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This work presents observations of water phase dynamics that demonstrate the theoretical
Wegener-Bergeron-Findeisen concepts in mixed-phase winter storms. The work analyzes
vertical profiles of air vapor pressure, and equilibrium vapor pressure over liquid water and ice.
Based only on the magnitude ranking of these vapor pressures, we identified conditions where
liquid droplets and ice particles grow or deplete simultaneously, as well as the conditions where
droplets evaporate and ice particles grow by vapor diffusion. The method is applied to ground-

Keywords: based remote-sensing observations during two snowstorms, using two distinct microwave
Clgud . profiling radiometers operating in different climatic regions (North American Central High Plains
Microwave radiometer

Mixed phase and Great Lakes).

Superccr))ole d droplet The results are compared with independent microwave radiometer retrievals of vertically
Snowstorm integrated liquid water, cloud-base estimates from a co-located ceilometer, reflectivity factor

and Doppler velocity observations by nearby vertically pointing radars, and radiometer
estimates of liquid water layers aloft. This work thus makes a positive contribution toward
monitoring and nowcasting the evolution of supercooled droplets in winter clouds.
© 2014 Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction often associated with adverse weather. Icing conditions and

reduced visibility on airport runways, roads, or aircraft
represent a hazard for ground and air transportation. Adverse
icing and visibility conditions also compromise competition
fairness during high-profile sport events such as the winter
Olympics. Glaciated, liquid, and vapor water phases often
coexist in each North American winter storm. Aircraft mea-
surement analysis of winter clouds, using 3 km (30 s)
samples at temperatures from 0 °C to —25 °C, found that
ice and liquid cloud particles co-exist approximately 40% of
the time (Cober et al., 2001, p.1992).

Dynamic exchanges among solid, liquid, and vapor phases of
water describe the evolution of cloud and precipitation particles
in the atmosphere. Observing these water exchanges among

Mixed-phase clouds have a significant climate role, partic-
ularly on the surface energy budget through modulation of
radiative fluxes in cold regions (e.g., Morrison et al., 2012).
Radiative properties of mixed-phase clouds are determined by
the distinctive microphysical properties and processes of solid
and liquid cloud particles, which remain poorly understood
and inaccurately represented in current numerical models
(e.g., Xie et al., 2008; Tjernstrom et al., 2008).

Nowcasting of mixed-phase clouds is also important for
weather modification (Xue et al., 2013a,b) and because it is
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natural snow and cloud droplets is challenging because it
requires simultaneous monitoring of distinct variables, sampled
at cloud scales and at several minute intervals (at least).
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Laboratory observations, usually involving complex experi-
ments in controlled environments, are a way to build conceptual
hypotheses about water phase exchanges in clouds. In natural
clouds, however, observations by radiosondes, instrumented
aircraft, or radar are insufficient to provide robust validation to
these conceptual hypotheses. Radiosonde and aircraft instru-
ments provide only point measurements for a limited number
of vertical profiles, and radar observations are not sensitive to
water vapor.

Microwave profiling radiometers, on the other hand, are
proven tools for monitoring vertical profiles of temperature and
water vapor density, as well as vertically integrated amounts of
vapor and cloud droplets (water vapor and liquid water paths)
at the minute and hundreds-of-meters scales (e.g., Hogg et al,,
1983; Candlish et al.,, 2012; Sanchez et al., 2013).

Debate exists on the extent that microwave profiling
radiometer can monitor vertical profiles of Liquid Water
Content (LWC), which is another fundamental variable for
understanding mixed-phase clouds. Theoretical arguments
(Ebell et al., 2010; Crewell et al., 2009) are quick to indicate
radiometry retrieval limitations due to vertical resolution (due
to the vertical/range weighting functions) and sensitivity (due
to insufficient independent information sources, or degrees of
freedom). However, our radiometer retrievals make use of
additional information, including cloud base height (temper-
ature profile combined with cloud base height), and liquid
profile shape (historical radiosonde temperature and dewpoint
depression). The neural network algorithm automatically
distributes integrated liquid at heights above cloud base with
temperature >20 °C, in dynamic profile shapes physically
linked to historical radiosondes including cloud liquid esti-
mates (Decker et al., 1978; Solheim et al., 1998a, 1998b).

Therefore, it is observed in practice that some useful skill
exist in various machine learning estimates of LWC based on
observations by microwave profiling radiometer [e.g., Cimini
etal.,, 2011; Knupp et al., 2009; Ware et al., 2003, 2013; Solheim
et al.,, 1998a), even though the accuracy of the resulting liquid
profiles is not yet rigorously determined (e.g. Solheim et al,
19983, 1998b; Ware et al.,, 2003, 2013; Crewell et al., 2009;
Knupp et al., 2009; Cimini et al., 2010; Serke et al., 2014).

Aside from the radiometry LWC debate, it also possible for
profiling radiometer techniques to contribute significantly
to the study of mixed-phase clouds, by focusing on the
identification of regions favorable for developing supercooled
droplets (instead of focusing only on the estimation of
LWC profiles). Consequently, the following sections present
a conceptual model for monitoring water-phase dynamics in
clouds. The analysis method can use time series for co-
located profiles of temperature and water vapor from any
data source. The conceptual model is applied here, for the
first time, to observations from microwave profiling radiom-
eter in natural mixed-phase clouds. The article provides
analyses and interpretation of observations during snow-
storms taken by two similar radiometers placed at different
climate locations. To corroborate our analyses, we compare
the results of our conceptual model with an educated guess
on the presence or absence of liquid water aloft, which is
independently determined from the radiometer observa-
tions. We use independent cloud liquid retrievals from the
microwave profiling radiometers, cloud-base estimates from
a co-located ceilometer, and reflectivity factor and Doppler

velocity observations by vertically pointing radars located
near the radiometers.

