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Abstract

A 3-year record of weekly snow water equivalent (SWE) accumulation at Summit Camp, central
Greenland ice sheet, obtained by direct sampling, is presented. While the overall SWE accumu-
lation of 24.2 cm w.e. a−1 matches long-term ice core estimates, variability increases at shorter
timescales. Half of the annual SWE accumulation occurs during a few large events, with the aver-
age accumulation rate decreasing 35% between the first and second halves of the record
coinciding with exceptional anticyclonic conditions in the spring and summer of 2019. No sea-
sonality in accumulation is detected. Rather, local accumulation rates appear to be significantly
impacted by wind redistribution that obscures temporal patterns in snowfall. Surface snow dens-
ity is consistent, on average, with previously measured values but does not correlate with near
surface temperature or wind speed. Two surface mass balance reanalysis models significantly
underestimate accumulation rates at Summit Camp. This is concerning because such models
are often used to estimate ice-sheet mass loss.

1. Introduction

The surface mass balance (SMB) of the Greenland ice sheet is, primarily, the difference
between the mass gained through snowfall and that lost due to melt runoff (Lenaerts and
others, 2019). Greenland’s annual SMB has declined over the past three decades due to
increased melting relative to snowfall. The rates of iceberg calving and melting at the ice/ocean
interface have also increased, resulting in an increasingly negative total mass balance and an
increasing contribution to sea level rise (IMBIE Team, 2020). Snowfall accumulation is the sin-
gle largest term in the Greenland ice-sheet mass budget and has the largest interannual vari-
ability (Box and others, 2013; Gallagher and others, 2022). Accumulation is also highly
complex since it is dependent on both large-scale atmospheric circulation and local-scale sur-
face processes, including wind redistribution. The characteristics of accumulated snow also
change quickly through time by multiple metamorphic processes that are also dependent
on atmospheric conditions. Understanding and predicting accumulation, therefore, requires
detailed observations of snow and firn at a wide range of spatial and temporal scales
(Lenaerts and others, 2019).

Much of our understanding of the mass of snow accumulation on ice sheets comes from
relatively sparse measurements from ice cores, snow pits or inferences based on remotely
sensed data. These are limited to, typically, annual resolution or, in the case of remotely sensed
data, subject to significant uncertainties regarding snow density, grain size or other physical
properties required to estimate mass accumulation (McIlhattan and others, 2020). No direct
measurements of mass accumulation and near-surface density on ice sheets at higher temporal
resolution over multiple years are known to exist. This is because of the logistical challenges of
obtaining field measurements. There is, therefore, a critical gap in direct observations of mass
accumulation and surface density at the temporal scale of atmospheric and surface variability
which are necessary for process understanding. Furthermore, such measurements provide
valuable ground truth for remote sensing. For example, the success of satellite-altimetry
missions, such as ICESat-2, is dependent on the ability to obtain estimates of ice-sheet
mass balance from changes in surface elevation, thus requiring knowledge of the density of
the accumulation and the changes in firn density that contribute to surface height changes.
Additionally, atmospheric reanalysis models, another primary source for ice-sheet
mass-balance estimates and forcing for firn models used to correct altimetry measurements
(e.g. Kuipers Munneke and others, 2015), rely on ground measurements for calibration and
validation. As such, the ability of these models for representing accumulation is not well con-
strained (Fettweis and others, 2020; Montgomery and others, 2020). Due to the vastness of
ice-sheet interiors, small biases in the rate of surface accumulation can cause large errors in
mass balance. For example, a 1 cm a−1 bias in the rate of annual water-equivalent accumula-
tion over the Greenland ice sheet equates to 15 Gt a−1 of mass, or over 5% of the current rate of
loss (IMBIE, 2020).

Located at the highest point of the interior Greenland ice sheet and occupied year-round
for over 20 years, Summit Camp provides a unique platform for supporting observational
campaigns that require frequent and sustained manual measurements, equipment mainten-
ance and sheltered laboratory facilities. These include detailed measurements of a wide
range of atmospheric variables (e.g. Box and Steffen, 2001; Castellani and others, 2015;
Berkelhammer and others, 2016), snow accumulation (e.g. Dibb and Fahnestock, 2004) and
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firn density (e.g. Zwally and Li, 2002). As a result, much of our
understanding of large-scale processes and atmospheric drivers
controlling Greenland’s accumulation comes from observations
at Summit Camp. Yet, a sustained program of measuring mass
accumulation and surface density through time had not been
undertaken.

