflectivity, differential reflectivity and copolar correlation coefficient (ARM user facility 2016).
These radar measurements were used to estimate circular depolarization ratio (CDR) which was
then related to hydrometeor aspect ratios. The advantage of CDR-based retrievals of particle
shapes is in smaller retrieval uncertainties caused by particle orientations. Details of the retrieval
algorithm are presented in (Matrosov et al. 2017).
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Figure 2. Time series of retrieved particle mean aspect ratios (a) for the 21 October 2016 and (b) for 11
November 2016 Oliktok Point events as retrieved from SACR2 measurements.

The retrievals were performed for eight different azimuthal directions at a radar beam
elevation of 40°. For planar crystals, this elevation choice is a reasonable compromise between a
need to retrieve aspect ratio vertical profiles and a diminishing sensitivity of radar-based particle
shape retrievals when elevation increases (Matrosov et al. 2001). The azimuthal averaging of the
results was performed at each height. The retrievals are available only during the 6-minute-long
SACR2 RHI scan sequences, which were repeated every 30 minutes. Uncertainties of the aspect
ratio retrievals were estimated as at least around 0.15 (Matrosov et al. 2017).

As seen from Fig. 2a, between about 2:00 and 6:00 UTC of the 21 October 2016 event,
mean aspect ratios of observed ice particles were quite low, especially near the height of around
1.35 km above ground level (AGL). Radiosonde soundings (ARM user facility 2013) indicated
that temperatures just above this height were around -15°C (Fig. 3a). This temperature regime
favors the growth of oblate/planar pristine ice crystals types (e.g., Pruppacher and Klett 1997),
such as dendrites, stellars and hexagonal plates, which have low aspect ratios. The dominance of
single dendritic and plate type ice crystals during this particular time period was also confirmed
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by in situ particle sampling (Matrosov et al. 2020), though some evidence of aggregation resulting
in an increase of particle aspect ratios is evident at lower altitudes (Fig. 2a). Planar pristine crystals,
however, are frequently not a dominant hydrometeor habit even at temperatures around -15°C as
was a case during other time periods of the 21 October 2016 event (Matrosov et al. 2017).

The time series of dry bias corrected LWP and integrated water vapor (IWV) amount as
retrieved from microwave radiometer data (ARM user facility 2014) for the event of 21 October
2016 are shown in Fig.4a. As can be seen from this figure, LWP during the 21 October 2016 event
was generally relatively low except for several LWP spikes mostly in the time window between
around 5:00 and 17:30 UTC. Since cloud supercooled liquid is the source of particle riming, only
relatively light riming was expected outside this time period. This was confirmed by in situ particle
sampling, which indicated no significant riming outside this time period but instances of particle
riming after LWP spikes within this time period (e.g., Matrosov et al. 2020). Supercooled water

temperatures generally varied between -5°C and -20°C (Matrosov and Turner 2018).
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Figure 3. Radiosonde profiles for (a) for the 21 OCT 2016 and (b) for 11 NOV 2016 Oliktok Point events.

As customary accepted (e.g., Orr and Kropfli 1999), the V: - Z. relations were approximated by
the power law:
Vi (ms?) = a Ze’ (mmPm™3) . (2)

Figures 5a and 5b show V; -Z. relations derived from KAZR measurements on 21 October 2016
for the time period when single dendritic and plate type crystals were the dominant particle habit
at a height of ~1.3 km (Fig. 5a), and during the time period of low LWP values between 17:30
and 22:00 UTC when relatively blocky aggregate particles with aspect ratios around 0.6 — 0.9 were
observed at all heights (Fig. 5b). Corresponding root mean standard deviations (RMSD) of
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observed velocities versus the best fit power law (2) are also shown. The relations were derived
using the least squares method and linear reflectivity units (mm®m). To mitigate possible ground
clutter effects, data with Ze < -20 dBZ and |Vp| < 0.05 m s were not considered. Figure 5a also
depicts examples of VIPS images (Matrosov et al. 2017) of typical particles observed aloft at
heights where retrievals indicated lowest aspect ratios (Fig. 5a) and ground-based MASC images
of spatial aggregate particles taken during the later time interval of low LWP values (Fig. 5b).
The mean particle aspect ratios and complexity parameters inferred from MASC images
(Maahn 2019) during periods in Figs 5a and 5b were about 0.53 and 0.63 (for aspect ratios), and
1.82 and 1.92 (for complexities), respectively. The complexity parameter is defined by the ratio of
the particle perimeter and the perimeter of the equivalent circle with accounting for the additional
information from mean interpixel brightness variability (Garret and Yuter 2014). These authors
indicate that the aggregated particles usually have complexity values greater than 1.75. Note that
MASC aspect ratio data are inferred from particle projections, so they are generally greater than

intrinsic aspect ratios.
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Figure 4. Time series of integrated water vapor (black), ceilometer cloud base (blue), and liquid water path
(red) for (a) the Oliktok Point 21 October 2016 and (b) Oliktok Point 11 November 2016 events.