2. Methods
2.1. Conceptual model

Consider a cloud consisting of water vapor, liquid
droplets, and ice particles. The rate of condensational growth
(or evaporation) of the droplets and ice particles in this
mixed-phase cloud is proportional to the difference between
in-cloud vapor pressure (e) and equilibrium vapor pressure
over liquid water (es) and ice (e;), respectively. Since at
subfreezing temperatures e; > e;, there are three possible
inequalities among e, e, and e; (Korolev, 2007), thereby
resulting in three mutually exclusive scenarios for the evolu-
tion of mixed-phase clouds:

Scenario 1: Droplet-ice growth, e > es > e;. In this case,
droplets and ice particles grow simultaneously by vapor
diffusion. The liquid droplets and ice particles both
compete for water vapor. This condition may occur in
ascending mixed-phase clouds. It may also occur in zones
of isobaric mixing.

Scenario 2: Evaporation deposition, es > e > e;. In this case,
droplets evaporate, whereas ice particles grow by vapor
diffusion (deposition). This is the most widely known of
the three scenarios and is often called the Wegener-
Bergeron-Findeisen process (Wegener, 1911; Bergeron,
1935; Findeisen, 1938). In mixed-phase clouds, this may
occur in both updrafts and downdrafts.

Scenario 3: Droplet-ice depletion, es > e; > e. In this case,
droplets and ice particles deplete simultaneously. Droplet
evaporation and ice-particle sublimation may occur as a
result of entrainment and mixing with environmental dry
air near the cloud boundaries.

In practice, each of the e, e;, and e; estimates has an
associated uncertainty, which can be difficult to assess.
Fortunately, determination of a valid scenario can be accom-
plished simply by considering the statistical significance of the
difference between a vapor pressure and a saturation vapor
pressure. Recall that the difference between two datasets is
statistically significant if it cannot be explained by chance only.

For example, the droplet-ice growth scenario can be simply
identified where e is significantly larger than es (because e; > e;
always). The aim is then to reject the statistical null hypothesis,
that e = e;, in cases where the vapor pressure estimates
indicate that e > e,. Let us say it in other words.

Scenario1 : e—e,>0, with one-tail significance = 0.01. (1)

Note that now the uncertainty of e, es, and e; are irrelevant,
since what we want to obtain is the uncertainty of (e — e;). In
this case, a significance level of 0.01 will indicate that a positive
value of e — es has only a 1% probability of occurring by chance
alone. Computation of a significance level requires knowing
the probability distribution of e — e;. We will assume here
that this distribution is given by the Student's T probability
distribution (a symmetric bell-shaped distribution, like the
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normal distribution with heavier tails) for cases where e and e;
are paired (correlated) samples. (Section 3 will show that e
and e are correlated.) In other words, we will apply here a
Student's T test that two datasets have significantly different
and positive means (Press et al., 2002, section 14.2, p. 618),
for paired samples at 0.01 significance level (one-tailed
directional test, Fig. 1). During implementation of this T-test
for paired samples, at each particular time and height, we input
10 + 1 consecutive observations of the pair (e, es). These
observations are centered at the particular height and include
periods at the particular time +5 time steps (i.e., in this case
each period corresponds to a time-moving window of
approximately 25 min for the MP-3000A and 5 min for the
TP/WVP-3000).

The droplet-ice growth scenario is perhaps the most
important for weather and climate applications because it
is the scenario conducive to supercooled cloud droplets.
Therefore, this is the scenario we want to identify first in a
cloud. However, the presence of the other two scenarios can
be monitored in a similar manner. For example, scenario 3 of
droplet-ice depletion can be simply identified where e; is
significantly larger than e (because e > e; always). The aim
here will then be to reject the statistical null hypothesis, that
e; = e, in cases where the vapor pressure estimates indicate
that e; > e. Let us say it in other words.

Scenario3 : e;—e>0, with one-tail significance = 0.01.  (2)

Similarly, we can say the following.

Scenario2 : (e,—e>0)and(e—e;>0), (3)
both with one-tail significance = 0.01.

The implementation of our conceptual model simply
requires as input the time series for co-located profiles of
temperature and vapor density. The air vapor pressure
(e, in hPa) is obtained here from (e.g., Rogers and Yau,
1991, p. 12)

e=p,R,T x107°, (4)

where p, is the air vapor density (in g m~3), T is the
temperature (in Kelvins), and R, = 461.5 m? s~2 K~ ' is the
gas constant for water vapor. For obtaining the saturation
vapor pressure over ice (e, in hPa) and the saturation
vapor pressure over liquid water (e, in hPa), the following

B Significance
dy B '?(X) level for
Stu enF s T .
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Fig. 1. One-tailed directional test that two datasets, e and e, have sig-
nificantly different and positive means. This uses a hypothetical Student's T
probability distribution for paired samples and t = 0.01 significance level.

equations are used (Murphy and Koop, 2005, Egs. (7) and
(10), respectively):

e =107 x exp|ag+ L +a, In(T) + asT], 5)
2 al
e, =107 x exp{ao T ta In(T) 4+ a3T + (tanh[a4(T+a5)])
a7
x[a5+T+a8 In(T) +a9T]}, (6)

where q; (with i varying from 0 to 9) corresponds to the
empirical coefficients in Table 1. Note that Eq. (5) is valid for
273.15K>T> 110K (or 0 °C > T> —163.15 °C), and Eq. (6)
is valid for T between 123 and 332 K (or —150.15 and
58.85 °C).

In summary, this conceptual model is based only on the
magnitude ranking of in-cloud vapor pressures and equilib-
rium vapor pressures over liquid water and over ice. This
should be enough to identify the conditions where liquid
droplets and ice particles grow or deplete simultaneously,
as well as the conditions where droplets evaporate and ice
particles grow by deposition from vapor diffusion.

2.2. Experimental setup

Two snowstorm examples are presented, the first corre-
sponds to a winter lake-effect event that occurred on 23
February 2006 at the Environment Canada Centre for
Atmospheric Research Experiments (CARE, located about
80 km N of Toronto, in Ontario, Canada). For this event,
precipitation was observed at ground level in the form of
melting snow, starting around 16 UTC and finishing by 2230
UTC. For these analyses, measurements from a 12-channel
microwave profiling radiometer (Radiometrics model TP/
WVP-3000) were used. It was located at 44.23°N, 79.78°W,
and 249 m above sea level. In addition, a ceilometer and an
X-band vertically pointing radar provided co-located com-
plementary observations of this snowstorm.