To fill this observational gap and provide a benchmark dataset
for instrument calibration and validation, measurements of changes
in the mass and thickness of surface accumulation were obtained
manually at ∼7-d intervals for 3 years at Summit Camp. These mea-
surements provide unprecedented information about temporal vari-
ability in surface mass accumulation and surface snow density.

While a preliminary version of the first year of these observa-
tions was shown in Howat and others (2018), the full 3-year data-
set is presented here, including quality control and errors. The
observations are then used to examine temporal variability in
snow water equivalent (SWE) accumulation and density at vari-
ous timescales and in relation to local meteorology. Finally, the
mass accumulation estimates are compared to concurrent mea-
surements of snow height change at a network of stakes, snowfall
observed by ground-based Doppler radar and accumulation rates
predicted by two ice-sheet SMB reanalysis models often used for
estimating ice-sheet mass changes.

2. Snow board measurements

Observations of accumulation thickness, SWE thickness and
density were obtained using the snow board method, where accu-
mulation atop a board, which serves as a depth reference, is
repeatedly sampled and measured. The snow board method has
been used for over a century to measure mountain snowpack
(e.g. Wayand and others, 2015), but no application to measuring
ice-sheet accumulation was found in the literature. A shallow,
rectangular pit is excavated, and a piece of plywood is placed
over the floor of the pit. The pit is then allowed to fill with
snow and settle over a period of at least 2 weeks. A plastic tube

is used to remove a core sample of the snow from the surface
to the plywood, which serves as a depth reference for each subse-
quent sample. The sample is taken from a different location on
the board each time, as measured from flagged poles at the corner
of the plywood, to provide an undisturbed sample. The SWE of
the sample is obtained from both its mass and water volume, pro-
viding redundancy for quality control. To obtain the SWE thick-
ness of the sample from its mass, the sample is brought indoors in
its sampling tube and weighed. The weight of the empty sampling
tube is subtracted, and this weight is divided by the cross-
sectional area of the tube. To obtain the SWE thickness from
the sample volume, the sample is allowed to melt and the liquid
volume is divided by the cross-sectional area of the core. The
snow depth at each sampling site is also recorded. The SWE esti-
mate divided by this depth gives an estimate of sample density.
Measurement precisions and resulting uncertainties are provided
in the Supplementary material.

When no undisturbed locations remain on the board, or the
snow becomes too deep to sample, sampling moves to a new,
adjacent snow board site. During the change to a new site, sam-
ples are taken at the same time at both the old and new sites.
These are termed tie points. Subtracting the SWE value of the
tie point at the new site from that of the old site, and adding
this difference to later measurements, gives the cumulative change
in SWE across site transitions. The snow board sampling sites
were in a designated area of undisturbed snow, upwind of other
field instrumentation and buildings to minimize their influence
on accumulation.

A total of 147 measurements were recorded between 7 March
2017 and 5 March 2020, averaging 7 ± 2 d between surveys
(Fig. 1). Measurements of snow depth ranged from 8 to 58 cm,
with a mean of 26.7 ± 11.9 cm. Survey sites were occupied 90 d,
on average, with the longest being 141 d from 5 June to 24
October 2019. The shortest, 29 d, was the final site.

SWE observations obtained from sample mass ranged from
2.62 to 18.40 cm w.e., averaging 8.00 cm w.e. and with a std dev.

Fig. 1. Time series of snow board (A) sample snow depth, as measured from the surface to the board, and (B) sample SWE thickness, obtained from average of
sample mass and volume measurements. Dashes denote transitions in sampling sites.
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of ±3.43 cm w.e. On average, SWE derived from mass was 0.05
cm w.e., or 0.75%, less than that derived from volume, with the
RMS of differences equaling 0.15 cm w.e. (note this was mis-
takenly reported as 1.5 cm w.e. in Howat and others, 2018), or
1.9% and with 95% of measurements within 0.31 cm w.e. or
3.2% (Fig. S1). The disagreement between mass and volume mea-
surements tends to increase with sample size, with a std dev. of
0.11 cm w.e. below 10 cm w.e. and 0.21 cm w.e. above, and no
measurements agree within 0.2 cm w.e. for samples over 14 cm
w.e. This indicates some unknown instrumental or procedural
error in larger samples, and it is not known whether this impacts
mass, volume or both measurements. A description of dataset
quality control is provided in the Supplementary material.

