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INTRODUCTION SNOWPACK PROFILING

Snow-water equivalent (SWE) and snowpack morphology: « Rain observations match disdrometer velocity measurements.
° Snowpack perm|tt|v|ty affects radar Signa| propagation Speed Radar reﬂeCtiVity alignS with water volume corrected partiC|e counts
Environmental scientists need spatiotemporally dense observations. * Snow height can be measured by * £, 4y smow ONly depends on density (o [ke/m?]), not morphology (avg. 180 frames over 70 seconds interval)
- Existing techniques for snowpack and snowfall monitoring are often performing downwards radar ranging |
inaccurate, low-resolution, high-power, labor-intensive, expensive. from a pole to the top of the snowpack. " Endysmow = 1A 1'7’0_ + 0707 et toon _ _ _ I
« mmWave FMCW SoCs can be used to form networks of distributed  Experiments performed in Nome, AK * Snowpack analysis enables range profile correction (Fig. 9) -
radar sensors for high-resolution environmental observations - Range tests performed at (0.24, 0.39, * Inversely: range-to-ground knowledge enables snow density 7 wi
0.53, 0.63, 0.73, 1.31, 1.64) m and SWE measurement wi
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A total of 3,200 radar frames were * Morphology affects reflectivity so range profiles indicate layers

Obta|ned over a” 7 Setu pS M. Tiuri, A. Sihvola, E. Nyfors and M. Hallikaiken, "The complex dielectric constant of snow at microwave frequencies," in IEEE Journal of Oceanic 1 20 '
* Engineering, vol. 9, no. 5, pp. 377-382, December 1984, doi: 10.1109/JOE.1984.1145645. 0 . . . . . . 0 qg 5 Y - o0 =0 o0 1510
Weather radar * * * * _* * — . . . 0.0 0.5 1.0 . 1.5 . 2.0 2.5 3.0 ' ' ' velocitly [m/s] ' ' .
"""""""" - -on ittt : : : : ——- Uncorrected propagation speed Cam 2 Pit 2: 64.729804; -165.951145 (fy W Volume-Equivalent Diameter (ved) [mm]
* We evaluate CA-CFAR for top-of- 30 o Yy Ef";i;“g”jpfedd;”f“ed Din ms /Amm mETm] 2| [ Fig. 13: Disdrometer rain particle measurement (Left), and radar range-velocity plot (Right)
I | - etecte eakxks R < 51.%‘ . 77! -
i . LR P . . .
snowpack detection L W W,’ ﬁZMj =14 T. T » Snow observations match disdrometer velocity measurements.
. ! ! = (oM 729804 L] . . . . . .
» Usually returns multiple peaks o] i o —:f;;%@-/zfﬁf HEE Radar reflectivity aligns with disdrometer particle counts
« Exact peak can be missed (Fig.5) NAEN T (avg. 306 frames over 70 seconds interval)

2.5 4

* Not tailored to this problem
* We propose a novel algorithm:
1) Steepest upslope in range plot: | . —
x = max(Vamplitude(range)) Fig. 4: Snowpack profiling setup
2) Detected top-of-snowpack #(0) is first local maximum after slope
t = [amplitude’(range) = 0] V range > X ~70
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Fig. 1: Concept of distributed mmWave radars for monitoring environmental processes
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provide more accurate information on precipitation intensity

304 \ — <now distance *—‘— —1 —o}j *7[&@7 |7'; ‘ . .Volume-EquivaIent Diameter [mm] ' ‘ . ’ Ve|0cit.y [m/s] : . | . |
ENVI RON M ENTAL M MWAVE SENSORS —— radar reflectivity _80 | , , , , , - e | &f =4 Fig. 14: Disdrometer snow particle measurement (Left), and radar range-velocity plot (Right)
—40 - ® CA-CFAR peakS 0.0 0.2 0.4 0.6 0.8 1.0 . Lo he S
X gradient method - - e - o C. Attenuation based precipitation characterization using radar targets
R : @ —50 - Fig. 9: Snow density corrected range plot (left) and conventional snowpack analysis (right) '
We selected 60 GHz BGT60TR13C FMCW radar development kits a . . . .
for experiments in remote environments S 6o « Two-way signal attenuation due to hydrometeors is proportional to
« WiFi connectivity in remote field sites enables real-time UDP 2 0 SNOWFALL CHARACTERIZATION radar target distance and precipitation intensity
. . g- -50
< -80- . . —50 — —— No snow
streams of raw ADC data and remote configuration by LBNL servers mmWave as small-scale, high-resolution weather radars: . ; — oo
« Low power consumption allows for operation on solar power ~90 - . . . —55 1 o
P P P P B. Upwards pointing radars to measure velocity and reflectivity of S 54
—100 A | | | | | | | | hydrometeors 7 > \ £ 56
0 1 2 3 4 5 6 7 : C L . . i o
Range (m) C. Horizontally pointing radars to measure wind direction and speed. 2 ~6
Fig. 5: lllustration of the proposed gradient based ranging algorithm compared to CA-CFAR In combination with radar targets, attenuation measurements can % ~70
5