The second example is a winter upslope snowstorm that
occurred on 14 February 2008 at Boulder (Colorado, USA).
For this event, precipitation was observed at the ground in
the form of powder (low-density, fluffy, and dry particles)
snow, for a period roughly between 09 and 18 UTC. For
these analyses, 22-channel measurements from a microwave
profiling radiometer (Radiometrics model MP-3000A) were

Table 1

Empirical coefficients for computing saturation vapor pressure over ice (e;)
and over liquid water (e;). Values are from Murphy and Koop (2005, Egs. (7)
and (10)).

Coefficient For e; use in Eq. (5) For e use in Eq. (6)
ao 9.550426 54.842763
a; —5723.265 —6763.22

ay 3.53068 —4.210

az —0.00728332 0.000367
ay 0.0415
as —218.8

as 53.878

az —1331.22

ag —9.44523
ag 0.014025
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used. It was located at 40.01°N, 105.15°W, and 1616 m above
sea level. In addition, a UHF-band vertically pointing radar
provided co-located complementary observations of this
snowstorm.

2.3. Radiometer sensors

The radiometer's accuracy and high temporal resolution
(1 min), coupled with its water vapor and liquid water profiling
capabilities, make this instrument a convenient platform to
study water phase changes inherent in snowstorms.

The radiometer observes atmospheric microwave (K band
at 22-30 GHz and V band at 51-59 GHz) and infrared (9.6-
11.5 pm) emissions along with surface temperature, humidity,
and pressure. Table 2 lists the particular channels where
microwave emissions are taken. Every minute, the radiometer
software converts these observations into vertically-integrated
water vapor and liquid water amounts (i.e., water vapor paths
and liquid water paths aloft), as well as vertical profiles of air
temperature, relative humidity, water vapor content (density),
and liquid water content (density). Each profile is retrieved
independently by using a neural network algorithm (Solheim
et al.,, 1998a, 1998b) trained by forward modeling many years
of historical operational radiosonde data with a radiative
transfer model (Rosenkranz, 1998). The proprietary software
in the radiometer control computer generates these retrievals.
The vertical spacing in each retrieved profile is 100 m for 0-
2 km height for the TP/WVP-3000, 50 m for 0-0.5 km height
and 100 m for 0.5-2 km for the MP-3000A, and 250 m from 2
to 10 km height for both instruments. The retrieval vertical
spacing is actually finer than the radiometer vertical resolution.
Temperature profiles have a vertical resolution of 100 m in the
first 500 m, degrading rapidly to 500 m and to 1 km in the first
kilometer. Humidity profiles have a much coarser vertical
resolution of about 500 m decreasing to 1 km in the first
kilometer and decreasing further at increasing heights (e.g.,
Westwater et al., 2000; Cadeddu et al.,, 2002, 2009, 2013;
Liljegren et al., 2005; Hewison, 2007).

The retrieval output is not only statistical; it also
integrates physical information. For example, the cloud-base
height, estimated by combining the zenith infrared measure-
ment of cloud-base brightness temperature and the retrieved
air-temperature profile, places a strong, independent con-
straint on the humidity profile (at cloud base, it must be
saturated with respect to liquid). The sensitivity of profiling

Table 2

Frequency channels where our profiling radiometers measure microwave
brightness temperature. The ones in bold are used for meteorological profile
retrievals.

MP-3000A radiometer TP/WVP-3000

radiometer

K-band channels 22.0,22.234, 22.5, 23.0, 23.034, 22.235, 23.035, 23.835,
(GHz) 23.5,23.834, 240, 24.5,25.0,  26.235, 30.0
25.5,26.0, 26.234, 26.5, 27.0,
27.5,28.0, 28.5, 29.0, 29.5, 30.0
V-band channels 51.248, 51.76, 52.28, 52.804, 51.25, 52.28, 53.85,

(GHz) 53.336, 53.848, 54.4, 54.94,  54.94, 56.66, 57.29,
55.5, 56.02, 56.66, 57.288, 58.8
57.964, 58.8

radiometer retrievals in low vapor and liquid water condi-
tions is discussed by Cimini et al. (2007, 2010).

Estimation and improvement of the accuracy in radiom-
eter retrievals have a long history. We present a summary in
the Appendix A citing only a few representative works.

Our radiometer detectability threshold for liquid water
content estimates is an educated guess of the presence
or absence of liquid water aloft. The threshold is obtained
from the cumulative probability distribution of liquid water
contents. Fig. 2 depicts a hypothetical cumulative probability
distribution of liquid water contents, obtained from radiom-
eter observations (as explained in the previous paragraph).
Let us then propose that two regimes exist in the cumu-
lative distribution, which are differentiated by a major slope
change in the distribution curve. From the minimum liquid
water content to the main inflection point (in the x axis), the
estimated liquid amounts are all associated to random errors
of the neural network algorithm. Between the main inflection
point and the maximum liquid water contents (in the x axis),
the estimated liquid amounts are associated with real liquid
water particles detected by the radiometer. Therefore, for a
positive comparison with our conceptual model, we will look
for agreement between the droplet-ice growth scenario
and (time-height) regions where the liquid water content is
above the radiometer detectability threshold.

2.4. Other sensors

Vertically pointing Doppler radars, co-located with the
radiometers, provided complementary observations for this
study, which allowed qualitative validation of the radiometer
retrievals. The McGill Vertically Pointing Doppler Radar
(VPDR) was used for the winter lake-effect event (on 23
February 2006). This is an X-band (9.35 GHz) radar, operated
by McGill University; it is described by Zawadzki et al.
(2001). By comparison with co-located ground sensors, we
estimate that this radar was able to detect snow at lower
heights only for intensities greater than about 0.02 mm h™!
(melted-equivalent snowfall rate).