3. Results

Subtracting differences between concurrent tie-point measure-
ments at sample site transitions provides an estimate of the cumu-
lative SWE thickness over the 3-year record (Fig. 2a). Total SWE
accumulation was 69.5 ± 0.2 cm w.e. for an average rate of 24.2
cm w.e. a−1, equal within uncertainty to the long-term annual
rate of 24 cm w.e. obtained from the GISP ice core (Alley and
others, 1993). Subtracting this average trend from the time series
(Fig. 2b), there is no clear seasonality. Instead, the time series is
dominated by multi-year variability punctuated by distinct peri-
ods of increasing and decreasing accumulation. Following a sus-
tained period of declining SWE between May and August 2017,
the rate of accumulation was approximately one-third greater
than the mean between October 2017 and January 2019. The
accumulation rate then declined to two-thirds of the mean from
January 2019 through the rest of the record. Overall, the accumu-
lation rate of 28.6 cm a−1 during the first half of the record was
35% greater than the 18.6 cm a−1 during the second half. This
interannual variability appears to be a consequence of more fre-
quent, large accumulation events in 2017 and 2018. Out of the
six measurements of increased accumulation >3 cm w.e. per 7 d,
five occur before April 2018, with the sixth in October 2018
(Fig. 2c). These large increases are typically followed by rapid
declines of 1–2 cm w.e. over the following one to three measure-
ments. However, two significant 7-d declines of 1.5 and 1 cm
w.e. occurred on 22 May 2019 and 16 January 2020, respectively,
that were not preceded by accumulation events.

One-quarter of the observations recorded a decrease in SWE
from the previous measurement. The 10th and 90th percentiles
of the 7-d change in SWE were −0.36 and 1.60 cm, respectively,
with a maximum gain of 4.01 cm, or one-sixth the annual accu-
mulation, between 2 and 9 November 2017, followed closely by
the maximum observed loss of 2.33 cm between 15 and 22
November 2017. Increases greater than the 90th percentile
accounted for 50% of the total cumulative SWE. Over the record,
declines in SWE totaled 16.60 cm, or 24% of the cumulative total,
with half of that loss occurring in the first year when overall accu-
mulation rates were larger.

Density obtained by dividing sample SWE by snow depth ran-
ged from 0.201 to 0.441 g cm−3 with a mean of 0.303 g cm−3 and a
std dev. of ±0.044 g cm−3 (Fig. 2d). This is nearly identical to the
average of 0.305 g cm−3 measured by Dibb and Fahnestock (2004)
for the upper 1 m at Summit Camp, and slightly less than the
average of 0.315 g cm−3 for 10 cm depth from 200 measurements
from across Greenland (Fausto and others, 2018). The time series
of density shows three sharp minima in January 2018, October
2018 and August 2018, with less defined maxima between. The
highest densities, reaching over 0.4 g cm−3 occur at the transfer
from the first to second snow board site in July 2017, which
were measured from samples with thicknesses <10 cm. Density
then decreased to the January 2018 minimum of 0.21 g cm−3.

The lowest recorded density of 0.20 g cm−3 on 15 August 2019
was observed during a period of high variability. Overall, density
declined by −0.022 g cm−3 a−1. However, excluding the period
of anomalously high densities and lower sample depths
before 15 August 2017, the trend declines by nearly half, to
−0.012 g cm−3 a−1.

