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Abstract. Precipitation and winds impart spatially and temporally variable thermodynamic signatures on surfaces. Here, we
describe two new hotplate sensors, the DTI-pm and DTI-de, that sample energy flows using a discretized thermodynamic imag-
ing (DTI) principle. Unlike prior single-element hotplate devices, DTI measurements are obtained at sufficiently high spatial
resolution to separate component thermodynamic signatures. The DTI-pm is a sensor array of individually controlled micro-
hotplates, each using pulse-width modulation to maintain a constant elevated temperature of each sensor element, measuring
the power required to do so. The DTI-de uses an infrared camera that passively monitors radiative temperatures on a heated
metal plate by exploiting the differential emissivity between metal and water; heat transfer physics is used to infer the power
of thermodynamic cooling. Both techniques are shown here to be capable of measuring with exceptionally high accuracy and
precision a wide range of precipitation characteristics, including mass, size, and the density of individual multi-phase hydrom-
eteors, as well as continuous bulk precipitation rates and snow density. The DTI-de achieves a spatial resolution of 0.2 mm
with a mass sensitivity of 1 ug, while the DTI-pm provides a spatial resolution of 1 mm and a mass sensitivity of 0.5 ug.

Preliminary results suggest the potential for the DTI-pm and DTI-de to concurrently measure wind speed and direction.

1 Introduction

There is a rapidly growing societal need for real-time, observation-based tools that account for the extremely high spatial and
temporal variability of precipitation-related variables. Hydrological intensification with climate warming (Huntington, 2010;
Kirchmeier-Young and Zhang, 2020) is straining existing water management infrastructure (Ficklin et al., 2022), impacting
agricultural systems (Huntington, 2010), and leading to loss of life (Nanditha et al., 2023). Yet available ground-based precip-
itation measurement techniques struggle to meet the needed precision and accuracy (Cauteruccio et al., 2021). In fact, the gold
standard for modern liquid precipitation measurement remains a tipping-bucket gauge (Kidd et al., 2017), a design that was

first conceived three and a half centuries ago by the English architects and polymaths Sir Christopher Wren and Robert Hooke
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between 1662 and 1679 (Biswas, 1967). Weighing gauges provide an alternative method for determining precipitation mass
from gravitational pressure that is better suited for the measurement of solid precipitation (Goodison et al., 1998). However,
both designs face the challenge of frequent maintenance needs and poor catchment efficiency, particularly during high winds
(Jevons, 1861; Goodison et al., 1998; Tapiador et al., 2012; Thériault et al., 2012; Thériault et al., 2021).

Some of these collection concerns can be avoided by using optical gauges that determine precipitation rate from the occlusion
or scattering of a light beam by individual particles. Among the more advanced and popular probes is the Parsivel? disdrometer
(Loffler-Mang et al., 1999), which infers precipitation rates by integrating a measured size distribution. It has high accuracy
for measuring rain, but collection concerns remain: if wind speeds are high parallel to the beam, undercatch can be as high
as 100% (Chinchella et al., 2025). Moreover, for particles that are more irregularly shaped, such as mixed-phase and frozen
precipitation, no simple relationship exists between occlusion of a light beam and the requisite aspect of mass (Johannsen
et al., 2020). Battaglia et al. (2010) compared falling snow observations of the Parsivel? against another optical disdrometer,
the 2-DVD, to find that the Parsivel? can skew size distributions towards smaller particles: large particles may be counted as
multiple small particles, and high winds can reduce the particle cross-section in the laser beam.

Hotplate technologies obtain hydrometeor mass by measuring the energy required to evaporate water. In principle the mea-
surement assumptions are far fewer than any weighing or optical techniques because there is a linear relationship between mass
and the latent heat of evaporation (Stickel et al., 2005), there are no moving parts, and there is no collection aperture (Thériault
et al., 2021). While tantalizing for the potential for improved accuracy, such devices are nonetheless limited by high power
requirements, maintenance issues, and a sensitivity to high winds during low precipitation rates (Rasmussen et al., 2011).