As seen from Fig. 5, the dependence of fall velocities on radar reflectivity is not very
pronounced as the exponent b is relatively small. Especially small it is for dendritic and plate type
crystals (Fig. 5a). The terminal fall velocity magnitudes of such crystals are smaller than for more
rounded particles due a larger aerodynamic drag of more non-spherical particles, which tend to
fall with their major dimensions oriented near horizontally (Matrosov et al. 2005). As a result, the
exponent b in (2) for these pristine oblate crystals is noticeably smaller than that for particles with

larger aspect ratios.
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Figure 5. KAZR-based V:-Z. relations for the (a) and (b) the Oliktok Point 21-October 2016 event during
(a) the prevalence of dendritic and plate type crystals near the height of 1.3 km and (b) during a period of
mostly “blocky” particles with aspect ratios around 0.6 - 0.9 at all heights. Images of typical particles
observed by the (a) VIPS aloft and (b, ¢, d) MASC at the ground. Frames (c) and (d) show V:-Z. relations
for the Oliktok Point 11 November 2016 event during (c) low LWP values (<100 gm?) and (d) during a
period of high LWP values (> 320 gm?). RMSD and correlation coefficient values are also shown.

The data shown in Figs. 5a and 5b mostly correspond to unrimed and/or only lightly rimed
ice particles. Significant particle riming usually occurs when prolonged periods of high
supercooled LWP values are present. Figures 1b and 1d show KAZR reflectivities and mean
Doppler velocities for the Oliktok Point snowfall event observed on 11 November 2016 when
periods of high LWP values were observed. SACR2-based retrievals of particle shapes indicated
mean particle aspect ratios mostly in a range between approximately 0.5 and 0.9 (Fig.2b). In
contrast to the initial several hours of the 21 October 2016 event, during the 11 November 2016
snowfall there were no pronounced height intervals where dendritic and plate type crystals were
dominant even though according to radiosonde soundings favorable temperatures (i.e., -10°C < 't

< -20°C) were present between approximately 0.7 and 4.0 km AGL heights (Fig. 3b). As seen in
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Fig. 2b, the dominance of ice particle populations with larger aspect ratios was characteristic for
this snowfall (as well as the later hours of the 21 October 2016 event — Fig. 2a).

During the 11 November 2016 event, a rather prolonged time period of very high values
of supercooled LWP was observed between approximately 7:00 and 11:50 UTC (Fig. 4b).
Examples of ground-based MASC particle images (Maahn 2019) during this period are shown in
Fig. 5d. During this period, the mean particle aspect ratio and complexity values inferred from
MASC particle projections images were 0.65 and 1.33, respectively. Note that Garret and Yuter
(2014) previously indicated that complexity parameter values less than 1.35 consistently
correspond to graupel particles as riming tends to “round” and “smooth” hydrometeors.

As seen from Fig. 1d, this period of heavy riming due to the high supercooled liquid water
content is also manifested in an increase of mean Doppler velocities in the lower atmospheric layer
bellow approximately 1 km AGL. These velocities are often in excess of 1.5 ms™, which was
shown to be an indicator of substantial riming of falling ice particles/snowflakes (Mosimann 1995;
Vogel and Fabry 2018). It is interesting that the elevated Doppler velocities during the period of
high LWP (Fig. 1d), on average, correspond to lower radar reflectivites (Fig. 1b) at similar AGL
heights, which might indicate that these rimed particles are smaller in size and/or fewer in
concentrations compared to snowflakes present during time periods with lower LWP values.

Figures 5¢ and 5d show the 11 November 2016 V:— Z relations inferred from the KAZR
measurements for the time periods of low and high LWP values. The relations corresponding to
low supercooled liquid amounts for the 21 October 2016 (Fig. 5b) and 11 November 2016 (Fig.
5c¢) events do not differ significantly from each other, which reflects the fact that similar estimates
of particle terminal fall velocities are observed for the approximately same values of KAZR
reflectivities. The radar-derived aspect ratios for these low LWP periods vary between about 0.5
and 0.9 (Figs 2a and 2b). The MASC mean particle aspect ratio and complexity for the low LWP
11 November 2016 period shown in Fig.5¢c were ~0.65 and 1.98, respectively, which are similar
to those for the low LWP period of the 21 October 2016 event (Fig. 5b).

