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ABSTRACT: Near-surface precipitation can occur as liquid, solid, or mixed-phase hydrometeors. In
many winter storms, individual particles are not purely rain or snow, but instead contain both liquid and
ice, as in sleet, freezing rain, or partially melted snow. These complex particles remain poorly con-
strained in observations, which limits progress in numerical weather prediction and in understanding
hazardous winter weather. Mixed-phase precipitation is especially important because it strongly affects
surface icing, visibility, and road traction, creating major risks for transportation and infrastructure. From
a snowpack perspective, the water content of precipitation can lead to the injection of both heat and
liquid mass into the snowpack resulting in snow grain metamorphism and potentially modification of the
seasonal release of snow-melt water, flooding, weakening of a snowpack, and generation of various
melt-freeze crusts that lead to avalanche instabilities. Various methods currently exist for quantifying the
amount of water going into a snowpack including optical disdrometers, imaging disdrometers, micro rain
radars, and integrated satellite products, each of which has advantages and disadvantages.
Crowdsourcing has also provided important qualitative knowledge of the spatial variability of phase that
is particularly useful for validation studies. Here, we present a new first-principles-based experimental
methodology based on the Differential Emissivity Imaging Disdrometer or DEID, a thermal-imaging hot-
plate device, that has previously been used to measure snow water equivalent (SWE), snow density,
and other integrated snowpack properties. Because the DEID can analyze hydrometeors on a particle-
by-particle basis, it can be used to identify very short-lived mixed-phase events that may normally be
overlooked. We present cold-room lab results to verify that the methodology works and to quantify its
ability to fractionate liquid and ice phases. We then present preliminary results of phase-fractionation
from field observations collected in Utah at the Alta-Collins snow-study plot and Red Butte Canyon dur-
ing the 2020-2021 winter season and more recently at the Atwater snow-study plot during the 2025-
2026 winter season. We analyze storms with a range of near-freezing mean air temperatures represent-
ing different conditions.
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1. INTRODUCTION

The phase of precipitation strongly influences hy-
drologic, atmospheric, and cryospheric pro-
cesses. Whether precipitation reaches the sur-
face as rain, snow, or a combination of both de-
termines the transfer of mass and energy to the
surface and directly affects snowpack evolution,
streamflow, infrastructure icing, transportation
safety, and numerical weather prediction. During
winter storms, precipitation frequently transitions

monly classified as either rain or snow, many win-
ter storms contain mixed-phase hydrometeors in
which individual particles consist of both liquid
water and ice, including sleet, freezing rain, par-
tially melted snowflakes, and wet snow. Quantify-
ing the liquid and frozen fractions within individual
hydrometeors remains an important observa-
tional challenge in winter precipitation research.

Accurate measurements of precipitation phase
are particularly important in mountainous regions,

between liquid and solid phases as atmospheric
temperature, humidity, and vertical thermody-
namic structure evolve. These transitions often
occur over relatively short temporal and spatial
scales, making them particularly difficult to ob-
serve and quantify. Although precipitation is com-
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where small variations in temperature can pro-
duce rapid transitions between rain, snow, and
mixed-phase precipitation. These transitions
strongly influence snowpack accumulation, snow
density, snow water equivalent (SWE), and the
formation of melt-freeze crusts. Liquid water en-
tering an existing snowpack not only adds mass
but also transfers sensible and latent heat, accel-
erating snow metamorphism and altering the me-
chanical properties of the snowpack. Such
changes influence snow stability and can contrib-
ute to wet-snow and rain-on-snow avalanche
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conditions. Accurate knowledge of precipitation
phase is also essential for improving hydrologic
forecasting, understanding flood generation dur-
ing rain-on-snow events, and validating numeri-
cal weather prediction models under near-freez-
ing atmospheric conditions.