We describe here a new hotplate technique we term discretized thermal imaging (DTI) that we demonstrate as both more
precise and accurate than prior precipitation measurement designs, including past hotplate attempts. Two approaches are ex-
plored, an active (DTI-pm) method that measures the energy required to maintain discretized plates at constant temperature
using pulse-width modulation, and a passive method (DTI-de) that uses infrared imagery to monitor hydrometeor evaporation
exploiting the different emissivities of water and metal. We outline laboratory and field measurements demonstrating high
precipitation measurement precision and accuracy, and further show preliminary evidence of the suitability of the DTI-pm and

DTI-de designs for concurrently measuring wind speed and direction.

2 Overview of the DTI-pm and DTI-de precipitation measurement techniques

The DTI working principle is to quantify the thermal energy transfer into an individual hydrometeor. For a hydrometeor that
has fallen on a heated plate, the heat loss from the plate to the hydrometeor as it melts and evaporates can be directly related to
its mass through the latent and sensible heat of water, the temperature difference between the plate and the hydrometeor, and
the hydrometeor area (Bergman et al., 2011). Heat gained by a hydrometeor is equal to heat lost from the plate, in proportion
to the heat flux into the particle g above any background signal, the area of the interface between the hydrometeor and the plate

A, and the evaporation time dt. For the special case of snow particles, the mass of a single hydrometeor measured using the
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DTI is then given by (Singh et al., 2021)
st
1

m= Adt, 1)
Leq + Cice (TO - T%ce,O) + Cliq (Tp - TO) b/q (

where L., is the sum of the latent heats of melting and vaporization of water, c¢ic. and cjiq are the specific heat capacities of
ice and liquid water, respectively; Ty = 0°C is the freezing temperature; Ticc o is the initial temperature of the frozen particle;
and T}, is the sensor setpoint temperature. The thermodynamic coefficients in Eq. 1 are readily adjusted for the case of rain,
where melting is not part of the problem. The DTI principle relies upon measurement of the thermodynamic power P = gA
per discrete element so that background power fluctuations owing to wind, temperature fluctuations, and possible radiation
losses can be subtracted from the hydrometeor signal. The total precipitation rate can then be determined from the sum of all
hydrometeor masses measured by the senor area within a predetermined time interval. Snow Water Equivalent (SWE) rates are

defined as the liquid precipitation rates of fully melted snow.
2.1 Power-modulated DTI sensing

The power-modulated DTI-pm device exploits (1) by using an array of small, upward facing heater elements integrated with a
micro-hotplate control and data management system for individual plate control. By monitoring the power per pixel required
to maintain a constant micro-hotplate resistance — effectively a constant temperature — a 2D temporal heat map is obtained, a
“video” of atmospheric thermodynamic signatures that perturb the plate from the chosen baseline temperature.

The current DTI-pm alpha-prototype shown in Fig. 1 is a 576-sensor 24 x24 array of 0.5 mmx 0.5 mm micro-hotplate sen-
sors, separated by 0.6 mm, and arranged in a footprint of 26.4 mm x 26.4 mm. Heaters are maintained at a constant elevated
temperature using a pulse-width modulation (hence DTI-pm) control strategy (Foss et al., 1996) to provide a thermodynamic
video with a temporal resolution of 10 Hz, and a spatial resolution of ~1 mm, neglecting any unlikely coincidence errors when
two small particles land simultaneously on adjacent plates and are sampled as one larger particle (Lance, 2012) . Conventional
microfabrication techniques are used to create rasterized platinum micro-heater diaphragms, each a nominal 0.5 mm across and
3 pm thick, deposited and patterned on top of a polyamide PCB substrate (e.g. Ahmad et al., 2022). Wiring from the heaters to
a micro-controller uses through-vias embedded in the PCB to connect individual platinum heaters on the top side of the PCB
to contact pads on the backside. The device is calibrated by measuring of the resistance of each micro-heater.

Due to the low thermal inertial of the micro-hotplates, the DTI-pm is highly sensitive to fluctuations in ambient thermo-
dynamic signatures. It is also capable of measuring both the areas and linear dimensions of particles larger than the nominal
sensor size of 0.5 mm as well as the liquid volume-equivalent diameters of smaller particles. An added ability is to automati-
cally engage adaptive sampling, separating a high quasi-stationary precipitation power draw from a lower, more variable wind
signature. Wind speed is inferred from the summation of power increments over the sampling time and micro-hotplate array
cross-section. Direction is determined from gradients across the array. Turbulence can potentially be inferred from spatio-

temporal power fluctuations.
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Figure 1. The DTI-pm measurement method of hydrometeor density and mass. A 24 x24 array of 576 micro-hotplate sensors is maintained
through pulse-width modulation at a constant temperature. The power map creates a thermodynamic “video" that is used to determine wind

and hydrometeor cooling signatures.

