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Abstract. The dry snow zone is the largest region of the Greenland Ice Sheet, yet temporally and spatially dense observations
of surface accumulation and surface roughness in this area are lacking. We use the global navigation satellite system (GNSS)
interferometric reflectometry (GNSS-IR) technique with a novel, low-cost GNSS network of twelve stations in the vicinity of
the ice sheet summit to reveal temporal and spatial patterns of accumulation of the upper snow layer. We show that individual
measurements are highly precise (£2.8 cm), while the aggregate of hundreds of daily measurements across a large spatial
footprint can detect millimeter-level surface changes and are biased by -2.7 & 3.0 cm compared to a unique validation dataset
data set that covers a similar spatial extent as the instrument sensing footprint. Using the validation datasetdata set, we find
that the reflectometry technique is most sensitive to the surrounding 4-20 m of the surface, with the GNSS antenna at a height
of 1-2 m above ground level. Along with an exceptionally high rate-of-aceumulation-accumulation rate at the beginning of the
study, we also detect an across-slope dependence in accumulation rates at yearly timescales. For the first time, we also validate
GNSS-IR sensitivity to meter-scale surface heterogeneities such as sastrugi, and we construct a time series of surface roughness
evolution that may-hint-at-suggests a seasonal pattern of heightened wintertime roughness features in this region. These surface
accumulation and roughness measurements provide a novel dataset-data set for these critical variables and show a statistically
significant {p—<0-04)relationship with occurrences of both high winds and precipitation events, but only moderate correlations,

suggesting other-processes-must-that other processes may also contribute to accumulation and enhanced surface roughness in
the interior region of Greenland.

1 Introduction

The surface mass balance (SMB) of the Greenland Ice Sheet is a key indicator of its response to a dynamic climate; with an
acceleration of summertime melt and overall surface mass loss, sea levels are directly impacted (van den Broeke et al., 2016;
Smith et al., 2020). In central Greenland, the SMB is still largely positive, but the patterns of accumulation in this region play
a critical role in the stability and the evolution of the ice sheet (e.g., McConnell et al., 2000). Quantifying accumulation and

its meter-scale variability (closely linked to surface roughness) is an important part of tracking SMB, and an understanding of
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these variables is also important for assessing stratigraphic noise in ice core interpretations (van der Veen and Bolzan, 1999),
determining turbulent heat fluxes over the ice sheet (van Tiggelen et al., 2021), modeling firn gas exchange (Albert and Hawley,
2002), and validating space-borne radar (Scanlan et al., 2023). Meanwhile, the drivers of accumulation and surface roughness
in the dry snow zone, such as precipitation, sublimation, and wind erosion, are hard to measure given temporally and spatially
sparse ground-based observations, complicating the formulation of a process-level understanding of accumulation (Castellani
et al., 2015).

The few long-term measurements of accumulation or surface roughness in Central Greenland that-are-made-commonly
sacrifice some aspect of spatial or temporal scale: for example, ice cores provide a record of accumulation and climatic patterns
over long timescales, but no present-day information. On their own, cores are point measurements in space and therefore reveal
little in terms of locally varying processes such as wind erosion (Kuhns et al., 1997). As such, factors sueh-as-including
spatially and seasonally varying accumulation must be understood in order to quantify the stratigraphic noise in ice cores
(Fisher et al., 1985). To better interpret ice core records and connect them with modern surface processes, near-real-time studies
have been established on the ice sheets: for example, stake fields in the vicinity of coring sites can better capture the modern
spatial-varying accumulation signal, with measurements often made on weekly or yearly scales (e.g., Dibb and Fahnestock,
2004). However, snow stakes are manual measurements and therefore pose logistical constraints, while approximations must
be made to convert surface height measurements to accumulated water equivalent volume (e.g., Takahashi and Kameda, 2007).
A more recent method that has-attempted-to-address—circumvents this gap uses a buried eosmie—ray-cosmic-ray counter to
directly quantify the surface mass balance (Howat et al., 2018). While-this-methed-better-Although this method addresses the
aforementioned shortcoming with the snow stake method in converting heights to mass, this technique may still be limited
in its spatial footprint. Lastly, remotely sensed surface height change, such as with the ICESat-2 laser altimeter, can provide
ice sheet-wide coverage, while temporal gaps and its spatial resolution make studying small-scale surface processes difficult
(van Tiggelen et al., 2021). As such, there remains an opportunity in-providing-to provide measurements at higher temporal
resolution and duration, along with greater spatial representativeness for a given area of study.

