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Background

« Ground Penetrating Radar (GPR) has been collected in all
SnowEx field campaigns

Figure 2. Radar mounted on HP
Marshall's  snowmobile  during
SnowEx 2023 in Alaska.

Figure 1. GPR sled being towed
by R. Webb during SnowEx 2017
on Grand Mesa, CO.
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Flgure 4 GPR sled being pulled by
R. Bonnell during SnowEx 2020 at
Cameron Pass, CO.

Why GPR?

1. GPR signal is sensitive to snow density

Figure 3. GPR mounted on T.
Meehan’s  snowmobile  during
SnowEx 2023 in Alaska.

a. Snow Density has been shown to vary at scales difficult to observe by pits
with standard surveys.

2. Provides near-continuous data over multiple km of
transects
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Figure 5. Example radargram with the
strong reflection from the ground shown.

3. When combined with other methods, GPR provides density
distribution data product.

4. Excellent SWE & density datasets for evaluating airborne
(UAVSAR, SWESARR, etc.) and/or spaceborne products
(Sentinel-1, NISAR, etc.)

5. GPR can be more accurate than traditional depth-based
methods for estimating SWE.
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Figure 4. Snow depth derived from a manual probes, b ASO lidar DTMs, and ¢ WorldView satellite DSMs. Scatterplots ol snow depth from d manual probes, ¢ ASO
lidar DTMs, and [ WorldView satellite DSMs compared Lo GPR-derived snow depths. Blue points in (e) and () have ASO-derived canopy heights <2 m, and green
points have ASO-derived canopy heightls >2 m. histograms of difference between (g) GPR-probes, (h) GPR-ASO, and (i) GPR-WorldView.
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Figure 9. Conceplual diagram ol the wind dynamics thatl occur around a lorest stand in the direction of wind. Shown
here is (a) representative pallern of snow waler equivalent (SWE) distribution observed in this study using relative
depths of Transect 56 [or the windward edge and boundary effect and Transect 3 for the middle section, leeward
boundary eflect, and leeward edge, (b) the relative ellective roughness length parameter when adjusted for letch along
the distance of a forest stand (Belcher et al., 2003), and (c) wind vectors that are expected as a result of the effective
roughness length parameter and recirculation region on the leeward edge of the stand (Detto et al., 2008).
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A Time Series of Show Density and
Snow Water Equivalent Observations
Derived From the Integration of GPR
and UAV SfM Observations
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FIGURE 6 | (A) Comparison of relative permittivity measured by the A2 Photonics WISe sensor and derived from the SfM-GPR analysis. The error bars for the WISe

are based on the standard deviation of the individual layer observations and for the SIM-GPR are the standard deviation of the observations along the transect. (B)
Scatterplot of GPR-SfM snow density and pit-measured density. (C) Snow density from the Joe Wright SNOTEL (smoothed with a 14-day window), manual snowpit
measurements, and derived from the SIM-GPR analysis. The error bars for the snowpit are + 8% of the measured density (Proksch et al., 2016) and for the SfM-

GPR are the standard deviation of observations along the transect. (D) Scatterplot of GPR-SfM snow density and pit-measured density using both Kovacs et al. (1995;
maroon) and Webb et al. (2021; light blue) empirical relations.

The Cryosphere, 18, 3253-3276, 2024
https://doi.org/10.5194/tc-18-3253-2024

@ Authon(s) 2024. This work is distributed under
the Creative Commaons Attribution 4.0 License.

The Cryosphere

Spatially distributed snow depth, bulk density, and snow water
equivalent from ground-based and airborne sensor integration
at Grand Mesa, Colorado, USA

Tate G. Meehan'~, Ahmad Hojatimalekshah®, Hans-Peter Marshall®, Elias J. Deeb', Shad O"Neel'-,
Daniel MeGrath®, Ryan W. Webb", Randall Bonnell”, Mark S. Raleigh”, Christopher Hiemstra®, and Kelly Elder’

4325.0 ™ o 350
0
; o
[ o I
4324.55 . o Ml 2 2y )
P R S e -
. ' b g LN -

[ T lll--|I i
Wy o
rahiing . 2 0 D 3 I
4324.0 . L gk o MR i = q} g
‘ gy i 300
iyt . T | ﬂt‘ - E
E ¥ E " '.r I‘ i I_: '.I. '.'._ L E:
S s i i'";* ik i =
-El. - = % :‘l a._:'
S 43230 . 2 g &
L P AdEe e 2 Jﬁ 4 | Z
- - ] . . Tk - : AL o | =
._D P ;&;m 4 }. F 250 @
43225 = e - ol - . s I
"3 b 2 el
4322.0 b .I.‘ 0ty
e by W
43218 . s A - = s . 20
T41.5 7421 T42.5 T43.00 T43.5 T4 T44.5 T45.0 T45.5 T4d6.0
Easting (km)

Figure 4. Bulk snow density along radar profiles, estimated by combining lidar snow depths with GPR TWTs. Average densities measured
in the 96 snow pits within the lidar boundary are overlaid as larger makers. Forested areas (grev) and lakes (black) are shown. The color map
is centered on the mean value.
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SWE
Change

Figure 12. (a) InSAR ASWE between 19 and 26 February aggregated to the 30 m Landsat resolution. (b) The Landsat AfSCA between
18 February and 5 March. The color scale for panel (a) was changed to —5 to 5 cm to exemplify the patterns.
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Figure 7: (a) UAVSAR ASWE retrievals compared with coincident GPR ASWE retrievals, with reported Pearson’s correlation coefficient
(r) and RMSE (n = 2833). Pomnts 1n (a) are colored by pomnt density. (b) 2020 box plot distnbutions of GPR and UAVSAR ASWE
retrievals pared by date. (c) 2021 box plot distnbutions of GPR and UAVSAR ASWE retnevals pared by date. Box plots show the

median, 23™ and 75" quantiles, the maximum and minimum, with outliers (>1.5 times the interquartile range) shown as points.
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SnowEx 2021:
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Cameron Pass Ground Penetrating Radar, Version 1 [Data Set]. Boulder, Colorado USA.
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Other GPR data from 2023 has been submitted and is in the process of being published.

QR code to all SnowEx
GPR data at NSIDC
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