Interpretation of the density record recovered from the snow
board samples is complicated by the varying sample depth.
Density should vary, in part, as a function of sample snow
depth as deeper samples will tend to include older snow that
has undergone more metamorphism. Conversely, as mentioned
above, thinner samples may include a larger fraction of wind-
packed surface layers of high density. However, the plot of density
and snow depth (Fig. 3) shows no consistent relationship. As
shown previously, densities are highest for the thinnest snow
depths measured between 20 June and 22 August 2017. Other
periods with nearly as thin snow depths, however, do no not
have anomalously high densities, indicating that the anomaly
was specific for that time period. The most variability in density
occurs for snow depths between 18 and 22 cm. While maximum
densities remain consistent at ∼0.350 g cm−3 across snow depths
above 10 cm, minimum densities decline to below 0.24 g cm−3

within this depth range.
This high variability in sample density indicates an inconsist-

ent relationship between changes in snow depth and changes in
SWE. Changes in SWE between measurements are plotted against
changes in snow depth in Figure 4. Three outliers with values >3
std dev. from the best fit line occur in September and November
2017. The November 2017 outliers occur when snow depths are
the highest recorded, at over 50 cm. As described in Section 2,
samples from the largest snow depths may have larger errors.
The 27 September 2017 outlier occurred earlier at the sampling
site during a period of rapid accumulation, but it is unclear if
this measurement is erroneous. Removing these outliers, changes
in snow thickness correspond to 61% of the variability in SWE
with an average density equivalent of 0.278 g cm−3. Using this
density, predicting changes in SWE from changes in sample
thickness would give an RMS error of 0.52 cm w.e., or 106% the
average change in SWE between 7-d observations. However, the
fractional error in SWE estimated from snow thickness change
tends to decrease with time. After 1 year, the cumulative thickness
scaled by the average density (0.278 g cm−3) is 1.70 cm w.e., or
<6% of the observed 29.49 cm w.e. This fractional difference
remains near 5% for the remainder of the record. Therefore,
if a long-term mean surface density can be established and
compaction can be accounted for, this suggests that SWE may
be estimated from changes in accumulation thickness to a preci-
sion comparable to the snow board measurement precision (e.g.
±3%). This estimate may be improved through statistical model-
ing, such as applied to seasonal snow by Sturm and others (2010).

4. Comparison to meteorological observations

Meteorological variables including air temperature 2 m above the
surface, wind speed, wind direction and barometric pressure have
been recorded by the U.S. National Oceanic and Atmospheric
Administration (NOAA) at an automatic weather station at
Summit Camp nearly continuously since 2008. Hourly data
were obtained from the NOAA Earth System Research
Laboratory Global Monitoring Division data portal (https://gml.
noaa.gov/aftp/data/meteorology/in-situ/sum/, last accessed: 21
November 2021). Daily and 30-d retrospective means are com-
pared to the snow board observations of detrended cumulative
SWE accumulation and density in Figures S2 and S3 in the
Supplementary material.

1078 Ian M. Howat

https://doi.org/10.1017/jog.2022.21 Published online by Cambridge University Press

https://gml.noaa.gov/aftp/data/meteorology/in-situ/sum/
https://gml.noaa.gov/aftp/data/meteorology/in-situ/sum/
https://gml.noaa.gov/aftp/data/meteorology/in-situ/sum/
https://doi.org/10.1017/jog.2022.21


The decrease in accumulation rate between April and August
2019 corresponds with sustained high pressure, with a 30-d retro-
spective average value reaching 687 hPa. This value is greater than
the 99th percentile over the 2008–2021 meteorological record and
was a major ablation event throughout Greenland (Tedesco and
Fettweis, 2020). The largest decrease in SWE (−1.6 cm w.e.)
between observations occurred between 22 and 28 May 2019,
when daily average pressure reached near 700 hPa. It is unclear
what caused this decrease, as wind speeds were depressed to
below 5 m s−1 and temperatures were −10°C or less. This rate of
decreasing SWE is far greater than could be attributed to sublim-
ation (Box and Steffen, 2001).

The highest wind speeds observed since 2008 occurred in January
and February 2018, with a 30-d average reaching 11m s−1 and a peak
speed of 21.7m s−1 on 23 February 2018. Another period of high
winds occurred at the end of the record, with a 30-d mean reaching
9.3m s−1 on 1 February 2020. Neither of these periods of anomalous
winds corresponded with anomalies in SWE accumulation. Overall,
mean wind speed between snow board observations explains only
∼5% of the variability in accumulation. Additionally, there is no
apparent correlation between accumulation and wind direction, as
previously detected for snowfall (Castellani and others, 2015).