Here, we leverage a network of precise, easily deployable, low-cost global navigation satellite system (GNSS) instruments
that were positioned for two years over tens of kilometers to expand both spatial and temporal measurements of surface accumu-
lation and surface roughness. To retrieve surface measurements, we employ GNSS interferometric reflectometry (GNSS-IR),
whereby the direct and reflected signals from GNSS satellites incident upon the GNSS receiver antenna create a characteris-
tic signal-to-noise (SNR) interference pattern that directly corresponds to the antenna height above the snow surface (Larson
et al., 2009). Unlike point measurements of the snow, GNSS-IR can sense a large area (~100’s to 1000’s m?) due to the
azimuthal distribution of reflected GNSS signals about the instrument, and this method can produce a temporally dense or
even continuous series of surface measurements depending on the logging configuration of the receiver. This technique has
been used in other studies to measure accumulation throughout the cryosphere, such as in alpine environments arsen;2616)
(Larson, 2016; Wells et al., 2024), on the Greenland Ice Sheet (Larson et al., 2020; Dahl-Jensen et al., 2022), and in Antarctica

(Stegfried-etal; 2017 Pinatetal;202H)(Siegfried et al., 2017; Shean et al., 2017; Pinat et al., 2021).
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With our GNSS network, we not-enly-examine-examine not only the time series of the 24 h mean surface height at each
station, but also the surface height variability at each individual station and between each station. While these aforementioned
GNSS-IR studies produce singular height averages during a certain time period, we extend the GNSS-IR technique by eval-
uating the spatial heterogeneities (roughness) within the instrument sensing footprint. The time series of surface roughness
addresses a critical gap in cryosphere observations of small-scale surface roughness evolution through time. Together with
accumulation measurements, we can take advantage of the temporal and spatial resolution of these data to link patterns of
accumulation and roughness with precipitation and winds.

This paper is organized as follows: first, we provide information on the GNSS network, instrumentation, and auxiliary
data, along with background on the GNSS-IR technique and its spatial properties. Next, we statistically validate the GNSS-IR
technique by comparing surface height measurements with a long-running snow stake field of similar spatial extent, being
the first study to our knowledge to assess GNSS-IR-derived measurements with those made over a comparable footprint in
the cryosphere. We also extend this analysis by determining the precision of individual GNSS-IR measurements and evalu-
ating any differences between L1 and L2 GNSS frequencies. Then, we assess the GNSS-IR technique in quantifying surface
roughness that arises from heterogeneities in local accumulation. Finally, we analyze the daily, seasonal, and spatial patterns
of accumulation and surface roughness derived from this technique, and connect these measurements to occurrences of high

winds and precipitation.

2 Instruments and Methedsmethods
2.1 Open GNSS Research Equipment (OGRE) Netwerknetwork

The network of twelve GNSS stations spans a 35 km east-west transect in the Summit Station vicinity of the Greenland
Ice Sheet, with the easternmost stations positioned near the ice divide (Fig. 1). These stations were originally deployed to
record surface velocity, validate ICESat-2 laser altimetry height estimates of the ice sheet, and demonstrate the utility of low-
cost, high-precision instruments in the cryosphere, and here we use them to analyze accumulation patterns in the network
area using the GNSS-IR technique. Each station is built from a low-cost, low-power -multi-GNSS-instrument called an OGRE,
designed specifically for rapid, overwinter deployments (Pickell and Hawley, 2024b). The OGRE is built on a u-blox ZED-F9P
multi-band, multi-GNSS chip. Station configuration includes a lightweight u-blox ANN-MB patch antenna mounted on a 3
m pole, a 10 W solar panel with the instrument mounted on the backside, and a 40 Ah battery buried below the surface to
minimize drifting. Most stations recorded 1 Hz data for 24 hr periods once, twice, or four times monthly, year round, to
coincide with ICESat-2 overpasses, and the Bamboo Forest OGRE recorded 24 hr data once weekly. Due to a chip shortage
during the fabrication of these instruments, three stations (West, 07, 09) were built with a sister chip that tracks GNSS satellites