2.2 Differential Emissivity DTI sensing

The DTI-de design (also termed the Differential Emissivity Imaging Disdrometer or DEID) has been outlined previously (Rees
et al., 2021; Singh et al., 2021; Morrison et al., 2023; Singh et al., 2024). The DTI-de was initially conceived as a calibration
device for the DTI-pm, and differs by maintaining a heated plate at a temperature that lies just below the Leidenfrost point. The
plate is roughened to maximize heat transfer and to maintain a droplet contact angle of about 90°. Solid or liquid hydrometeors
that land on the heated plate are seen by an infrared camera as high-contrast regions of interest (ROIs) (see Figure 2) due
to the large difference in infrared emissivity between absorbing water and the reflective metal plate — even if the physical

temperature is the same, the radiative temperature of evaporating droplets on a heated metal plate differs by ~100 K. The
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Melting for density Evaporation for mass

Thermal “video”

Figure 2. The DTI-de measurement method of hydrometeor density and mass (Singh et al., 2021, 2024) Left: High-emissivity snowflakes on
a low-emissivity heated metal plate are imaged by an infrared camera to obtain a thermal video. Measurement of a “melting speed" d7'/dt
during the melting process yields snowflake density. Right: A thermal image of a melted snowflake or drop is converted to a binary image to

obtain hydrometeor mass from the evaporation time and the drop area.

thermal temperature of the plate is monitored from the observed temperature of a piece of known high-emissivity Kapton tape
placed on the plate edge. The thermal signature of each ROI is sampled by the camera at high frequency (15 Hz in the current
design) at a nominal (and adjustable) resolution of 0.2 mm to obtain time series for hydrometeor temperature, plate temperature,
area, melt time, and evaporation time. Particle mass is then obtained from (1) where ¢ is proportional to a coefficient of heat
transfer and the difference between the temperatures of the plate surface T and the top of the melted snowflake or evaporating
droplet particle T),, i.e. ¢ = «AT = a(Ts — T},). The value of « is determined through controlled laboratory experiments as
described in Singh et al. (2021). Particle density is obtained by measuring the speed at which the temperature difference AT
between the top of a frozen, unmelted particle and the plate diminishes over the course of particle melting as it equilibrates to

AT =T, and T, = 0, what was termed a “melting speed" v, = |[dAT/dt| (Singh et al., 2024). Porous particles with low
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thermal conductivity air gaps melt more slowly than continuous ice, meaning that the particle density is inversely related to
Umelt -

An important advantage of the DTI principle compared with other hotplate designs is that measurements of particle mass
and density are highly insensitive to fluctuating thermodynamic forcing of the plate that are distinct from the precipitation
signature, most notably winds. The underlying explanation is that a thermodynamic perturbation that affects a portion of the
plate that is uncovered also affects the top of the evaporating droplet. Any conceivable precipitation particle is sufficiently small
that conduction and convection transmit this signature from the top of the particle to the underlying plate below. Thus, even
during high wind conditions, the temperature difference between the top and bottom of the droplet AT remains nearly fixed, as
verified in wind tunnel experiments with a high resolution thermal camera looking sideways at the evaporating particle (Singh
et al., 2021).

3 Laboratory evaluation
3.1 Particle mass

Figure 3 shows an evaluation of the DTI principle for laboratory measurement of particulate mass. Deionized water droplets
from a micropipette with masses ranging from 2 mg to nearly 200 mg were placed on the DTI-pm and DTI-de surfaces in
a constant temperature and relative humidity environment with an open-topped square enclosure designed to minimize wind.
For each trial, complete, continuous discharge of water from the pipette was ensured by placing it close to the hotplate. A
linear regression through the origin of measured versus generated mass has a slope of 1.038 with 95% confidence bounds of
[0.999,1.079]. The largest tested drops of 120 mg covered the entire array, although these would correspond to spherical water
droplets of 6 mm diameter that are unlikely to be encountered in the field (Hobbs and Rangno, 2004; Villermaux and Bossa,
2009).