The NCAR-ISS wind profiler was used for the winter
upslope event (on 14 February 2008). This is a vertically
pointing Doppler radar, operated by NCAR Foothills Labora-
tory, and is located 1 km north of the radiometer site. This
UHF-band (915 MHz) radar wind profiler is described by
Parsons et al. (1994, and references therein). This radar was

A
1 etectability threshold
Cumulative
Probability
Distribution J’
0 >
0.01 0.10 1.00

LWC (g/m~"3)

Fig. 2. Hypothetical cumulative probability distribution for radiometer
estimates of liquid water content at various times and heights above the
radiometer.
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calibrated to provide radar reflectivity factors with accuracies
in the order of 5 dB (Brown, 2008, personal communication).
Further details on these radars are given in Table 3. In
addition, during the lake-effect snowstorm in Canada, a
Vaisala CT25K ceilometer was co-located with the radiome-
ter. Its cloud-base estimates provide independent validation
for the liquid water content retrievals from the radiometer.

3. Results
3.1. Lake-effect snowstorm

Lake-effect snowstorms are winter weather patterns com-
mon along the lee shores of the North American Great Lakes.
During this type of snowstorm, cold-air masses transport flow
over the warmer surface of a North American Great Lake,
resulting in cloud formation and large snowfall amounts to the
lee side of the lakes. Extensive literature is available on the
climatological and synoptic contexts where these storms
evolve (e.g., Liu and Moore, 2004, and references therein).
Potential-temperature analyses from aircraft observations
indicate that lake-effect snowstorms are characterized by a
well-mixed boundary layer, above which the atmosphere is
stably stratified (e.g., Agee and Gilbert, 1989).

Concentrating here on the cloud-scale context, Fig. 3
presents radiometer observations of a winter lake-effect
snowstorm on 23 Feb 2006 at the CARE site (Ontario,
Canada). The first two panels (a and b) correspond to
retrieved time-height cross sections of air temperature (in
Celsius) and vapor density (in g m~3), all according to the
linear color scales on the corresponding right. The y axes give
the height in km above the ground. The time series in panel ¢
presents retrievals of vertically-integrated water vapor
(WVpath, black line, as in the left y axis) and liquid water
(LWpath, red line, as in the right y axis) in the column of
atmosphere above the radiometer, both expressed in kg m 2.
The x axes correspond to the UTC time. Considering that
there were clear-sky conditions from 00 to 07 UTC (see
ceilometer observations in Fig. 4a, red crosses), we recognize
that a bias in the order of 50-100 g m ™2 exists in these liquid
water paths (bottom panel) during this day. The temperature
plot (top panel) shows a horizontally stratified field for
heights above 1 km. A temperature inversion below 1 km
height is also observed during the period before 1409 UTC.
Note also that the zero Celsius isoline is above the ground
level between 16 and 22 UTC. Considering that snow melts at
heights just below the 0 °C isotherm level (i.e., when the air
is at zero Celsius in wet-bulb temperature), melting snow is
likely to be found at ground level. In the middle panel,
observe the period of increase in vapor density between 13

Table 3
Parameters of vertically pointing radars.

X-band McGill VPDR  UHF-band NCAR ISS

Wavelength (frequency) 3.2 cm (9.35 GHz) 32.8 cm (915 MHz)

Pulse length 150 m 100 m and 400 m
Beam width (one way) 2° 9°
Peak transmitted power 25 kW 500 W

Pulse-repetition period 769 s
Minimum detectable ~0.01 mm/h
precipitation

50 ps and 100 ps
~1 mm/h

and 19 UTC and the period of decrease in vapor density
between 19 and 23 UTC. These patterns are also present in the
water vapor paths of the bottom panel. The last period of water
vapor depletion is matched by the presence of liquid water (see
the sudden increases in LWpath in the bottom panel). The
following question arises: Is this cloud liquid water (detected
between 19 and 23 UTC, 23 Feb 2006) responsible for the
observed depletion in water vapor density?

Probably not entirely, exclusively, because significant
precipitation particles entered the sampling volume during
this period (see later the evidence of this from the X-band
radar observations in Fig. 6). This precipitation (in the order
of 20 dBZ) can cause most of the water vapor depletion, as
observed by the radiometer. However, we believe that the
cloud liquid water also plays a role, and we need to examine
this event more in detail.

To address this question further, Fig. 4 gives various
independent and complementary analyses. The Fig. 4b pro-
vides a vapor-pressure classification for the entire event. In
this panel, the green regions correspond to the droplet-ice
growth scenario, the yellow indicate regions where the
evaporation deposition scenario occurs [for our purposes, it
only serves as an envelope around the droplet-ice growth
region, i.e. around the green regions that can serve as basis
for supercooled water forecasts; see also Eq. (1)], and the red
corresponds to the droplet-ice depletion scenario. The white
regions (labeled as “other”) correspond to conditions where
T>0°C e; =e;, e, =e, or e; = e. Note the black contour
inside the green region, which corresponds to the 1% sig-
nificance level for es - e > 0 (i.e., Eq. (2)). In other words, this
contour gives the 99% confidence level for a region allowing
growth of droplet and ice particles. Similarly, the 99%
confidence level for the droplet-ice depletion (red region)
scenario is also included. Confidence level for the evaporation-
deposition scenario (yellow region) is omitted for the sake of
clarity. Recall that these significance levels are based on the
Student's T test for significantly different means of paired
samples, as explained in Section 2.1. We use the test of paired
samples because the vapor pressures (e, es, and e;) are
correlated. Even though this correlation is expected, since the
vapor pressures depend strongly on the same radiometer
temperature retrievals (Egs. (4), (5), and (6)), we verify it by
computing the corresponding linear Pearson correlation coef-
ficients (Neter et al., 1988) in Table 4.