at L1 and LS5 frequencies instead of L1 and L2; we do not analyze the L5 signals in this paper.
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Figure 1. Open GNSS Research Equipment (OGRE) array in the Summit vicinity. The background shading highlights the elevation from
the ice divide to the west, and is derived from the MEaSUREs Greenland Ice Mapping Project 2 (Howat et al., 2014). Inset: example OGRE

setup with the GNSS antenna, instrument, and solar panel mounted on a pole 2 m above ground, and with the battery buried just below

the surface. This particular instrument was placed in the Summit Station Bamboo Forest, an 11 by 11 stake array covering a similar area

to the OGRE sensing footprint. The-ba

2.2 MERRA-2 Atmespherie Reanalysis Produetatmospheric reanalysis product

We use NASA’s Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2) for the synoptic
variables in this study (Global Modeling And Assimilation Office and Pawson, 2015). Due to the intermittency of meteoro-
logical data during the winter of 2022 at Summit Station, we chose to use MERRA-2 for the timing and magnitude of wind
and precipitation events as part of our surface process analysis. MERRA-2 and other reanalysis products provide reliable near-
surface climatic conditions (e.g., Wang et al., 2019; Gossart et al., 2019), but in ice sheet environments, biases may still exist:
MERRA-2 is shown to underestimate precipitation and evaporative processes that lead to surface accumulation (Siegfried et al.,

2017; Howat, 2022). MERRA-2 variables are linearly interpolated to each of the OGRE station locations.

2.3 Snow StakeArraystake array

The snow stake array, also referred to as the “Bamboo Forest,” is arranged in its-current-configuration-inte-an 11 by 11 stake
grid with each stake spaced approximately 8 m apart (80 m by 80 m). The array is located east of Summit Station in a region
of relatively undisturbed snow, and the grid is rotated approximately 15° clockwise from true north to align with the prevailing

winds (Fig. 2a). Measurements are made on a weekly basis when weather conditions allow, and data have been collected since
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Figure 2. (a) Plan view of Bamboo Forest OGRE, projected into WGS 84 / UTM zone 24N. The reflection points corresponding to satellite
elevations of 5°, 15° and 25° are drawn radially about the OGRE (calculated based on a 2 m antenna height) in blue, purple and red
respectively. This OGRE is located in the Bamboo Forest, a 121 accumulation stake network which we used to validate GNSS-IR. The
background is the TLS-derived surface elevation from 16 June 2024. (b) Elevation view of OGRE antenna and GNSS-IR reflection geometry,
showing the antenna mounted on a partially buried 3.0 m pole (instrument not shown). As a GNSS satellite rises (or sets) through the elevation
range of 5° to 25°, the location of the surface reflection point changes from a maximum radial distance from the antenna at 5° to a minimum
distance at 25°. (c) Plan view of the locations of all observed satellite arcs from the perspective of the OGRE over a 24 h period on August
18 --August 2022. (d) Detailed plan view of the L1 frequency Fresnel zone geometry of a single satellite arc from Panel C relative to the

OGRE, with the reflecting signal ellipse center point labeled at satellite elevation angles corresponding to R = 5° and R = 25°.

2003. Heights from a fiducial mark on each stake are made to the snow surface, and are sensitive to the same snow surface
height change as measured by the OGRE stations with GNSS-IR. One of the OGRE:s is located within the Bamboo Forest
(“Bamboo Forest OGRE”) and programmed to log once weekly on Wednesdays, the target day of the manual Bamboo Forest
survey.