The upper height Vi— Ze relations in Fig. 5d are similar to those in Figs. 5a , 5b and 5c,
which suggest that at those altitudes particle riming is limited. The lowest altitude Vi— Ze relation
during the high LWP period on 11 November 2016 (Fig. 5d), however, stands out because it has a
significantly larger prefactor coefficient a value compared to other relations, which is due to much

higher fall velocities of heavily rimed particles.
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3.2. MOSAIC expedition case studies

An ARM mobile facility was deployed onboard the icebreaker Polarstern as part of a year-
long multidisciplinary drifting observatory for the study of Arctic climate (MOSAIC) (Shupe et
al. 2021). The vertically-pointing ARM remote sensing instrumentation deployed at MOSAIC
(e.g., the KAZR, ceilometer/radiometers) was similar to that at the Oliktok Point location.
Polarimetric measurements from the scanning MOSAIC cloud radar provided linear depolarization
ratio measurements only, so robust particle shape estimates aloft, similar to those obtained from
the SACR?2 fully-polarimetric ARM radar system, were not available. Nevertheless, it is instructive
to analyze representative Central Arctic observational cases with low and high LWP values and
compare them to the results from the Oliktok Point ARM facility for the cases with similar LWP
amounts.

An important complication for the radar-based Doppler velocity measurements of falling
frozen hydrometeors at MOSAIC was that the radar container on a drifting icebreaker was often
not horizontally leveled due to the ship movements. Because of these movements, the radar beam
was not exactly pointing vertically like in the case of the horizontally leveled ground-based radar
platforms. As a result, there are non-zero projections of horizontal winds onto directions of the
radar beam, which contaminate Doppler velocity measurements.

The horizontal winds can either increase or decrease intrinsic Doppler velocities depending
on the horizontal wind speeds and directions and also on the icebreaker pitch, roll and yaw angles.
The navigational information on these angles during the MOSAIC, however, was recorded, so the
influences of the icebreaker movements can be quantitatively estimated. Unlike for Doppler
measurements, the effects of the icebreaker movements were negligible on the reflectivity and
height measurements since the deviations of the radar beam off vertical during the MOSAIC often
did exceed a couple of degrees. The MOSAIC events, for comparisons with those from Oliktok
Point, need to be chosen from the periods when icebreaker movements on radar Doppler
information is minimized.

Figure 6 shows time-height cross sections of KAZR reflectivities and Doppler velocities
for two contrasting MOSAIC snowfall events which had similar dynamic ranges of near ground
reflectivities but quite different magnitudes of supercooled LWP. The radar data are available from
the ARM user facility 2019a. The 16 November 2019 data (Figs. 6a and 6c) correspond to the
warm sector of an Arctic cyclone (Matrosov et al. 2022a) during incursions of relatively warm and
moist air. LWP values during this period were among the highest observed during the MOSAIC
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first drift (i.e., mid October 2019 — mid May 2020) when practically all precipitation fell as
snowfall. The lowest usable radar range gate of ~180 m AGL was high enough to mitigate effects
of blowing snow, which often contaminated surface-based snowfall measurements during
MOSAIC (Matrosov et al. 20223).
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Figure 6. Time-height cross sections of MOSAIC KAZR (a) and (b) reflectivities, and (c) and (d) mean
vertical Doppler velocities for the events observed on (a), (¢) 16 NOV-2019, and (b), (d) 17-JAN-2020.

Figure 7 depicts liquid cloud base heights, integrated water vapor amounts and dry bias
corrected LWP values retrieved from MWR measurements for the MOSAIC events shown in Fig.6
(ARM user facility 2019b). The time interval approximately between 15:30 and 21:00 UTC on 16
November 2019 when mean LWP values were higher than ~320 g m (i.e., similar to that for the
7:00 - 11:50 UTC period during the Oliktok Point 11 November 2016 event — Fig. 4b) is of
particular interest as some significant riming of falling hydrometeors is expected. The precipitating
mixed-phase cloud during this time interval was rather shallow and detached from a higher altitude

ice cloud (Figs. 6a and 6c¢).
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a) MOSAIC 16-NOV-2019 b) MOSAIC 17-JAN-2020
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Figure 7. Time series of integrated water vapor (black), ceilometer cloud base (blue), and liquid water path
(red) for (a) the MOSAIC 16 November 2019 and (b) 17 January 2020 events.