Micropipettes are ill-suited for determining the lower measurement size limit. For the DTI-de, the minimum resolved mass
is limited by the camera resolution of the observed plate and the density of the particle, nominally 1 g for the device described
by Singh et al. (2021). An estimate of the minimum droplet measurement sensitivity of the DTI-pm was established by directly
imaging with an SLR video camera particles produced by a spray device falling through a horizontal laser sheet placed just
above the array of micro-heater elements. The camera determined the number and size of particles falling through the light
beam onto the array. Droplet mass was inferred assuming spherical droplet geometry and the density of liquid water. These were
then compared to DTI-pm cumulative mass measurements. Values of ¢ in Eq. 1 were calculated by subtracting the median value
of each sensor. Over a ten second period the SLR camera imaged 1,254 individual water droplets with an exponential droplet
size distribution ranging from 0.1 mm to 0.5 mm diameter that fell directly onto the microheater array. The SLR-calculated
mean particle mass was 4.7 ug compared to the DTI-pm measured mean mass of 5.1 p1g. The size corresponds to a diameter of
213 pm, characteristic of small drizzle or mist. The signal to noise ratio for the device approached unity for a measured mass

corresponding to a 83 pm droplet with a mass of 0.3 ug suggesting an approximately resolution of 0.5 ug.
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Figure 3. Correlation between water-droplet masses measured by a calibrated micropipette and those obtained using the DTI-pm and the

DTI-de, with corresponding linear fits. The applied micropipette masses ranged between 2 and 193 mg for the DTI-pm and 2 and 196 mg

for the DTI-de. Mass was derived using Eq. 1. The coefficients of determination are 0.999 for DTI-pm and 0.998 for DTI-de. Micropipette

masses were independently validated using a gravimetric scale prior to deposition on the sensors. Experiments were laboratory based with

no wind at room temperature.
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Figure 4. a) Relationship between the Nusselt and Reynolds number measured by the DTI-pm in a wind tunnel. b) Wind tunnel experiment

illustrating the effect of the orientation of the wind relative to the plate on the mean power draw normal to the direction of the wind flow.

3.2 Wind speed

The array of DTI-pm sensors provides a spatial map of atmospheric thermodynamic signatures of whatever origin, and so it
allows for the distinction of rapidly fluctuating wind signatures from longer-lasting stationary precipitation particles. At a basic
physical level, the convective heat loss from an individual heated plate is accelerated by the flow of overlying cooler air. In
principle, the average wind speed flowing over the array can be deduced from the amount of convective cooling that occurs
as the plate is maintained at constant temperature (Incropera et al., 2011). The relationship between the dimensionless Nusselt
number (Nu) for heat loss and the dimensionless Reynolds number (Re) characterizing the speed of the air flow, for a plate

of horizontal size L that is heated above the ambient air temperature to a temperature difference AT while drawing electrical

power P is:
hL P
Nu= % = KIAT @

where h is the convective heat transfer coefficient, K is the thermal conductivity of air. For an air wind speed U and air
kinematic viscosity v, the Reynolds number is:

UL
_V

Re 3)

To quantify this relationship between Nu and Re, the DTI-pm was placed in an Engineering Laboratory Design Inc. wind
tunnel at the University of Utah (Singh et al., 2021). The test section where the device was placed has a 0.9 mx 1.2 m cross
section, maximum wind velocity of ~12 m s~1, and free-stream turbulence intensity <0.4%. The device was colocated with a

pitot-static tube and 10-Torr MKS Baratron pressure transducer for measuring wind speed. The DTI-pm surface temperature
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was maintained at 100° C and the wind-tunnel airflow speed was varied between 2ms~! and 12ms~! with air temperatures
between 12° C and 23° C. Hot-wire and pitot-probes were used to measure the wind-tunnel speed. A power-law regression fit

to the experimental data yielded the empirical relation:
Nu = 0.40Re""?. 4)

While the prefactor value in Eqn. 4 is specific to the DTI-pm instrument design, the exponent value is consistent with classical
forced convection theory for transitional-flow regimes: the heated element cooling scales roughly as the square root of the
wind power. In general, convective heat transfer increases sublinearly with flow velocity with an exponent of 0.5 for laminar
boundary layers and 0.8 for turbulent boundary layers (Cengel and Ghajar, 2015).