Many instruments and observational approaches
have been developed to estimate precipitation
phase and precipitation properties. Optical dis-
drometers measure particle size and fall velocity
to infer precipitation type through empirical rela-
tionships between particle diameter, fall speed,
and hydrometeor class (Fehlmann et al., 2020).
Imaging disdrometers (Grazioli et al., 2014) ex-
tend these capabilities by capturing particle im-
ages that enable classification based on particle
morphology and shape. Micro Rain Radars
(MRRs) provide vertical profiles of radar reflectiv-
ity and Doppler velocity, allowing precipitation
structure to be inferred throughout the atmos-
pheric column and helping identify melting layers
and transitions between rain and snow (Garcia-
Benadi et al., 2020). Satellite observations pro-
vide broad spatial coverage by combining visible,
infrared, and microwave measurements to esti-
mate precipitation phase over regional and global
scales (Prigent, 2010; Zhao et al., 2024). In re-
cent years, crowdsourced weather observations
have also become valuable for identifying spatial
variations in precipitation phase, particularly dur-
ing high-impact winter storms, and have provided
useful datasets for model evaluation and valida-
tion (Jennings et al., 2023).

Despite these advances, existing observational
techniques primarily classify precipitation as rain,
snow, or mixed precipitation at the bulk scale and
generally do not directly quantify the liquid and
frozen mass fractions within individual hydrome-
teors. Optical and imaging disdrometers rely pri-
marily on particle geometry, fall velocity, or image
appearance, which can become ambiguous for
partially melted or irregular particles. Radar and
satellite observations provide valuable large-
scale information but lack the spatial resolution
needed to resolve individual hydrometeors near
the surface, while crowdsourced observations
provide useful qualitative information but cannot
directly measure particle composition. This ob-
servational gap is particularly important near 0
°C, where rapid phase transitions can affect sur-
face icing and transportation hazards and alter
the transfer of liquid water and heat into the snow-
pack. For snow-covered terrain, these processes
can influence snow metamorphism, melt-freeze
crust formation, snowpack stability, and rain-on-
snow runoff. Therefore, a measurement ap-
proach capable of directly and independently
quantifying the frozen and liquid components of
individual hydrometeors is needed.
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In this study, we present a new first-principles
methodology for particle-by-particle phase frac-
tionation using the Differential Emissivity Imaging
Disdrometer (DEID), a thermal-imaging hot-plate
instrument previously developed for measuring
particle mass, snow water equivalent, snowfall
density, and other precipitation properties (Singh
et al., 2021; Morrison et al., 2023; Singh et al.,
2024). Rather than relying on particle shape, fall
velocity, or other empirical classification methods
(Jia et al., 2019; Locatelli et al., 1974), the pro-
posed methodology analyzes the thermal evolu-
tion of individual hydrometeors during melting
and evaporation to independently estimate fro-
zen and liquid water mass using energy conser-
vation. Comparison of these independently esti-
mated masses enables direct determination of
the frozen and liquid fractions within each hydro-
meteor, allowing precipitation to be classified as
pure snow, pure rain, or mixed-phase precipita-
tion.

Laboratory experiments are first used to validate
the methodology under controlled conditions, fol-
lowed by preliminary demonstrations using field
observations collected during winter storms in
northern Utah. The proposed methodology intro-
duces a new capability that is still under develop-
ment that aims to yield real-time, particle-by-par-
ticle characterization of mixed-phase precipita-
tion and provides a foundation for improved ob-
servations of winter precipitation, rain-on-snow
events, and snowpack processes.

2. THE DEID TECHNOLOGY

The DEID is a thermal-imaging hot-plate instru-
ment developed for particle-by-particle character-
ization of hydrometeors (Singh et al., 2021; Mor-
rison et al., 2023; Singh et al., 2024). The system
consists of a low-emissivity aluminum plate main-
tained at a prescribed temperature and viewed by
a calibrated infrared camera (Fig. 1). Because the
aluminum surface has a very low emissivity
(=0.1), its apparent radiative temperature is sig-
nificantly lower than that of incoming hydromete-
ors, producing strong radiative temperature con-
trast and enabling detection and tracking of indi-
vidual particles.