Figure 8 shows the MOSAIC icebreaker roll, pitch and yaw angles (ARM user facility
2019c¢) during the events shown in Fig. 6. The roll and pitch angles are positive for the starboard
down and bow up ship movements. The yaw angle is relative to the geodesic north direction. While
the yaw angle (unlike the pitch and roll angles) does not directly cause pointing of the radar beam
being off vertical, it is important because the wind components in the ship roll and pitch planes
depend on this angle. These horizontal wind components (i.e., Vr and V,, correspondingly) can be
approximately calculated as Visin(dir-yaw) and Vhcos(dir-yaw), where Vi and dir are the horizontal
wind speed and direction, respectively. The temperature and horizontal wind data from radiosonde
soundings (ARM user facility 2019d) for the events shown in Fig. 6 are depicted in Fig. 9.
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Figure 8. MOSAIC icebreaker movement angles during the MOSAIC (a) 16 November 2019 and (b) 17
January 2020 events.
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Figure 9. Radiosonde soundings for (a) 16 November 2019 and (b) for 17-January 2020.

For the yaw angles in Fig. 8a and wind directions in Fig. 9a, a positive roll angle would
increase the observed Doppler velocity value by about Vsin(roll) and a positive pitch angle would
decrease this value by about Vpsin(pitch). As seen from Fig. 9a, horizontal wind speeds were
relatively high (=25 m s1) for the entire vertical extent of the precipitating mixed-phase cloud with
high LWP on 16 November 2019. The mean values of both the roll and pith angles, however, were
positive and quite small (~0.2° and ~0.3°, respectively) between about 15:30 and 22:00 UTC.
These combinations of icebreaker movements and horizontal wind parameters would result in
approximate cancelations of horizontal wind contributions to Doppler velocity measurements (i.e.,
an approximate 0.07 m s* increase due to the ship roll and an approximate 0.06 m s decrease due
to the ship pitch). Outside this time period, the variability of the roll angle is considerable (Fig. 8a)
though the pitch angle varies little and remains small. Larger positive/negative roll angles would
cause a substantial general increase/decrease in observed Doppler velocities due to horizontal wind
contributions.

Generally negligible horizontal wind influences on Doppler velocity measurements during
the period of high LWP values observed on 16 November 2019 allow for the analysis of Vi—Ze
relations for this period. Figure 10a shows these relations for the height of ~0.2 km, which is
approximately near the liquid cloud base (Fig. 7a) where riming is should be maximal, and also

for the height of ~0.9 km, which is near the mixed-phase cloud top where little riming is expected.
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a) MOSAIC, 16-NOV-2019 (15:30-21:00 UTC)

b) MOSAIC, 17-JAN-2020 (06:00-24:00 UTC)
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As seen from Fig. 10a, rimed frozen hydrometeors near the ground fall considerably faster
than particles near the cloud top. Typical images of particles observed at the ground by the Video
In Situ Snowfall Sensor (VISSS) (Maahn et al. 2023) are also shown in Fig. 10. Although most of
the particles (Fig. 10a) are blocky with rounded edges as could be expected for graupel-like
hydrometeors, there are also some less rimed smaller particles. For particles at or near the
ceilometer cloud base, the fall velocities during significant riming conditions with high
supercooled LWP values are rather similar for the MOSAIC 16 November 2019 and the Oliktok
Point 11 November 2016 events (Fig. 10a vs Fig. 5d). Typical V: values for these conditions are in
the range between 1.1 and 1.8 m s for the reflectivity interval between 0 and 10 dBZ. For lower
reflectivities, the velocities for the MOSAIC case are somewhat smaller compared to the Oliktok
event which is likely due to contributions of smaller less rimed particles.

A MOSAIC snowfall event observed on 17 January 2020 (Figs. 6b, 6d) provided an
opportunity to analyze fall velocities of frozen hydrometeors under condition of no or very limited
riming. For this event, the columnar supercooled liquid amounts for the entire duration of the event
were negligible (Fig. 7b). The range of radar reflectivity values, however, was similar to that
observed during the 16 November 2019 MOSAIC event, though, at times, peak reflectivity values
were higher for the 17 January 2020 observations. Temperatures during the 17 January 2022 event
were generally colder than -20°C at all heights (Fig. 9b), so the dominance of planar crystals, which
usually grow in the -10°C — -20°C temperature range (e.g., Pruppacher and Klett 1997), was not
expected. More blocky particles with higher mean aspect ratios (~ 0.5 — 0.6) are typically observed
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at temperatures colder than -20°C (Matrosov et al. 2020). Such particles were predominantly
observed by the VISSS (Fig. 10b, insert) near the surface (Maahn et al. 2023).