As each stake height measurement is unreferenced to all others, we surveyed the Bamboo Forest with an aute-level-on-the
+Hth-ef June—-automatic level on 14 June 2024 to reference all stakes and the Bamboo Forest OGRE to the same horizontal
reference datum. This allows for the direct comparison of the biases between the Bamboo Forest stakes and the Bamboo Forest
OGRE. The snow surface in the Bamboo Forest was also scanned with a VZ-2000i Terrestrial Laser Scanner (TLS) on the+6th
ofJune-16 June 2024 for further inter-comparison and spatial analysis of the OGRE data at 10 cm horizontal spatial resolution
(Fig. 2a).
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Surface height is the distance from the antenna phase center on the OGRE or the ducial mark on the bamboo stakes to the
snow surface. In GNSS-IR literature, this value is commonly called the re ector heightqihdicate that the measurement

is the vertical height from the re ecting surface (snow-air interface) to the antenna phase center. We adopt this nomenclature
when referring to the OGRE antenna heights above the surface. Changesaii@ $ensitive to several processes in the dry
snow zone (Castellani et al., 2015):

H =P+M+L+C+W 1)

WhereP is precipitation as snowfalM is melt (generally negligible at Summit), ahds surface change due to latent heat
ux, and can be positive or negative if in a depositional regime or a sublimation regime, respectively, depending on atmospheric
conditions.C is compaction between the surface and the bottom of the pole, and we assume the pole to be locked into the layer
at its base per Takahashi and Kameda (2007). Finallis wind redistribution, which can also be positive (depositional) or
negative (erosional). In this paper we also refer #d; as “accumulatiofy,” which can be positive or negative and represents
the change in the snow layer between the measured surface and the anchored bottom of the pole.

In calculating H, GNSS-IR does not rely on any position-related measurements made by the instrument; instead, the only
data of interest are the SNR levels measured by the instrument for each satellite signal. When tracking satellites at low elevation

to notonly the direct incoming satellite signal, but also any re ected signal, called multipath (Fig. 2b). At the antenna phase
center, these signals interfere, and whether they do so constructively or destructively at a given satellite elevation angle is a
function of antenna height above the re ecting surface. Speci cally, the frequency of the interference pattern as the satellite
rises is directly related to the ratio of the antenna height and the signal wavelength (Georgiadou and Kleusberg, 1988). With
multiple L1 and L2 constellations, we can use this technique to derive hundreqdssfirates each day, distributed radially

about the instrument based on the azimuth directions of the satellites observed at the latitude of the instrument (Fig. 2c). In the
ice sheet interior, this technique is particularly effective given the unambiguous, near-planar re ecting surface.

Following Roesler and Larson (2018), our processing strategy involves masking satellite arcs from 5°-25° (the elevation
range for which we observe strong multipath in our receivers), tting a 4th order polynomial to remove the direct signal
trend, correcting for refraction with a simple bending model, and estimating the interferometric frequency with a Lomb-
Scargle periodogram. Successful Lomb-Scargleestimates are ltered by a peak-to-noise ratio that ensures the detected
H, estimate is the dominant signal by a factor of 4.0. The software used to process these data is freely available at https:
/ldoi.org/10.5281/zen0do.10644225 (Larson, 2024).

In contrast to sonic snow depth sensors or snow stakes, the spatial footprint of GNSS-IR is complicated by the changing
antenna height above the surface and the re ection patterns of each satellite arc, but this also provides an opportunity to
sense a much larger area than traditional methods (e.g., Roesler and Larson, 2018). At our lower elevation angle bound of
5°, the re ection point is approximately 35 mwayfrom the antenna at the beginning of our study, when the antenna pole
is approximately 2.0 m above the surface. By the end of the study, when the antenna is closer to the surface by 1.0-1.5 m
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due to accumulation, the outer re ection point has migrated inwards by about 10 m radially. Meanwhile, the inner re ection
point when a given satellite has risen to 25° starts at 4.8 m for an antenna pole height of 2.0 m and migrates inwards around
2 m by the end of the study. The sensing footprint of a singlendasurement can be broadly characterized as an evolving

from the instrument to the satellite, and therefore the azimuthal location may change slightly as the satellite rises or sets
(Appendix A). This effect is small so we chose to use the mean azimuth of each satellite across its 5°-25° arc, noting that this

deesindueeintroducesan additional error when we estimate the ground location of each re ection.