Figure 4b shows a strong gradient in the thermodynamic cooling signature across the thermal sensor array in the wind tunnel.
The orientation depends on the direction of the air flow, with a nearly factor of two decrease in power draw from the upwind
side of the array to the downwind side of the array. While these results are preliminary, the implication is that the DTI-pm has
the potential to measure wind direction as well as wind speed.

A preliminary application of the DTI-de sensing technique to the measurement of wind speed is shown in Fig. 5. For this
experiment, the temperature scaling of the thermal camera was switched from the standard “precipitation mode", where pre-
cipitation particles appear as bright regions on a dark background, to a more sensitive mode that reveals thermodynamic wind
cooling signatures. Wind vectors on the plate were determined using a Thermal Imaging Velocimetry (TIV) technique based
on the well-known 2D planar Particle Image Velocimetry (PIV) method (Raffel et al., 1998). The spatial shift of the infrared
emission field from the heated DTI-de plate yields a two-dimensional velocity that can be correlated to actual wind speeds
through wind tunnel calibration. The PIV technique involves breaking up interrogation regions consisting of blocks of thermal
camera pixels, and then computing cross-correlation functions from temporally consecutive images. Background subtraction
quickly reveals thermodynamic signatures that are stationary or slowly varying on time scales much longer than wind perturba-
tions (e.g., melting process associated with a hydrometeors or radiation signatures). Winds are determined from the remainder.
Laboratory measurements in a wind tunnel show close agreement between wind speeds of approximately 4 ms~! determined
with TIV using the DTI-de, and sonic anemometer measurements, agreeing to within 10%. While not described here, the rapid

measurement speed of thermodynamic signatures implies a capacity to also measure levels of turbulence.

4 Field tests

We now proceed to DTI-pm and DTI-de deployments in field conditions, comparing precipitation and wind measurements
to existing methods. Figure 6 illustrates DTI-pm capabilities to measure small snowflake masses during a deployment to a
snow study plot at a high alpine location in Alta, Utah, located in the Wasatch Mountain Range (elevation 2,925 m, lat/lon
40.5761, -111.6389) on 19 April 2022. The total power signal shown in Figure 6a includes both wind and hydrometeor cooling
signals. By itself, the trace does not allow isolation of hydrometeor power signals that would allow measurement of individual
snowflake masses. Figures 6b and 6¢ show the thresholding procedure used to discriminate array micro-heaters that are associ-

ated with higher power output, permitting isolation of individual hydrometeor masses and diameters. The size distribution has
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Figure 5. Lab demonstration of DTI-de capabilities to measuring both hydrometeors and horizontal wind components using Thermal Imaging
Velocimetry (TIV). The top two figures show the propagation of temperature perturbations across the DTI-de during a 1-s interval seen with
an infrared camera. Using TIV, hydrometeors on the DTI-de heated plate are clearly separable from wind vectors, which are obtained from
the displacement of the temperature perturbation field. The advection velocity across the plate and can be correlated to the actual wind speed.

The mean wind speed measured using TIV was 4.39 ms ™! compared to 4.02 ms~! measured by a sonic anemometer in the wind tunnel.
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Figure 6. a) A time-series of DTI-pm data during snowy conditions at Alta on 19 April 2022. The shaded regions indicate snowflakes, with
their associated masses labeled. b) A size distribution of snowflakes from Alta on a semi-log plot, exhibiting a negative exponential. ¢) Image

processing used to resolve spatial dimensions.

a negative exponential consistent with expectations (Gunn and Marshall, 1958; Garrett, 2019). For this particular analysis, the
thermodynamic image was binarized according to the per hotplate element power draw to identify the individual precipitation
particle signature from which the particle geometric properties could be isolated, with the intermediate step that the native grid
of the array DTI-pm micro-heater elements was linearly interpolated onto a finer grid.