The Fig. 4a corresponds to our estimate on the presence or
absence of liquid water aloft. It is based on a radiometer
detectability threshold of 0.060 ¢ m™>, determined from
Fig. 5a. This threshold is the minimum discernible amount
of liquid water content from our radiometer observations; it
is obtained from the inflection point (slope change) in the
corresponding cumulative probability distribution (as ex-
plained in last paragraph of Section 2.3). [The threshold
estimation is independent of the method used to obtain the
cumulative probability distribution. Fig. 5, for example, uses
two different methods. The first method is plotted in black,
and its x axis uses extremely small bin sizes (0.0001 g m~3).
The second method is plotted in red, and it optimizes the
distribution bin sizes using a kernel density estimator by
Botev et al. (2010).]

In Fig. 4a, note the indication of cloud droplets at heights
roughly below 3.5 km (discernible liquid water contents). This
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Fig. 3. Microwave profiling-radiometer retrievals of a winter lake-effect snowstorm (North American Great Lakes), on 23 Feb 2006 at 80 km north of Toronto,

Ontario (Canada).

liquid water is supercooled, because it is present in regions of
the atmosphere where the temperature is below freezing (see
Fig. 3a). During this event, melting snow was observed at
ground between 1930 and 22 UTC. Solid and liquid water
phases were present between 19 and 22 UTC. If droplet-ice
growth conditions existed, then the source of the growth must
be the available water vapor. In Fig. 4b, the droplet-ice growth
scenario is observed at 17-22 UTC, for heights above 1 km
and below 3.5 km, roughly. In agreement, the liquid water is
discernible within similar period and heights (Fig. 4a). Note,
however, that the droplet-ice growth scenario (green region
in Fig. 4b) corresponds to conditions favorable to develop
supercooled liquid water, whereas the discernible liquid water
estimates (green region in Fig. 4a) corresponds to conditions
with developed supercooled liquid water.

The cross and x symbols plotted in Fig. 4a correspond to
cloud-base estimates from the co-located ceilometer. The black

x symbols are estimates for the lowest cloud bases; but for this
event, the ceilometer algorithms are wrongly interpreting
blowing snow signals as clouds. The red crosses, however,
correspond to ceilometer estimates of the second lowest cloud
bases, and we will focus on these. For the period between 16
and 24 UTC, these cloud-base estimates are in general
agreement with the ice-droplet growth scenario and the
discernible liquid water regions in the figure. The agreement
exception is in the elevated cloud base above 3.5 km heights
around 7-12 UTC. This is an expected disagreement for
ice-only clouds, and we will show that this is the case here,
by analyzing co-located radar observations.

A more detailed analysis is possible by identifying the
vertical distribution of precipitation particles. Fig. 6 presents
observations by the X-band vertically pointing radar during
the same snowstorm. The Fig. 6a corresponds to time-height
cross sections of radar reflectivity factor (in dBZ, according to
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Fig. 4. Liquid-water detection (a) and vapor-pressure class (b) estimated by the microwave profiling radiometer for the winter lake-effect snowstorm on 23 Feb
2006 at Ontario. The y axes give heights in km above the ground level, and the x axes give the UTC time. The corresponding color scales are given at the right of

each panel.

the color scale in the left center), and the Fig. 6b corresponds
to time-height cross sections of vertical Doppler velocity (in
m s~ !, negative downwards, according to the color scale in
the right center). In both cases, the y axis corresponds to
height in km above the ground level and the x axis to UTC

Table 4

Linear Pearson correlation coefficients for corresponding radiometer esti-
mates of vapor pressure (e), saturation vapor pressure over liquid water (ey),
and saturation vapor pressure over ice (e;).

Period e and e; e and e;
correlations  correlations

0000-1244 UTC, 2006 Feb 23 Lake-effect ~ 0.92 0.92
snowstorm before transition

1245-2400 UTC, 2006 Feb 23 Lake-effect  0.96 0.95
snowstorm after transition

0200-0414 UTC, 2008 Feb 14 Upslope 0.89 0.94
snowstorm before transition

0415-1000 UTC, 2008 Feb 14 Upslope 0.91 0.92

snowstorm after transition

time. Precipitation features are evident here for the snow-
storm discussed in the previous paragraphs.

For the precipitation patch between 19 and 24 UTC, at
heights below 6.5 km, Fig. 6a indicates significant reflectivity
increase (more and or larger precipitation particles) around
3 km height, which coincides with the Droplet-ice growth
scenario determined in Fig. 4b. Also for this period, some
Doppler fall velocities are larger than 2 m s~! (blue pixels
in Fig. 6b), which are too fast for dry snowflakes targets.
However, these Doppler velocities can be explained as
rimed-snow radar targets (denser particles that fall a bit
faster than 2 m s~ !). Therefore, this is indirect evidence of
supercooled liquid water (the droplets riming the snow), in
rough agreement with the radiometer liquid water estimates
and scenarios of Fig. 4. Note that good agreement has already
been reported between cloud liquid profiles measured by
balloon-borne supercooled liquid sensors and an MP-3000A
radiometer (Serke et al., 2014).

In addition, the period around 19-20 UTC is characterized
by WV depletion (Fig. 3b and c). This depletion can be due to
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Fig. 5. Detectability thresholds for liquid water above microwave profiling
radiometers. The threshold is the minimum discernible amount of liquid
water content (Figs. 4a and 8a). The panel a (0.060 g m—> threshold
using the TP/WVP-3000 12-channel radiometer) corresponds to the winter
lake-effect snowstorm at Ontario (Canada) on 23 Feb 2006. The panel b
(0.018 g m—3 threshold using the MP-3000A 22-channel radiometer)
corresponds to the winter upslope snowstorm at Colorado (USA) on 14
Feb 2008. The plots indicate (in blue) the number of liquid water content
(LWC) points used for each threshold estimate.

the entering of a cold and dry air mass, as well as by an
increase in ice crystals (the Wegener-Bergeron-Findeisen
processes) coming from outside the sampling volume. The
low reflectivity echoes registered by radar that do not match
with discernible LWC contours recorded by the radiometer
are areas where ice phase clouds predominate, and where it
is occurring WV depletion.