« CA-CFAR returns multiple peaks, so we evaluate two selection
criteria (Max peak, First peak) and compare snow ranging errors to

| _
e \ 25.2 25|.4 25|.6 25|.8 2é.0 26.2
| Distance [m]
—75 A \/[ j
—80 - w/\’\

the proposed gradient based method. —85 4 —— No snow VAN
. . . Snow -
Fig. 2: Disassembled radar system for field deployment 2000 90 | | | | ~
1.7 mm %288: BEm Strongest Peak, (100.00% in plot range) wm 0 10 20 | 30 40 50
° m 1Tx_ RX n- h| ntenn 2400 4 First !Deak, (100.00% in plot range) Max peak | First peak Distance [m]
Compact SRx on-chip antennas 2200 1 ) _cradjent, (96-a0% i plotrange) Mean 0.218 0179 0.076 Fig. 15: Snow induced attenuation of a radar signal that is reflected off a distant target
* Enclosure/radome structure: : i§§§ S 0160 0 305 031
+ PP (g, = 2.3, tand = 10*%) " 1o PO 0217 0006 0002 CONCLUSIONS AND FUTURE WORK
« Thickness = 1.65 mm = \/2 §§§ J ‘ P90 0.397 0.121 0.053
: : : : 200 1 P95 0.443 0.183 0.454 . _ S - )
» Cylindrical with chip centered: 0 l——————— o'lil,hcl; lw"e-o, KR L.ow cost 60 GHz rgdar SoCs can be used for high-resolution, real
. B i R S i = SR B - B time snow observations. The compactness and low power
* Farfield (r=24.5 mm) Error (m) .
. . o . . consumption of the system enables remote deployments
. Equidi stance ensures Fig. 6: Snow height estimation errors for the gradient based algorithm and CA-CFAR _ . _ _ _
constant radome thickness H dient based method » t t ts with « A gradient based algorithm combined with averaging over frames
Fig. 3: Radome cross section ° € gradient based metino roviaes most accurate resulits wi : : : _ P
J J P Fig. 10: Snowfall characterization setup based on doppler velocity (B) or signal attenuation (C) and Rx channels enables snow helght detection with cm precision

significant outliers. We evaluate range profile averaging methods:

Dry weather observations
show only zero-doppler

A. B. C. B Doboler based orecipitation ————— « Range-to-ground knowledge enables a precise calculation of snow
SNOWPACK | SNOWFALL | SNOWFALL * Averaging channels * Range profile averaging over cﬁaracp:fe S ation Precip . — ronweneasm density through signal propagation speed corrections
ically reduces errors multiple radar frames Ot
DOPPLER | ATTENUATION drastically p | . Rain observability is high N - Upwards pointing radars accurately measure hydrometeor speed
o 58 0 GHz 60.0 GHz 60.0 GHz « Antennas perform equally drastically reduces outliers due to strong reflictivity z  Horizontally pointing radars capture atmospheric attenuation that is
fstop 63.5 GHz 60.2 GHz 60.4 GHz 0 A rionia; aferaged (83 65% | ot fangc . |I = o sveraging (93.18% 1 plot range) (&, warer = 12) and high veloc:|ty g proportional to distance and precipitation intensity
GTX 38 dB 33 dB 45 dB g ool || | 3> ' lower due to low reflectivity « Use ML to detect the structure and density of snowpack layers
RAIE S 600 - | i E |I‘I (8r dry snow ~ 2) and low —1127 W@W i . i i

el | 2500 kHz 2500 kHz 2500 kHz ill| 2% ml ve,locity P T  Quantify precipitation based on attenuation measurements,
# Samples per chirp 512 64 912 1T UL ® o L L ey o measure wind speed, and classify precipitation using ML
# chirps [frame 256 128 16 200 - ‘I‘I‘I uls Fig. 11: Velocity profile with precipitation events
Active Rx channels  [1, 2, 3] 7S MMLHM% o ' .
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