A second DTI-pm device was situated on a Utah Department of Transport tower at Parley’s Summit, a mountain pass at the
top of Parley’s Canyon with elevation 2,170 m, approximately 20 km east of Salt Lake City. It was placed alongside a Texas
Electronics TES25WS tipping bucket-style precipitation gauge with a sensitivity of ~2.5 mm/hr based on 5-minute averaging.
Figure 7 shows a 24-hour time series of SWE rates from the two instruments showing how the DTI-pm produces similar
measurements to the tipping bucket in heavier snowfall but with higher sensitivity.

With regards to the DTI-de, a comparison was made with SWE rates from the ETI Instrument Systems Noah II precipitation

weighing gauge sensor and snow depth from the Campbell Scientific, Inc. SR50 ultrasonic snow depth sensor. The ETI and

195 SRS50 sensors were separated by 4 m from the DTI-de at the Alta site. A windshield was deployed around the ETI bucket to

11
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Figure 8. a) Time series of SWE accumulation and SWE rate measured using the DTI-de and an ETI gauge. Each DTI-de data point

represents a 1 min average and each ETI gauge data point a 1h average. b) Time series of snow accumulation and snowfall rate measured

using 1 min averaged DTI-de measurements and 1h averaged ultrasonic snow depth sensor measurements during a storm on 12 December

2020 at Alta, Utah.

increase catchment efficiency. Manual snow depth and gravimetric weighing gauge measurements were also obtained once

every 12 hours.

Figure 8a shows a comparison of the accumulated SWE integrated over 1 min intervals is compared to hourly ETI data in .

Over a 12 h period during the storm, DTI-de SWE and ETI gauge accumulations agree to within £6%. The ETT accumulation

is slightly lower, perhaps because the ETI resolution is 0.25 mm compared with 0.001 mm for the DTI-de, and also because the
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ETTI is subject to undercatch during high winds (Singh et al., 2021). Figure 8b shows snow accumulations inferred from ratio
of SWE measurements and estimates of snow density obtained by the DTI-de, showing good agreement to within 5 % with

hourly measurements of snowpack depth from an ultrasonic snow depth sensor.
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Figure 9. Continuous DTI-de measurements of snowflake density compared with ETI SR50 manual measurements obtained twice daily
averaged over 17 storms during the 2020-2021 winter season during which approximately 1300 cm of snow fell, with ambient temperatures

ranging from —22°C to —2°C.

During the 2020-2021 winter season, the Alta site received approximately 1300 cm of snowfall, with ambient temperatures
ranging from —22°C to —2°C. Density measurements from the DTI-de averaged over 17 storms during the season are shown
in Figure 9, compared with manual measurements obtained at 12-h intervals (Singh et al., 2024). For the manual measure-
ments, total SWE and total snow depth H were measured over each 12-h interval. Bulk snow density was estimated from
p = pw SWE/H, where p,, is the bulk density of liquid water. Compared to a 1:1 line, the R? value relating the two mea-
surements is 0.86. The degree to which continuous DTI-de and manual measurements agree is somewhat surprising given the
DTI-de measurements are derived from the integrated properties of individual snowflakes as they land on the plate, and that no
account is made for how they pack and stack in the snow pack.

At the same location on 6 January 2023, during which ambient temperatures varied from -5 to -7°C, the DTI-pm and DTI-de
were collocated for comparison, separated horizontally by ~1 m, and raised ~1.5 m above the new snow surface. Figure 10
shows a comparison of instantaneous and cumulative precipitation measured by both devices for a period when the DTI-de
measured 31.2 mm of SWE and the DTI-pm 30.4 mm of SWE, a difference of 2.6%.

Over the 2023-2024 boreal winter season, a DTI-de unit was installed at a second site in Alta, Utah at the Atwater Snow Study
Plot in Alta, Utah. The study plot contained a variety of meteorological and snow study equipment, including approximately
3m away the OTT Parsivel® disdrometer(Loffler-Mang and Joss, 2000). Figure 11 shows a comparison of snowflake size

distributions observed by the DTI-de and Parsivel® for a two day period between 16 UTC January 2, 2024 and 16 UTC
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Figure 10. 24-hour time series from 6 January 2023 of a) SWE rate measured by the DTI-pm (blue) and DTI-de (black) and b) accumulated
SWE from the DTI-pm (blue) and DTI-de (black).
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Figure 11. Comparison of snow size distributions from the DTI-de (black) and the Parsivel® (red) obtained during light winds with a mean

speed of 1.5 ms™'. The ambient temperature ranged from —13°C to —3°C, with a mean of —9°C.