For the precipitation patch between 07 and 12 UTC, at
heights between 3 and 6 km, the Fig. 6b indicates that these are
snow particles, because reflectivity factors are around zero
dBZ and Doppler fall velocities are between zero and 2 m s~ 1.
This is in agreement with the analyses in Fig. 4a, where the
ceilometer indicates a cloud-base above 3.4 km for this period,
and the radiometer indicates absence of discernible liquid
water in this cloud. The vapor pressure conditions also indicate
evaporation and sublimation (droplet-ice depletion conditions
in Fig. 4b). The radar observations are then consistent with the
radiometer and ceilometer estimates.

3.2. Winter upslope snowstorm

Climatology and dynamics of winter upslope snow-
storms, along the eastern margin of the Colorado Rockies,
are well understood at the synoptic scale (e.g., Dunn, 1987;
Mahoney et al., 1995). Concentrating here on the cloud
scale, Fig. 7 shows radiometer observations for the onset

and development of a winter upslope snowstorm, on 14
February 2008 at Boulder. The top and middle panels in this
figure correspond to vertical profiles of air temperature and
vapor density, respectively. The bottom panel shows
retrievals of vertically integrated water vapor (WV path,
black line, as in the left y axis) and cloud liquid (LWpath, red
line, as in the right y axis), both expressed in kg m™—2.

In all panels of Figs. 7 and 8, the periods after 0836 UTC
(hereafter, all times are read directly from the radiometer
Level2 output files, which have a time resolution of one
minute) are filled with black vertical lines to indicate the
presence of liquid water on the radiometer rain sensor. In
other words, the precipitation began at 0836 UTC for this
event. (In this case, the rain sensor wets mainly because
snow melts on the warm radiometer structure). The impact
of a small amount of liquid water on the radome is negligible
on the retrieved profiles, as seen by the consistent retrievals
before and after 0836 UTC. We discard the possibility that the
neural network retrievals would give mean conditions during
wet radiometer periods, because the mean conditions would
look more like before the frontal passage (i.e. before 4:15
UTC), which is not the observed case here. During heavy rain
(not our cases), zenith brightness temperature measure-
ments can saturate (approach ambient temperature), causing
instability in the neural network retrievals. Then, large
positive bias will appear in the retrieved atmospheric
profiles. In addition to saturation, heavy rain significantly
scatters the atmospheric microwave emissions, and this
additional scattering signal is not considered in any radiom-
etry retrieval algorithm. In order to reduce these inconve-
niences, off-zenith sampling methods have been used to
obtain stable retrievals during heavy rain (Cimini et al., 2011;
Ware et al., 2013; Raju et al,, 2013; Xu et al,, 2014). Positive
error resulting from ice accrual during freezing rain that
occurs on the top and the windward side of the radiometer
radome can be minimized using off-zenith observations on
the lee side of the radiometer radome (e.g., Ware et al,,
2013). For the cases analyzed in this study, however,
off-zenith sampling methods were not needed.

Fig. 7a shows a cold front that arrived at the radiometer site
around 0415 UTC. The retrieved profiles show the sharp drop in
temperature and rise in vapor density (Fig. 7b) that occurred
below 3 km height. By definition, the frontal boundary around
0415 UTC implies strong advection of a different air mass
into the radiometer sampling volume, and it complicates
the analyses of cloud water-phase dynamics for this event.
The increase of vapor density that follows the frontal passage
(Fig. 7b) is due primarily to advection. After that, we can
assume that local microphysical processes are driving the
water-phase dynamics. Characterization of our three theoret-
ical scenarios (droplet-ice growth, evaporation deposition, and
droplet-ice depletion), in combination with radar observations,
allows a reasonable qualitative analysis of the situation.

At about 06 UTC, the water vapor path starts to decrease
when the liquid water path increases (Fig. 7c). Condensation
of cloud liquid appears to deplete the water vapor density.
However, the following questions arise: (1) Why is cloud
liquid water not observed in the period between 0430 and 06
UTC (i.e., right after the front passes over the radiometer
site)? and (2) What makes the cloud liquid water disappear
after about 0930 UTC?
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Fig. 6. X-band vertically pointing radar observations of a winter lake-effect snowstorm (North American Great Lakes), on 23 Feb 2006 at 80 km north of Toronto,
Ontario (Canada). Image courtesy of Prof. Frédéric Fabry (McGill University, Marshall Radar Observatory).

As before, we address these questions by analyzing plots of
vapor-pressure classification and estimates on the presence of
cloud liquid water aloft. In Fig. 8, the y axes give heights in km
above the ground level, and the x axes give the UTC time. The
corresponding color scales are given at the right of each panel.
In Fig. 8a, the green region corresponds to observations with
discernible liquid water (i.e., liquid water contents are above
the detectability threshold of 0.018 g m~23, as determined from
Fig. 5b). In Fig. 8b, the black contours correspond to the 99%
confidence level for the droplet-ice depletion (red region) and
for the droplet-ice growth (green region) scenarios. Confidence
level for the evaporation-deposition scenario (yellow region) is
omitted for the sake of clarity.

The period between 06 and 0930 UTC corresponds to
droplet-ice growth (Fig. 8b). This agrees with the liquid
water paths indicated in Fig. 7c and with the discernible
liquid water contents in Fig. 8a. The Fig. 7a indicates that
this cloud liquid water is supercooled (between 0 °C and
—15 °C). Conversely, the period between 0440 and 06 UTC
and the one after 0930 UTC have regions of droplet-ice growth
(Fig. 8b), but radiometer observations do not indicate cloud
liquid water within these periods (Fig. 7c; as before, all times
are obtained from the radiometer Level2 output files, with a
1 min resolution).