Unlike conventional precipitation sensors, the
DEID applies a first-principles energy balance to
each individual hydrometeor. The control volume
is defined as the particle itself rather than the en-
tire heated plate. Consequently, only the heat
transferred from the heated surface to the particle
is considered in the energy balance, while heat
exchange occurring elsewhere on the plate does
not contribute to the particle mass estimation.
This particle-based control volume makes the
measurement largely independent of ambient en-
vironmental conditions, including wind speed, air



Proceedings, International Snow Science Workshop, Whistler, BC, Canada, 2026

temperature, and relative humidity, provided that
the plate temperature remains well controlled.

Previous studies have demonstrated that DEID
can directly measure particle mass, effective
size, snowfall density, snow water equivalent
(SWE), and other microphysical properties on a
particle-by-particle basis using first-principles
heat-transfer analysis (Singh et al., 2021; Morri-
son etal., 2023; Singh et al., 2024). In the present
study, the existing DEID framework is extended
to estimate the liquid and frozen fractions of indi-
vidual hydrometeors during mixed-phase precipi-
tation events. The DEID melting method esti-
mates the mass of the frozen component by ap-
plying the energy balance during the melting pe-
riod, whereas the DEID evaporation method esti-
mates hydrometeor mass from the subsequent
evaporation process. The masses estimated us-
ing the two methods are expressed as follows:

Melting method:

k Atmelt A
= m A ice(t) (TP - ﬂce(t)) dt!

Mice

Evaporation method:
fc Atevap

Cﬁq(Tp _ 00) +L, Jo Aliq(t) (Tp - Tliq(t))dtr

Mg =
where k is a calibration constant; C,., and Ciiq
are the specific heats of ice and liquid water, re-
spectively; T, is the hotplate temperature; T ;. is
the initial temperature of the frozen hydrometeor
when it reaches the plate; T;..(t) and Ty, (t) are
the temperatures of the frozen and liquid compo-
nents at time ¢, respectively; A;.(t) and Ayq,(t)
are the corresponding particle areas during melt-
ing and evaporation; Lrand L,, are the latent heats
of fusion and vaporization of water, respectively;
and Aty and At,,q, are the melting and evapo-
ration times. The standard DEID field configura-
tion uses a low-emissivity aluminum plate main-
tained at approximately 85 °C. During previous
field deployments, this configuration generally
produced an apparent radiative background tem-
perature of approximately 5-10°C, providing
strong thermal contrast for detecting frozen hy-
drometeors with a thermal camera. However, a
plate temperature of 85 °C is not optimal for the
present mixed-phase approach because low-
density snow particles can melt within only a few
thermal-camera frames, providing insufficient
temporal resolution for the melting-stage mass
calculation. Reducing the plate temperature
slows the melting process and increases the
number of frames available for estimating the fro-
zen mass. However, reducing the plate tempera-
ture also lowers the apparent radiative tempera-
ture of the low-emissivity aluminum surface,
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which can result in a background temperature be-
low 0 °C and reduce the thermal contrast be-
tween the plate and melting ice.

Therefore, for mixed-phase measurements, the
plate temperature and surface emissivity must be
considered together. Increasing the surface
emissivity while reducing the plate temperature
allows the apparent radiative background tem-
perature to remain approximately 5-10 °C while
slowing the melting process. Optimizing this com-
bination can provide sufficient thermal contrast
and temporal resolution during both melting and
evaporation, enabling the frozen and liquid mass
components to be estimated independently.

3. THERMOGRAPHY-BASED PHASE DIF-
FERENTIATION METHOD

The DEID’s thermal camera records each image
as a temperature matrix containing both the
heated plate and the hydrometeor. The same
temperature matrix is processed twice using two
different temperature mappings to independently
analyze the melting and evaporation stages.