The values of icebreaker pitch and roll angles (Fig. 8b) during the 17 January 2020
MOSAIC event were relatively small and did not exhibit significant variations (at least after 6:00
UTC). The horizontal wind speeds at heights between approximately 0.2 and 2.2 km were
generally around 10 m s (Fig. 9b). For these wind speeds and directions and also icebreaker
movement angles, the contributions of horizontal winds into measured Doppler velocities are
expected to be generally smaller than about 0.07 m s or so, which is on the order of the fall
velocity estimate uncertainties. These contributions were further neglected.

Figure 10b shows fall velocity — reflectivity relations for the negligible LWP period of 17
January 2020 MOSAIC event. As seen from this figure, there is not much variability in Vi— Ze
relations at different heights. The strongest reflectivities at the lowest height of 0.2 km, however,
are larger compared to those at higher altitudes. Particle size growth due to aggregation is one
factor which might be responsible for the reflectivity increase.

Overall the Vi— Ze relations for the low LWP conditions during MOSAIC (Fig. 10b) are
similar to those from Oliktok Point (e.g., Figs. 5b, 5¢) though the prefactor a values in these
relations are somewhat lower (by ~15%, on average) for the MOSAIC data. One exception is the
period when pristine planar crystals such as dendrites, stellars and hexagonal plates were the
dominant particle habit in the Oliktok Point observations. Standard deviations of individual Vi— Z
pair points relative to the best fit power law fit for MOSAIC observations are generally higher
compared to Oliktok Point events. This can be explained, in part, by noisier Doppler velocity
measurements from the icebreaker platform. Overall, RMSD values generally correspond to Vi

standard deviations found by Protat and Williams (2011) for stratiform ice clouds.

3.3. Comparisons with previous estimations of Vi— Z. relations

Derivations of frozen hydrometeor Vi—Ze relations based on vertically pointing Ka-band
radar measurements were previously conducted by Orr and Kropfli (1999) and more recently by
Ye and Lee (2021). These authors, however, used measurements of mid-latitude ice clouds not
resulting in snowfall near the ground. They did not specifically consider influences of hydrometeor
habits and riming conditions on these relations. Orr and Kropfli (1999) generally focused on high

ice clouds at lower temperatures (e.g., -30°C — -50°C), where particles are usually small. The
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ranges of the power-law prefactor a and the exponent b in (2) in their study were 0.2 — 0.52 and
0.05 — 0.44, respectively.

Ye and Lee (2021) considered several ice cloud types. The prefactor coefficient a values
according to their results varied generally between 0.4 and 0.9 for cirrus clouds and between 0.6
and 0.9 for anvils. Such values agree with prefactors found in this study for snow particles in low
rime conditions except for the case when pristine planar crystals were dominant. The coefficient
value for this case (a = 0.5) agrees better with results found previously for cirrus clouds. The
prefactors for stratiform clouds were generally around 1, with some exception of when a reached
a value of around 1.4. The exponent b values from (Ye and Lee 2021) varied in a range between
approximately 0 and 0.2, which agrees well with the results for snow particles in this study.

While vertically pointing Ks-band radars are nowadays widely used for cloud and winter
precipitation research, X-band (~10 GHz) radars also were utilized for measurements of vertical
Doppler velocity changes associated with snowflake riming (e.g., Mosimann 1995; Vogel and
Fabry 2018). Compared to mm-wavelengths, scattering at X-band is closer to the Rayleigh regime
(Matrosov et al. 2022b), so observed X-band vertical Doppler velocities and reflectivities are
larger. These X-band — Ka-band differences are important to consider when comparing vertical
Doppler velocities from radars operating at different frequencies. To illustrate this point, Fig. 11a
shows the ratio of expected Doppler velocities at X- and Ka-bands (i.e., Vin(X)/Vim(Ka)) when
modeled Vim values at a given frequency band were calculated as:

Dmax Dmax
Vim=a | N(D)s(D)D*dD / | N(D)s(D)dD , 3)
0 0

where the power-law approximation of the individual particle fall velocity — size relation (i.e., v
= aDP) is assumed.
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Figure 11. (a) Modeled fall velocity ratio Vim(X)/Vin(Ka) as a function of reflectivity and (b) the mean
correspondence between X and Ka-band reflectivities.
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The backscatter cross sections of individual particles o in (3) were calculated using the T-
matrix method (Mishchenko et al. 2000) utilizing a generic assumption about the oblate spheroid
snowflake aspect ratio of 0.6, which is often observed for irregular and aggregate frozen
hydrometeors near the ground (e.g., Matrosov et al. 2020), and the particle mass — size relation
m=0.0053 D?!, where m is individual particle mass in grams and D is its major dimension in
centimeters (von Lerber et al. 2017; Matrosov and Heymsfield 2017). The T-matrix method was
shown to adequately describe observed radar variables in snowfall including polarimetric ones
(Matrosov 2021).