Excluding the possibility of radiometer bias errors, analyses
during the first period (between 0430 and 06 UTC) can be
explained by conditions where haze droplets (too small to be
detected by the radiometer) are growing toward cloud-droplet
sizes (detectable by the radiometer). This corresponds to the
microphysical processes of aerosol nucleation (from vapor to

unstable liquid water) and droplet activation (from haze to
cloud). Kohler-curve theory (e.g., Rogers and Yau, 1991, p. 88)
explains that the time it takes for a particle to grow from haze
to droplet size will depend on factors such as haze chemical
composition, rate of supersaturation increase, atmospheric
temperature, and pressure. Haze droplets are unstable in
the sense that its growth requires a continuous increase in
supersaturation (not just supersaturation). Cloud droplets are
more stable in the sense that its growth does not need an
increasing supersaturation. Then, for environments where
supersaturation (with respect to liquid) increase is slow,
intermittent, or negative (subsaturation), one can reasonably
expect that a haze population can develop to (radiometer
detectable) cloud-droplet sizes in about an hour or so.
Furthermore, recall that for a haze particle to grow into a
cloud particle, it is not sufficient to have e > es but rather to
have reached a critical radius within a critical equilibrium
supersaturation. Haze critical radii are on the order of 1 um,
and the equilibrium supersaturation [(e/es) — 1] is on the
order of 10~2 or smaller (Pruppacher and Klett, 1997, p. 176).
With these considerations, and based on haze droplet-size
distributions measured at ground (Gultepe et al., 2009, Fig. 11,
green curve for diameters of 1.7 um or less), we estimate that
haze liquid water contents are in the order of 7 x 107> g m™>.
This magnitude is much smaller than the radiometer detect-
ability threshold (0.018 g m™3, as in Fig. 5b). Therefore, liquid
water contents from haze are indiscernible by the radiometer.
Therefore, for the observations on 14 Feb 2008, we believe
that it is only after 06 UTC that the droplets are large enough
(in number and size) to be detected by the radiometer
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Fig. 7. Microwave profiling radiometer retrievals of a winter upslope snowstorm (North American Central High Plains) at Boulder, Colorado (USA), on 14 Feb
2008. Panel descriptions are as in Fig. 3. Black vertical lines indicate a wet radiometer (in this case, snow is melting on its warm rain sensor).

(Fig. 7c). The same reason explains why the droplet-ice
growth scenario appears much earlier than the discernible
amounts of liquid water content (Figs. 4a and 8a). The
positive outcome is that our analysis of vapor-pressure
classes (Figs. 4b and 8b) are providing more than one-hour
lead time in the forecasting of supercooled liquid water.
Further analysis of the entire event is possible by using
co-located observations from vertically pointing radar. Fig. 9
presents observations by a UHF-band wind profiler during
the same snowstorm. The Fig. 9a corresponds to a time-
height cross section of radar reflectivity factor (in dBZ), and
the Fig. 9b corresponds to a time-height cross section of
vertical Doppler velocity (in m s~ !, positive downwards),
both according to the color scale on the right. The y axis
corresponds to height in km above the ground level, and the
x axis to UTC time. The period before 07 UTC is characterized

by updrafts (negative Doppler velocities in Fig. 9b). This
ascending air is responsible for transporting new amounts of
water vapor aloft (vapor density increasing in Fig. 7b and
water vapor path increasing in Fig. 7c). The radar signals
detected during this period are actually from clear-air targets
(i.e., from sharp discontinuities in the index of refraction, an
index that depends on air temperature, vapor pressure and
air pressure; e.g., Rottger and Larsen, 1990). These targets
can be detected at the UHF band but not the X band. For
example, the sharp spatial gradients of temperature and
vapor pressure retrieved by the radiometer at 0415 UTC in
Fig. 7 (due to the frontal passage over the radiometer site)
are matched by sharp UHF reflectivity values right after 0415
UTC (Fig. 9).

For the period roughly after 07 UTC and just before 0930
UTC, the Fig. 9b indicates the appearance of precipitation,
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with Doppler vertical velocities larger than 2 m s~ ! (down-
wards). After 0830 UTC, Doppler vertical velocities below
1.5 km height are even larger than 3 m s~ '. These magni-
tudes are typical fall velocities for riming snow and small
raindrops (diameters around 0.8 mm; e.g., Gunn and Kinzer,
1949). Rimed snow implies the presence of cloud droplets.
Thus, the UHF radar observations agree during this period
with our radiometer estimates on the presence of liquid
water (i.e., liquid water paths in Fig. 7c, droplet-ice growth
scenario in Fig. 8b, and discernible liquid water in Fig. 8a). All
these suggest that, for the period roughly after 0830 UTC,
supercooled droplets are being captured by snow particles
during riming, right from its first formation at levels above
the 2 km.

Notice also in Fig. 9a the radar echoes with reflectivity
factors larger than 10 dBZ. These echoes reach above 2 km
height only after about 0840 UTC. This is consistent with the
evaporation deposition scenario that appears approximately
after 0840 UTC and roughly above 3.5 km height (Fig. 8b),
where ice and snow should grow by vapor deposition, and
the liquid water should deplete. In other words, e; > e at the

heights where droplets previously were starting to form, and
any droplets existing there must evaporate after that time.

To answer the second question of why the observed liquid
water disappeared after about 0930 UTC, let us summarize
our analyses from the previous two paragraphs: Since riming
conditions appear above 2 km height and droplets formation
conditions vanish aloft, liquid water starts to deplete along
the vertical column at about 0830-0840 UTC. Then, roughly
after 0930 UTC, the associated Doppler velocities (Fig. 9b)
become smaller than 2 m s~! (downwards). These magni-
tudes are typical fall velocities for unrimed snow and imply
that most of the liquid water has been eliminated by this
time. This is in agreement with the vanishing of liquid water
paths in Fig. 7c, and the disappearance of discernible liquid
water in Fig. 8a.