For the melting analysis, the minimum particle
temperature in the temperature matrix is as-
signed to grayscale level 0, while the apparent ra-
diative background temperature is assigned to
grayscale level 255. This mapping produces a
bright background and dark frozen particles,
providing sufficient thermal contrast to determine
the particle boundary during melting. The pro-
jected frozen-particle area, 4,..(t), and the corre-
sponding minimum  particle temperature,
T;ce(t), are then extracted and used in the melting
energy balance.

For the evaporation analysis, the same tempera-
ture matrix is remapped by assigning 0°C to gray-
scale level 0 and a temperature slightly above the
physical plate temperature to grayscale level 255.
With this mapping, temperatures at or below 0 °C
appear dark, while the melted liquid portion ap-
pears bright against the darker background. The
projected liquid area, A, (t), and the correspond-
ing liquid temperature, T, (t), are then extracted
and used in the evaporation energy balance.

4. LABORATORY VALIDATION & CALI-
BRATION

Laboratory experiments were conducted in a
temperature-controlled cold room maintained at
-10°C with an average relative humidity of ap-
proximately 15%. The cold-room cooler produced
continuous air gusts during the experiments.
These conditions promoted sublimation of the
small ice particles, introducing an additional
source of experimental uncertainty.
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Ice particles of different masses were generated
using a micropipette with nominal settings corre-
sponding to 1, 2, 4, 6, 8, and 10 mg of water. In-
dividual water droplets were placed between two
small plastic weighing trays to produce approxi-
mately flat and uniform upper and lower surfaces.
Each tray was weighed before use with a balance
having a resolution of 0.1 mg, and the actual wa-
ter mass was determined from the difference be-
tween the tray mass before and after addition of
the droplet. Because the actual particle masses
differed from the nominal micropipette settings,
the balance measurements were used as the ref-
erence masses throughout the analysis. The pre-
pared particles were frozen at —40°C in a freezer
located within the cold room to minimize sublima-
tion prior to testing. After freezing, broken or visi-
bly damaged particles were discarded.

Before each DEID measurement, intact frozen
particles were photographed from directly above
adjacent to a millimeter scale to provide an inde-
pendent measurement of projected particle area.
Because the DEID infrared camera viewed the
hotplate at an angle of approximately 30° from
vertical, the particle area obtained from the ther-
mal images was affected by the viewing geome-
try. The thermal-image particle areas were there-
fore corrected for the camera viewing angle and
evaluated against the independently measured
areas obtained from the overhead photographs.

The infrared camera recorded at 30 frames per
second. High-emissivity Kapton tape (emissivity
= 0.95) was placed around the perimeter of the
measurement region to provide a reference for
determining the actual hotplate temperature from
the thermal images. The hotplate was maintained
at approximately 27 °C, which slowed the melting
process and provided an adequate number of
thermal frames, particularly for the smaller parti-
cles. Each frozen particle was placed individually
on the hotplate, and its temperature and pro-
jected area were recorded continuously through
both melting and evaporation. Five particles were
tested for each nominal particle mass.

Simultaneous observation of the melting and
evaporation processes required careful control of
the apparent radiative temperature of the plate,
hereafter referred to as the background tempera-
ture. A background temperature above 0 °C was
required to provide sufficient thermal contrast be-
tween the subfreezing ice particle and the alumi-
num hotplate surface during melting. With the
original oxidized aluminum surface, the combina-
tion of a 27 °C plate temperature and =10 °C cold-
room surroundings resulted in an apparent back-
ground temperature of approximately -5.5 to
-6.5 °C, providing insufficient contrast for reliable
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detection of the melting ice. Therefore, the meas-
urement region was coated with a thin layer of
black alcohol-based ink, increasing the surface
emissivity to approximately 0.75. This modifica-
tion increased the apparent background temper-
ature to approximately 5-12 °C while maintaining
the plate temperature near 27 °C, allowing both
the melting and evaporation stages to be re-
solved.