An exponential particle size distribution (PSD) N(D)=Noexp(-3.67D/Dmy) was assumed.
In model calculations, the ice water content and the median volume particle size, Dmy,
approximately varied from 0.01 to 2.5 g m= and from 0.4 to 3 mm, correspondingly. The maximum
particle size, Dmax, in the integration using (3) was assumed to be 1 cm. Note that the denominator
of (3) represents a reflectivity value when multiplied by a factor of A*n°|(e+2)/(e-1)|?, where A and
¢ are the radar wavelength and the dielectric constant of water, respectively.

As seen from Fig. 11a, an increase in Doppler velocity values when observed at X-band
(as compared to Ka-band) frequencies can be as large as 20% for higher reflectivity snowfalls. This
(and also higher altitudes of radar measurements) can explain, in part, somewhat larger values of
Doppler velocities observed for events with substantial riming in some previous studies which
used X-band radar measurements (e.g., Mosimann 1995). Note that Mosimann (1995) in his study
did not consider a general increase of hydrometeor mean fall velocities with increasing reflectivity.
As seen from Fig. 11b, X-band reflectivities are also progressively higher than those at Ka-band
for larger Ze values which correspond to more intense snowfall consisting of larger falling
hydrometeors.

The range of V; values observed at lower altitudes during substantial riming cases in Figs.
5d and 10a (i.e., 1.2 — 1.8 m s for the reflectivity interval between 0 and 10 dBZ) approximately
corresponds to the range of 1.3 — 2.0 m s if velocities were observed at altitudes 1.1 — 1.6 km
MSL with an X-band radar (i.e., the setup of the Mosimann 1995 study) when the density
dependence of terminal velocities and the Ka-band — X-band radar frequency differences are
accounted for. According to Mosimann (1995), such Doppler velocities are typically observed for
particles with a degree of riming of about 4 (i.e., heavy rimed frozen hydrometeors) and

occasionally to particles with the highest degree of riming (i.e., 5).
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4. Correspondence between vi— D relations for individual particles and V:— Z. relations
Relations between individual particle fall velocities and their sizes (i.e., vi— D relations)
were derived in a number of different observational and theoretical studies for various particle
types (e.g., Locatelly and Hobbs 1974; Heymsfield and Kajikawa 1987; Mitchell 1996; Barthazy
and Schefold 2006; Brandes et al. 2008; Lee et al. 2015; Vazquez-Martin et al. 2021) (hereafter
L74, H87, M96, B06, B0O8, L15, VV21). Itis instructive to assess a consistency of the Vi— Z. relations
derived in this study for particle ensembles with those vi— D relations obtained for individual
particles. Theoretical estimates of the Vi— Z. relations obtained using (3) and corresponding to
different values of the prefactor a and the exponent f3 in the individual particle vi— D relations are
shown in Fig. 12. The o and B values for different ice particle types used for calculations of
relations in Fig. 12 are shown in Table 1. The particle types are also shown in the Fig. 12 legends.

Table 1. Values of the prefactor a and the exponent B in the individual particle vD relations used for
deriving particle ensemble ViZ. relations in Fig.12. Line 1: Figure number (curve number); Line 2:
reference, Line 3: o values, Line 4:  values (cgs units).

1: 12a(1) 12a(2) 12a(3) 12a(4) 12a(5) 12b(1) 12b(2) 12b(3) 12b(4) 12b(5) 12c(1) 12¢(2) 12¢(3) 12c(4) 12¢(5) 12d(1) 12d(2)
2: L74 V21 H87 L15 M96 H87  M96 L15 H87 H87 L74 L74 M96 B08 BO8 B06 V21

3: 352 1070 613 1090 728 297 185 137 55 58 116 177 200 119 93 204 103
4: 037 1.00 0.89 0.94 079  0.86 05 024 048 055 016 041 042 025 023 022 037

Modeling results of Vi— Ze relations for graupel-like particles, which correspond to strong
riming conditions (i.e., high supercooled LWP values), are presented in Fig. 12a. Calculations
were performed assuming bulk density of 0.5 g cm™ for these particles. This density is
approximately in the middle of the graupel density expected range (Pruppacher and Klett 1997).
Note that the constant density choice does not significantly affect the results because both the
numerator and the denominator in (3) vary similarly when the particle density assumption changes.
Comparing the observational Vi— Ze relations in Fig. 5d (line 1) and Fig. 10a (line 1), which
correspond to the highly rimed particles, to the modeling results indicates that (given the observed
RMSD values) measurements overall satisfactorily agree with some theoretical relations (shown
by lines 4 and 5 and, particular, by line 1 in Fig. 12a). Both observational data and these theoretical
relations suggest that near ground fall velocities of heavily rimed particles exceed a value of about

1 m st when reflectivities are greater than approximately 1 mm®m (i.e., 0 dBZ).
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Figure 12. Ks-band modeled particle ensemble fall velocity—reflectivity (Vi—Z.) relations for (a) graupel, (b)
planar crystals, and (c and d) aggregate particles. The best fit power-law V—Z. approximations are shown.