4. Discussion and conclusions
Accretion and coalescence are other scenarios, in addition

to the three discussed in Section 2, by which droplets can
be depleted (Rogers and Yau, 1991, p.163). In the last
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Fig. 9. UHF-band vertically-pointing radar observations of a winter upslope snowstorm (North-American Central High Plains) at Boulder, Colorado (USA), on 14
Feb 2008. Image courtesy of Dr. William Brown (NCAR, Earth Observing Laboratory).

paragraphs of Section 3.2, we noted that (after 0830 UTC)
supercooled droplets were captured by snow particles during
riming (i.e, accretion followed by freezing). The three
scenarios discussed in Section 2.1—droplet-ice growth, evapo-
ration deposition, and droplet-ice depletion—are most impor-
tant during the earlier stages of cloud formation, whereas
accretion and coalescence are most important during the
mature stages of a precipitating cloud. The possibility of an
advection scenario also exists, where cloud and precipitation
particles—which originally evolved in a region with different
conditions than those observed at the zenith—are transported
(advected) into the sampling volume at a particular height.
Estimating the accuracy of radiometry estimates would
require the comparison of radiometer retrievals with reference

measurements that are currently unavailable. Radiosonde or
aircraft observations (for example) are not adequate references
for radiometer retrievals because these in-situ point mea-
surements correspond to a volume of air much smaller
than radiometer sampling volumes. Therefore, the differences
between radiometer and radiosonde (or aircraft) observations
do not imply errors in either the radiometer or the radiosonde.
The reason is that radiosonde (point) and radiometer (volu-
metric) sensors never sample the same volume of air.
Similarly, because of the lack of a proper reference, the
accuracy and skill of radiometry estimates for liquid water
profiles remain unknown. Note also that dielectric properties
of supercooled water are rather uncertain (Matzler et al.,
2010), which introduces additional uncertainty about its
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position in the cloud. Therefore, this work considers the
radiometry detection of supercooled liquid water from a
different perspective. The goal here is not to quantify the
particularities of these retrieval errors. Instead, we aim to
first identify and minimize the source of these errors and
then to acknowledge the general terms of the retrieval errors.
For example, consider that neural-network uncertainty and
brightness-temperature measurement error contribute to the
errors in temperature and vapor density retrievals (temper-
ature and vapor density are used for computing e, e, and e;,
as in Section 2.1). We then have minimized the systematic
errors by automated, continuous radiometer calibration (as
explained previously), and minimized the random errors by
training the neural-network algorithms with radiosonde
observations that represent well the climatological condi-
tions of each site (use of proper background data and vertical
statistics is vital for achieving the highest accuracy). After
that, we provide statistical confidence values to the scenarios
defined in Section 2.1 (as in Fig. 1), in order to identify
regions that are prone to have supercooled liquid water.
Additionally, we present here a method to estimate the
minimum detectability of cloud liquid water from radiometry
(Fig. 2). The study results evidence qualitative consistency of
our conceptual model with current microphysical concepts
and with independent observations by vertically pointing
radar and ceilometer.

In summary, this study shows how radiometer profiling can
provide new insights to complex relationships between tem-
perature, relative humidity, cloud liquid and ice contents, and
vapor density during snowstorms. Monitoring these thermo-
dynamic variables allows the identification of winter-storm
regions with growth or depletion of ice particles and droplets.
The radiometer data analyses were enhanced significantly
when combined with complementary observations by vertically
pointing radar and ceilometer. Future applications of these
instrument and analysis techniques include the development
of monitoring and short-term prediction (nowcasting) of
supercooled cloud liquid water, which is hazardous condition
for air and surface transportation, a weather modification
opportunity, and a climate radiative-budget challenge.
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Appendix A. Accuracy in retrievals by microwave
profiling radiometers

In order to ensure optimum accuracy in radiometer
retrievals, the 22-30 GHz receiver noise diodes were cali-
brated before taking all measurements in this work. For this,
the radiometer used the precipitation-free atmosphere as a
cold target. By observing the brightness temperature of
the sky at several elevation angles in rapid succession, the
profiling radiometer then computed an estimate of the 22-
30 GHz noise-diode temperatures. Details of this calibration
method are discussed by Han and Westwater (2000) and by
Radiometrics (2013, p. 50). Similarly, the 51-59 GHz receiver
noise diodes were calibrated beforehand, by using an
external liquid nitrogen target (brightness temperature near
78 K) and an internal ambient target (brightness tempera-
ture near ambient temperature, placed inside the radiometer
and external to the antenna/receiver system), according to
the method presented by Radiometrics (2013, p. 51).

A liquid water film on a radiometer radome can generate
artificially high values of brightness temperature. In order to
minimize this error, the profiling radiometers used in this
study have radomes coated with hydrophobic materials
that cause liquid water to form beads, which are cleared
from the radome by air flow from a blower. A printed circuit
board (rain sensor, measuring conductivity across a grid of
gold-plated conductors) is mounted next to the radome and
serves as a wet-radiometer flag. Data reported in this paper
include the wet flag.

As explained in Section 2.1, we use the radiometer
retrievals of temperature and vapor density as input to deter-
mine the three scenarios of our conceptual model. Statistical
comparisons with simultaneous radiosonde observations
(Giildner and Spankuch, 2001; Liljegren et al., 2005; Cimini et
al., 2006a, 2006b, 2011) demonstrate that the root-mean-
square differences in temperature and vapor density values are
smaller than 1 °C and smaller than 1 g m~3, respectively, for
heights below 500 m, over all seasons and at various locations.
These differences are smaller than the representativeness error
inherent in (radiosonde) point measurements below 500 m
height and are comparable above 500 m height (Ware et al.,
2003, 2013; Knupp et al, 2009). Hewison (2007) analyzed
radiometer covariance errors during clear and cloudy weather,
finding that temperature and water vapor (expressed as
the natural logarithm of specific humidity) uncertainties are
smaller than 1 °C and 40%, respectively, up to 4 km height.
Recent analyses of radiometer temperature and humidity
sounding above the boundary layer (Sanchez et al., 2013)
indicate that the observation errors are comparable to those
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typically assigned to radiosonde soundings when they are
assimilated into numerical weather prediction models.

We also use the radiometer retrieval of liquid water path
to validate our conceptual model. Agreement is obtained if
the vapor-pressure scenarios (as described in Section 2.1)
coincide with time changes in liquid water path. Note that
uncertainties exist in radiometer retrievals of liquid water
path, which can theoretically limit the attainable accuracy to
between 20 and 30 g m~2 (e.g., Turner, 2007).
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