A separate calibration dataset consisting of ten
nominal 5 mg ice particles was initially used to
determine a representative k calibration constant
for the melting-mass calculation. This value was
applied to the remaining particle sizes to evaluate
whether a single k could adequately characterize
the melting process over the tested mass range.

For image analysis, each thermal frame was con-
verted to grayscale using two temperature map-
pings corresponding to the melting and evapora-
tion stages. For the melting analysis, tempera-
tures from —12 to 4 °C were mapped to grayscale
values from 0 to 255, respectively, providing con-
trast between the cold ice particle and the warmer
background. For the evaporation analysis, tem-
peratures from 0 to 30 °C were mapped to gray-
scale values from 0 to 255, respectively, isolating
the liquid-water region during evaporation. The
resulting area and temperature histories were
subsequently used in the DEID melting and evap-
oration energy balances to independently esti-
mate particle mass.

5. FIELD OBSERVATIONS SITES

To demonstrate the proposed methodology un-
der natural precipitation conditions, preliminary
field observations were obtained from two sites in
northern Utah. The first dataset was collected
during the 2019-2020 winter season at a meteor-
ological measurement tower located at the mouth
of Red Butte Canyon, Salt Lake City, Utah
(40.76857°N, 111.82614°W; elevation 1547 m).
The second dataset was collected during the
2025-2026 winter season at the Atwater Snow-
Study Plot (40.5912°N, 111.6377°W; elevation
2662 m), a site managed by the Utah Department
of Transportation (UDOT), where the University
of Utah operates the DEID and additional instru-
mentation. Red Butte Canyon represents a lower-
elevation valley environment, whereas Atwater
represents a high-elevation mountain environ-
ment where mixed-phase precipitation can occur
near the rain—snow transition.

Meteorological observations collected at both
sites, together with DEID measurements, were
used to evaluate the proposed methodology un-
der natural atmospheric conditions and charac-
terize the temporal occurrence of snow, rain, and
mixed-phase precipitation.
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Figure 1. DEID experimental setup deployed at
the Red Butte experimental site, showing the hot-
plate and infrared (IR) camera used for mixed-
phase precipitation measurements. Thermal im-
ages are processed using two temperature
ranges. In the —40 to 0 °C range, unmelted snow-
flakes appear dark against a bright background.
In the 0 to 85 °C range, melted snowflakes and
rain appear bright against a dark background, al-
lowing the frozen and liquid hydrometeor compo-
nents to be distinguished.

6. LABORATORY RESULTS AND DIS-
CUSSION

Accurate determination of particle area is re-
quired for the DEID mass calculation. Because
the thermal camera viewed the hotplate at ap-
proximately 30° from vertical, the detected parti-
cle area was corrected for the camera viewing
angle and compared with independent measure-
ments obtained from overhead photographs. The
close agreement between the two measurements
confirmed that the corrected thermal-image area
was suitable for the subsequent mass calcula-
tions.

Previous DEID studies have shown that a con-
stant k can adequately characterize heat transfer
during evaporation (Singh et al., 2021). For the
melting experiments, however, application of a
single k across the tested particle-mass range
produced systematic differences between the
DEID-derived melting mass and the reference
scale mass, with the largest disagreement ob-
served for the smallest particles. Because the
tested particles were small (approximately 1-10
mg), the observed differences may be influenced
by experimental uncertainties, including sublima-
tion and small mass losses during handling and
transfer to the hotplate. In addition, melting oc-
curred within only a few seconds, increasing the
sensitivity of the calculation to particle area, tem-
perature, and timing. Therefore, the observed
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variation in k cannot presently be attributed solely
to a physical dependence on particle size.

To account for this variation, the experimentally
determined relationship between maximum parti-
cle area and k was used to adjust the melting-
mass calculation across the tested particle sizes.
Following this adjustment, the DEID-derived
melting mass showed strong agreement with the
independently measured scale mass (Fig. 2),
with a linear-fit slope of approximately 0.99 and
R2=0.97. This result demonstrates that the melt-
ing-stage energy balance can provide an inde-
pendent estimate of frozen-particle mass over the
investigated range.