Density is expected to vary with air temperature and pressure,
which closely track each other at Summit Camp, through crystal

Fig. 2. (A) Cumulative SWE thickness obtained from differencing concurrent measurements between sample sites (i.e. tie-point measurements). (B) Same as in
(A) but with a rate of 24 cmw.e. a−1 subtracted. (C) Seven-day change in SWE between measurements. Dashes denote changes in sampling board sites.
(D) Sample density obtained by dividing SWE by the snow depth.
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grain growth in the atmosphere and rates of dry snow meta-
morphism in the snowpack (e.g. Zwally and Li, 2002; Fausto
and others, 2018). Wind should also play a role in controlling tur-
bulent heat and vapor fluxes at the surface. Comparing the dens-
ity record to daily averaged surface air temperature and wind
speed, however, reveals no consistent relationship (Fig. S3).
Over the first 18 months, density tracks air temperature and pres-
sure, falling from the highest observed values between 20 June and
22 August 2017, to a minimum in January 2018, and then rising
and falling with temperature and pressure through October 2018.
After this period, however, variations in density decouple from air
temperature and pressure, showing little or no seasonal cycle.
Conversely, density does not appear to track wind speed in the
first half of the record, with highs in density occurring, generally,
during periods of lower wind speed. After October 2018, however,
density appears to vary with wind speed, declining during a per-
iod of lower wind speeds during summer 2019, and then increas-
ing in tandem at the end of the record. Variations in density vary
weakly (r2 = 0.06) but significantly ( p = 0.005) with the 30-d
mean wind direction, increasing in density as winds move from
the southeast (130°) to southwest (210°). A possible explanation
for this correlation may be snowfall type. Pettersen and others
(2018) found that southeasterly winds correspond with precipita-
tion from ice clouds, whereas southwesterly winds correspond
with snowfall from warmer, mixed-phase clouds.

5. Comparison to the ‘bamboo forest’ snow stake network

As with any point measurement, it is uncertain how representa-
tive the snow thickness measurements at the snow board sam-
pling sites are to the greater Summit Camp region. Variations
in surface height have been measured at a network of snow stakes,
nicknamed ‘the bamboo forest’, at Summit Camp continuously
since 2003. As with the snow board snow thickness measure-
ments, these stakes record changes in surface accumulation and
ablation, but also record compaction between the surface and
the base of the stakes (Dibb and Fahnestock, 2004). Therefore,
if the changes in snow thickness are equivalent between the
snow board site and the bamboo forest, they should display the
same short-term variations, but increasingly diverge by amount
equal to the increased compaction rate at the stakes relative to
the snow board.

Snow stake data are obtained from the Summit Camp data re-
pository (https://conus.summitcamp.org, last accessed: 21 November
2021). The cumulative stake height change is obtained from the
average change of individual stake measurements. The cumulative
change in snow depth of the snow board samples is plotted with
cumulative change in stake height in Figure 5. While the two
records have similar short-term variations, they increasingly
diverge, with the snowboard measurements becoming increas-
ingly greater than the snow stake measurements at an average
rate of 15.12 cm a−1. Such a trend is expected as the snow stakes
record both the amount of accumulation and the surface lowering
due to densification between the surface and the base of the stakes
(Dibb and Fahnestock, 2004). A compaction rate of 15.12 cm a−1

is consistent with field measurements and modeling (Dibb and
Fahnestock, 2004). Adjusting the snow stake record for compac-
tion by adding the trend of 15.12 cm a−1 results in a close
match with the snow board record (Fig. 5b), yielding an RMS
of differences of 4.0 cm, well within the snow stake std dev. of
8.2 cm. As expected, the average of the snow stake measurements
has a smaller magnitude of short-term variability than the point
measurement provided by the snow board. Notably, the short-
term minima in snow depth change averaged from the snow
stakes on 10 August 2017 and 28 July 2019 were 6.0 and 4.0 cm
less, respectively, than the snow board. Additionally, several
short-term peaks in snow depth change are visible in the snow
board record that are not reflected in the snow stake average, par-
ticularly a sustained increase of up to 7.4 cm between October
2018 and February 2019. Thus, this comparison suggests that
the snow board measurements are broadly representative of the
larger Summit Camp area, when additionally accounting for
snow compaction. Short-term (monthly or less) variability, how-
ever, may reflect local conditions within the range expected from
the individual snow stake measurements.