January 4, 2024 with a mean temperature of -9° C. Approximately one million hydrometeors were sampled by each device.

The size parameter from the Parsivel? is the equivalent sphere diameter and does not have a direct microphysical analog. It

is derived from the shadowed area of the Parsivel? laser sheet and is based on an assumption that the particles are uniform

liquid spheroids with an axial ratio that varies linearly as a function of the equivalent volume sphere diameter D,, (Battaglia

et al., 2010). The comparison made here is between the Parsivel? value of D, and values of D, inferred from direct DTI-de

225 measurements of individual hydrometeor mass assuming the density of liquid water. The mode of the size distribution is similar
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for both instruments, located at approximately 0.6 mm, with a modest shift to smaller sizes for the Parsivel2. However, there are
substantial differences in the sizing of larger particles. The reason is unknown, but there is no direct means to obtain a liquid

D, for snowflakes from the Parsivel? without assuming a snowflake density. No such assumption is required for the DTI-de.

25—
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Wind speed (m s

0.5

20
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Figure 12. Measurements of wind speeds obtained by the DTI-pm and a Campbell Scientific 3D sonic anemometer averaged over 5 minute
intervals. The inset shows a scatter plot of the two datasets in the time series, indiciating a coefficient of 0.65 and and an intercept of 0.21

ms~! with an R? value of 0.78.

The application of the DTI principles to wind measurement has thus far only been explored in a field context for the DTI-pm.
Figure 12 shows a comparison between measurements of light winds obtained by the DTI-pm and a Campbell Scientific 3D
sonic anemometer separated by ~ 1 m horizontally and located at a site on the campus of the University of Utah. DTI-pm
measurements of wind speed were inferred based on the Re (Nwu) relationship given by Eq. 4. Measurements of the winds
from the two devices indicate both have the capability of measuring very light winds, and that both devices covary with a high
coefficient of determination of R? = 0.78. Nonetheless, there are differences. The coefficient relating the DTI-pm wind speed

to the sonic anemometer wind speeds is 0.65 with an intercept of 0.21 ms™!.

5 Conclusions

Accurate, sensitive precipitation measurement remains a substantial challenge using tipping-bucket, weighing-gauge, or optical-
probes, especially when it is frozen. Precipitation hotplates have advantages for frozen precipitation because they are less prone

to collection inefficiencies and their measurement method is based on the first-principles thermodynamics of how much energy
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is required to evaporate a precipitation particle. However, previous hotplate designs have suffered from unresolved environ-
mental influences on the signal and only provided single point measurements.

We introduced here a new automated hotplate concept based on discrete thermal imaging (DTI) that permits first principles
information to be obtained of precipitation bulk and microphysical properties based on the spatial and temporal mapping of
power losses from the plate that are forced by atmospheric thermodynamic signatures. Two devices are described. The DTI-pm
is manufactured from an array of micro-hotplates and uses pulse-width modulation to maintain each element at a constant
temperature against power losses. The DTI-de exploits the difference in emissivity of water and metal in thermal imagery
of precipitation particles on a heated metal plate, and surface temperature maps to quantify precipitation mass, density, and
size distributions. While the DTI-pm requires greater complexity in manufacture than the DTI-de, it does not require camera
calibration, nor does it require occasional cleaning of dust and salt contamination that appears in the infrared imagery. Labo-
ratory and field measurements demonstrate a capacity of the DTI principle to measure the density, mass, and size of individual
hydrometeors, as well as the bulk, integrated properties of precipitation amount and, in the case of frozen precipitation, snow
depth. We find that both devices demonstrate higher sensitivity and accuracy than existing standard precipitation and snowpack
measurement technologies.

The DTI concept is undergoing further testing and development, in particular with regards to laboratory and field experiments
that demonstrate a potential to concurrently measure precipitation, wind speed, and direction. Because the DT is a generalized
thermodynamic sensor, the potential is for it to measure a wide range of meteorological variables from signal processing
applied to a single technique. It may be possible to adapt and extend this technology to a comprehensive weather sensor, as all

atmospheric signals are fundamentally thermodynamic, and therefore measurable using the DTI principle.
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