Currently we have hypothesized that the strong
correlation between maximum particle area and
the ideal k value for the melting mass is due to
the layer of liquid water that surrounds the ice
particle as it melts and floats. The correlation be-
tween k and particle area was found to be almost
perfectly inverse, just as the length scale is in-
versely related to conductive heat transfer. This
may suggest that the liquid creates an insulating
effect on the ice that changes the nature of the
conductive heating occurring between the plate
and the ice.

The independently calculated evaporation mass
was then compared with the melting-derived
mass (Fig. 3). The two mass estimates were
strongly correlated (R*? = 0.86), although the
evaporation method showed a small overall over-
estimation relative to the melting method. The
agreement between the independently deter-
mined melting and evaporation masses provides
preliminary support for using these two thermal
processes to separately quantify the frozen and
liquid components of mixed-phase hydromete-
ors.

Adjusted Melted Mass (mg)

4 10

Scale Mass (mg)

Figure 2. Comparison of reference ice-particle
mass measured with the laboratory weighing
scale and mass estimated from the DEID melting
method after applying the particle-area-depend-
ent k adjustment. The dashed line represents the
linear fit.
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y =1.04x +0.05 . A
R?=0.86

Evaporation Mass (mg)

Melting Mass (mg)

Figure 3. Comparison of particle mass inde-
pendently estimated from the DEID melting and
evaporation methods. The dashed line repre-
sents the linear fit.

7. PRELIMINARY FIELD RESULTS

Mixed phase precipitation

Ambient temperature ~ 4°C

Figure 4. Precipitation-phase measurements ob-
tained using DEID at the Red Butte experimental
site on April 18, 2020. Approximately 800 hydro-
meteors were analyzed at an ambient tempera-
ture of approximately 4 °C. The figure shows the
classification of the observed hydrometeors into
show, rain, and mixed-phase precipitation, along
with the frozen and liquid-water mass fractions of
the mixed-phase hydrometeors.

Preliminary field measurements collected at the
Red Butte experimental site on April 18, 2020,
were used to demonstrate the DEID mixed-phase
measurement approach under natural precipita-
tion conditions. Using the melting and evapora-
tion methods, individual hydrometeors were clas-
sified as snow, rain, or mixed-phase precipitation,
and their frozen and liquid masses were esti-
mated independently. Approximately 66% of the
observed hydrometeors were classified as snow,
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14% as rain, and 20% as mixed-phase precipita-
tion. For the mixed-phase hydrometeors, the es-
timated mass partition consisted of approximately
89% frozen mass and 11% liquid water. These
preliminary field results demonstrate the potential
of DEID to distinguish precipitation phase and
quantify the frozen and liquid mass fractions of
individual mixed-phase hydrometeors.

8. SUMMARY AND FUTURE WORK

The laboratory experiments demonstrate the fea-
sibility of independently estimating hydrometeor
mass using the DEID melting and evaporation
methods, providing the basis for particle-by-parti-
cle fractionation of mixed-phase precipitation. Fu-
ture work will focus on further refining the above-
described measurement parameters and quanti-
fying measurement uncertainty. Following labor-
atory optimization, the method will be dE-
PLOYED AT THE RED BUTTE OR ATWATER
FIELD SITE, WHERE ADDITIONAL PRECIPITA-
TION INSTRUMENTATION WILL BE USED TO
INDEPENDENTLY VALIDATE THE DEID
MIXED-PHASE MEASUREMENTS. THIS FIELD
VALIDATION WILL SUPPORT THE DEVELOP-
MENT OF REAL-TIME MEASUREMENTS OF
THE FROZEN AND LIQUID FRACTIONS OF
MIXED-PHASE PRECIPITATION.
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