Figure 12b shows modeling results for pristine planar crystals. These results can be
compared to the measurement data in Fig. 5a (line 2), which correspond to the time period and
height (i.e., ~1.3 km) when such crystals were a dominant but not necessarily the only species
present in the radar resolution volume. Modeling was performed assuming that the bulk density
of planer crystals is given as p(g cm=)=0.588 D%3"/(mm) (Pruppacher and Klett, 1997). A 0.2
particle aspect ratio was assumed, which is close to the retrieved values (Fig. 2a). The exact choice
of the aspect ratio value does not significantly affect the results because (as for the case of the bulk
density influence) of the mutual compensations in the numerator and the denominator in (3). As
can be seen in Fig. 12b, the theoretical relations for planar crystals exhibit high variability
depending on the a and P values from different studies. The observed V- Ze relations (Fig. 5a, line
2) for the case, when unrimed single planar crystals were a dominant habit, are approximately in

the middle of the range of the theoretical data. Overall, reflectivity-weighted fall velocities of
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planar crystals are smaller than those of graupel-like particles by a factor of larger than about 2
(for the same values of reflectivity).

Model calculations of the Vi — Z. relations for aggregate hydrometeors for several
individual particle vi — D relations found in literature are shown in Fig. 12c. The modeled V: - Z.
relations generally agree with the observed ones (Figs. 5b, 5¢) from Oliktok Point when aggregates
were a dominant hydrometeor habit and LWP was generally small. They are also in a relatively
good agreement with the small LWP 17 January 2020 MOSAIC event when temperatures were
lower (Fig. 10b). Results of some studies (e.g., Brandies et al. 2008) suggested temperature
dependence of the vt — D relations (Fig. 12c, lines 4 and 5), which affect the Vi — Z. relations.
Observational data here, however, did not indicate clear temperature dependent tendencies in Vi—
Z. relations as temperature changed with height (h < 2 km). Model calculations for irregular
particles (Fig. 12d) indicate a large dynamic range of particle fall velocities.

Since both Vi and Z. values increase when the radar frequency decreases (Fig. 11), it can
be expected that the frequency change would not significantly affect the Vi — Z. relations. Model
calculations of these relations for the same hydrometeor types as in Fig. 12 were also performed
for the X-band frequency (not shown). Comparing the Ks-band and X-band results indicated that
the corresponding V: — Z. relations changed relatively little. Typical differences were generally
within the uncertainty of hydrometeor velocity measurements (~0.05-0.1 ms™). Mixing different
particle habits introduces additional uncertainties.

As seen from observations (Figs. 5 and 10) and model calculations (Fig. 12), the exponents
in the particle ensemble Vi — Ze relations are much smaller than those in the v — D relations for
individual particles (Table 1). It can be explained by the fact that V; is approximately proportional
to the p-th PSD moment (i.e., eq. (3)), while reflectivity is proportional to the c-th moment. The
value of c is 6 for the Rayleigh-size particles of the constant density and c is often as low as
approximately 4 for particles when the exponent in the power-law particle mass - size relations is
around 2. The exponent in the Vi —Ze relations is approximately equal to the ratio of /c, which is
typically rather small. Note that the non-Rayleigh scattering effects also affect values of c.

Figures 13a and 13b show the power-law coefficients a and b in observed and modeled V;
—Z. relations. Modeled values of a vary in a larger range compared to observational ones, though
the variability ranges of b are very similar. Note also that coefficients in vi — D relations as reported
by various literature sources and used here for modeling vary significantly even for the same
particle habit (Table 1 and Fig.13).
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Figure 13: Correspondences between V; = aZ.” relation coefficients for (a) observed and (b) modeled data
and correspondences between (c) modeled exponents f and b and (d) modeled prefactors o and a in the
vi=a. D? and Vi=aZ." relations for particle types in Table 1. Units of a and b are such that V; and Ze, are in
m st and mm®m’3, respectively.