Several studies have evaluated the performance of GNSS-IR in snowy environments. In a mountain saddle, Gutmann et al.
(2012) found a 10 cm bias between the receiver and a scanning laser range nder, with this variability largely attributed to the
surface noise recorded by the laser scanner. Siegfried et al. (2017) demonstrated that GNSS-IR re ections from an Antarctic
network of GPS stations overestimateddédmpared to manual measurements by 2.6.0 cm. In Greenland, closer to the
margin with sloping terrain, Dahl-Jensen et al. (2022) derived a RMSD of 17 cm and correlatiéfo®8 compared to a
sonic ranger. Finally, Larson et al. (2020) determined a 9.9 cm standard deviation (no bias provided) of the differences between
a GPS station and a nearby ultrasonic sensor in the interior of Greenland, and points out that these uncertainties are within
the scale of snow roughness features that could bias smaller representative measurements such as those made by an ultraso
sensor when a sastrugi migrates within the eld of view.

No study to our knowledge has attempted to reconcile GNSS-IR-derivestlthates with their constitutive footprint within
the cryosphere; one study in the continental USA made measurements with consideration to the footprint of the GNSS re ected
signals, which found a —5.7 cm bias and 10.3 cm RMSE in snow depth estimates measured relative to the ground datum using
a snow probe (McCreight et al., 2014).

3.2 Evaluation of Biashiasand
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a maximum error of approximately 1.0 cm, based on the legibility of the stadia rod from the furthest measuring location of

measurement error of 0.25 cm for each stake. Furthermore, we assume that the bamboo stakes are all locked into the rn ai
their base at the same level, which needs to be true to continue to reference the stakes to the horizontal plane backwards i
time. We believe thigsto bea reasonable assumption as the stakes are pushed into the snow until a rm layer is tgeehed

2023, whereby the stakes were measured, raised in the rn and measured again. This may induce another small error base
on the calculated distance between the pre-raised and post-raised stakes, which would be the error estimate for a given heigt
measurement added with itself in quadrature, or 0.33 cm. Thus, there is a possibility for compounding errors up to 1 to 2 cm,

uncertain.

The Bamboo Forest OGRE records data for 24 h each Wednesday, but due to safety and weather conditions, the snow stake
were not always measured on this day. Thus, when comparing théaiseeidatasets, we de ne a 48 h window relative
to the OGRE logging day to search for a comparable stake survey. A prior study found the mean accumulation in the Bamboo
Forest to be 71 cm ¥ (Castellani et al., 2015), which corresponds to a mean daily signal of 1.9 mm. Thus, we estimate a
several-mm additional error in our comparisons due to the temporal offset betweerigatasets, which may be exaggerated
during periods of high accumulation. To select the bamboo stakes that best represent the same sensing footprint of the OGRE
we iteratively average “concentric” stakes radially about the OGRE, starting with the closest four stakes (2 by 2 stake square)
and up to ve stakes away (10 by 10 stake square), while Itering any stake measurementsorm3the mean of the entire
network. We nd that the variance between the tamtasetglatasets begins to increase after including the 3rd ring of stakes
(6 by 6 stake square), thus we will only consider the 36 stakes that form a box around the OGRE.

Overall, we observe a mean bias of -2.73.0 cm (n = 76) between the averaged daily OGREaHd the 6 x 6 stake
array, with a correlation coef cient of 0.998%(= 0.996) (Fig. 3). Compared to the 6.0 cm variance found by Siegfried et al.
(2017), an F-test for equality of variances indicates that there is a signi cant large difference between the precisions (p = 1.4
x107). We attribute the higher precision in this study to the centered, spatial representativeness of the vethdatigata

stake measurements. Throughout the sttiay heights of the OGRESs were occasionally manually measured from the antenna

ground plane to the snow surface; the mean bias was 2351 cm (n = 31), which is the same sign as the bias found by

or perhaps the variability igr-partpartly dueto scouring and pitting around the bamboo stakes. During the rst year of the
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of the nearby 36 stakes within Bamboo Forest. Note that thesklimates for both the OGRE and the stakes have been ipped to show the
increasing surface height, as opposed to the decreasing height between the ducial and the surface. The shaded uncertainties are taken
be the 1- values of the OGRE height estimates for a 24 h period and thevdlues of the heights of the stakes, corrected to the same

daturhgrizontalreference.

An additional strength of the OGRE is its multi-constellation and multi-frequency tracking ability, which results in hundreds of
successfully calculated;Hineasurements for a 24 h period. It is important to analyze whether there is a statistically signi cant
difference between L1 and L2 frequencies that arises due to different penetration depths or antenna phase center locations
which will in uence how we consider these two signals when we aggregate our data.

We identify any individual satellite arcs across all constellations where dathL1 and L2 frequency from the given
satellite produce Hestimates in our processing routine. We then compute the mean of the biases between all these pairwise
points by constellation (Table 1). Across all aggregated data, we nd no statistically signi cant evidence (p < 0.01) that the
biases differ from zero for any constellation. This suggests that the differences in frequency or antenna phase center locatior




230

235

240

245

250

Table 1.Pairwise biases between L1 and L2 frequencies, showing very low biases for intra-constellation differences in L1 and L2 frequency
H, estimates.

Constellation L1 Center Frequency (MHz) L2 Center Frequency (MHz) Mean Bias(m) 1-SD (m) n (pairs)

GPS 1575.42 (CIA) 1227.6 (L2C) -0.0007 0.046 6647
GLONASS 1602 (L1OF) 1246 (L20F) 0.0005 0.046 6643
GALILEO 1575.42 (E1-B/C) 1207.14 (E5B) -0.0015 0.046 4559

Section 3.3 demonstrated that we can considegdtimates from L1 and L2 together. As this study seeks to evaluate surface
heterogeneities from Hestimates, we need to rst understand the precision of individualstimates. In general, if we wish to
assess the noise and precision of singlestimates corresponding to particular satellite arcs, we would conduct a repeatability
test from one day to the next with an unchanging surface. However, while we consider a 24 h period of surface heights to be
static, we cannot necessarily make the same assumption from one measurement period to the next. Given the large amount c
data and the general agreement between L1 and L2 height estimates, we instead assess the variability about the mean surfa
for any period.

In Fig. 4a, we see an example aggregate pfebtimates for a 24 h period, plotted based on azimuthal location about

occurred during 8 days throughout the study. The removal of outliers and temporal-trending days reduces the total number of
H, points from 39,480 to 3858:340. Finally, we de ne a bandwidth window that encompasses 10° azimuthal chunks of the

10
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Figure 4. (a) Example 24 h period of Hneasurements from an OGRE with the mean surface determined by passing the data through a
kernel Iter tuned to encompass d8gre€’ azimuthal windows. (b & c) All detrended surface heightdata points for the Bamboo Forest
OGRE across all measurement periods are aggregated together and show an approximately normal distributiowaltiee(2-8 cm) is

taken to be the precision value for any singleddtimate.

the study and processing errgr@wever. However, this value agrees with estimates maaiengin past studies showing that

individual satellite signals produce height estimates varying on the order of 2-3 cm (Larson and Small, 2016). Furthermore,
Gutmann et al. (2012) estimates the formal error of the GNSS-IR method to be 2 cm, while Larson and Nievinski (2013)
estimate this error to be 2.5 cm, which indicates these formal and processing errors largely constitute the estimate of this

precision.

4.1 A new technique for measuring surface roughness

We now evaluate the sensitivity of OGRE re ectometry-derivgdeltimates to sur cial features such as sustragi and dunes.
For a given 24 h period, we rst remove outliers as in Section 3.4. We then apply the sategrd@xed-bandwidth’
-frequency signal, resampling the signal wegjre€’

bins to ensurerrevena

to remove the underlying surface slope, and we take the standard deviation of the detrended data. This value is taken as th
OGRE-derived surface roughness. Similarly, for the Bamboo Forest data, we remove the plane of best t from the subset of 36

11