Figures 13c and 13d depict modeled correspondences between a and B coefficients in the
individual particles vi— D relations and those (i.e., a and b) in the particle ensemble Vi —Z. relations.
It can be seen (Fig. 13c) that there is a significant correlation between values b and p. Note also
that the correspondence between the exponents b and B does not depend on the prefactor a. The
correspondence between a and a, however, depends on B. This correspondence is significantly less

pronounced.

5. Conclusions

Vertically-pointing Ks-band Doppler radar measurements conducted in snowfall observed
at the ARM mobile facilities at Oliktok Point, Alaska and in the central Arctic during the MOSAIC
expedition were used to derive relations between reflectivity-weighted fall velocities and
reflectivities (i.e., Vi = aZ<° relations) scaled to the near surface air density. Time averaging of
Doppler information was used to minimize influences of vertical air motions and turbulence on

particle fall velocities. For MOSAIC snowfall periods considered in this study, deviations of the
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radar beam from vertical pointing due to ship movements were minimal, so contributions of
horizontal wind to observed Doppler velocities were small compared to particle fall velocities.

Since reflectivities are relatively well correlated with characteristic sizes of hydrometeor
populations (Matrosov and Heymsfield 2017), the Vi — Ze relations are also indicative of the habit-
dependent correspondence between fall velocities and characteristic sizes of particle populations.
Note also that these relations show relatively little sensitivity to the radar absolute calibration
because Doppler velocity measurements are immune to the absolute calibration errors and the
exponent coefficients in these relations are small (i.e., ~ 0.03 — 0.14, in Figs., 5,10,12). Such small
values of the exponent coefficients result in the V; biases which are less than about 7% even if the
reflectivity bias is around 2 dB.

Measurements were conducted in different snowfall conditions varying from the periods
when single pristine planar crystals were a dominant hydrometeor habit to events with irregular
aggregates with only traces of supercooled water presence and to environmental conditions
favoring severe hydrometeor riming and forming graupel due to presence of large amounts of
supercooled liquid in the vertical atmospheric column (> ~ 320 g m). These varying hydrometeor
habits corresponded to differing Vi — Ze relations.

Graupel-like particles formed as a result of severe riming are characterized by larger
prefactor coefficients a in the Vi = aZ.” relations for particle populations scaled to near surface air
density (e.g., a > 1.1, when V¢ is in ms?, and Ze is in mm®m-3). The lowest values of a (~0.5) were
observed when single planar crystals (e.g., dendrites, stellars, hexagonal plates) were dominant
scatterers. Prefactor a values for irregular shape particle and aggregates typically varied between
those for graupel and single planar crystals. These values for low LWP conditions were, on
average, slightly smaller during MOSAIC observations compared to those at Oliktok Point, though
the differences in a values between these two locations were generally within the standard
deviation of the data scatter.

Values of the exponent b in the observed fall velocity — reflectivity relations generally
varied between 0.03 and 0.14. These exponents are much smaller than exponents B in the
individual particle fall-velocity size relations (i.e., v = aDP). There is a strong correlation between
b and B, and the b — B correspondence is not affected by the values of the prefactor coefficient.
Correlation between a and a is weaker than that between b and .

The observed V: — Ze relations were compared to the theoretical ones, which were modeled

using individual particle fall velocity - size relations (i.e., v = o D) found in literature for different
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hydrometeor habits. There is, however, a significant variability in a and B coefficients (even for
the same particle habits/species) when using the individual particle v: - D relations from different
previous studies. Overall, the prefactors a in the observed Vi — Z. relations varied in a somewhat
smaller range compared to the theoretical ones (i.e., ~ 0.5 — 1.5 vs ~ 0.2 — 1.5, when V¢ is in ms™
and Ze in mm®m=) especially for planar crystals. Variability ranges of b were approximately similar
(i.e., ~ 0.03 — 0.14). Intercomparisons of observations and model calculations can be used as a
consistency check tool for assessing individual particle fall speed — size relations used in different

model studies.

Code and data availability. The Oliktok KAZR, MWR, radiosonde, and SACR2 data used in this study are
available from the ARM archive at http://dx.doi.org/10.5439/1025214, http://dx.doi.org/10.5439/1566156,
http://dx.doi.org/10.5439/1595321, and http://dx.doi.org/10.5439/1046197, respectively. The MOSAIC KAZR,
MWR, navigation, and radiosonde data are available from the ARM archive at http://dx.doi.org/10.5439/1498936,
http://dx.doi.org/10.5439/1027369, http://dx.doi.org/10.5439/1150247, and http://dx.doi.org/10.5439/1595321. T-

matrix codes are freely available at https://www.giss.nasa.gov/staff/mmishchenko/t_matrix.html .
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