6. Comparison to the precipitation occurrence sensor
system

SWE accumulation reflects variations in both snowfall and wind
redistribution. To separate these contributions, the snow board
accumulation record is compared to snowfall measured by the
precipitation occurrence sensor system (POSS). The POSS is a
continuous wave, X-band Doppler radar deployed at Summit
Camp as part of the Integrated Characterization of Energy,
Clouds, Atmospheric state and Precipitation at Summit
(ICECAPS) project (Sheppard and Joe, 2008; Castellani and
others, 2015). The POSS samples ∼1 m3 of air directly above
the transmitter and receiver, providing observations of near-
surface precipitation type, amount and frequency, in liquid w.e.
Hourly snowfall rates are obtained from NOAA Physical

Fig. 3. Comparison of snow sample depth to density. Color scale is sample observa-
tion date.

Fig. 4. Change in snow depth versus change in SWE between observations. Outliers
are marked in red with observation dates. The precision of snow depth measure-
ments is 0.5 cm. Black curve is the best fit line, corresponding to a density of
0.278 g cm−3.
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Sciences Laboratory (ftp://ftp1.esrl.noaa.gov/psd3/arctic/summit/
poss/processed/, last accessed: 21 November 2021).

The instantaneous w.e. snowfall rates measured by the POSS
are converted into cumulative SWE to compare to the snow
board SWE record (Fig. 6a). We note that because the POSS
only records snowfall, and not ablation, we would expect it to esti-
mate a greater accumulation than the snow board. Cumulative
POSS snowfall, however, is 21.2 cm w.e. over the 3-year period,
or less than a third of the 69.5 cm w.e. measured from the snow
board, remaining between 26 and 33% of the snow board meas-
urement after the first year. Castellani and others (2015) suggested
that underestimation of accumulation by the POSS, compared to
the snow stake network in that case, may be mostly due to biases
in the calibration used for converting reflectivity to the snowfall.

Subtracting the trend from each time series (Fig. 6b), there is
little or no agreement in sub-annual variability. Consistent with
Bennartz and others (2019), the POSS shows seasonal peaks in
snowfall rate in August and September of 2017 and 2018.
However, no such peak is visible in 2019, which was the summer
of persistent anticyclonic conditions over central Greenland
(Tedesco and Fettweis, 2020).

At the timescale of individual observations, there is a weak
(r2 = 0.08) but significant ( p = 10−3) correlation between changes
in POSS cumulative snowfall and changes in snowboard cumula-
tive SWE (Fig. 6c). No loss in SWE between snowboard observa-
tions occurred when the change in cumulative snowfall was >4
mmw.e., with all losses >1 cm occurring when cumulative snow-
fall was near zero. Large increases in SWE at the snow board,
however, do not appear correlated with cumulative snowfall,
with anomalously large (>2 cm w.e.) increases in SWE occurring
with cumulative snowfalls of 3 mmw.e. or less.

7. Comparison to atmospheric reanalysis model estimates

Atmospheric reanalysis models are widely used to provide esti-
mates of surface accumulation and ice-sheet mass balance. The
snow board measurements provide a rare opportunity to validate
model estimates for changes in SWE, which is equivalent to SMB
on ice sheets, at high temporal resolution over multiple years. The
snow board SWE measurements are compared to two regional
reanalysis models with openly available output for ice-sheet accu-
mulation: the Modern Era Retrospective analysis for Research and
Applications version 2 (MERRA-2) (Gelaro and others, 2017) and
the Modèle Atmosphérique Régional (MAR) (Fettweis and others,
2013).

MERRA-2 Land Ice Surface Diagnostics estimates are provided
by NASA Global Modeling and Assimilation Office (GMAO)
using the Goddard Earth Observing System Model (GEOS) ver-
sion 5.12.4 (GMAO, 2015). MERRA-2 contains a snow process
model that tracks surface mass and heat fluxes (Cullather and
others, 2014). The model output, posted at 0.5° × 0.625° reso-
lution, includes 3-hourly estimates of the total mass of the snow
and firn layer, which are differenced to provide the SMB in w.e.
thickness. The time series of cumulative SWE at the snow
board location is obtained through bilinear interpolation of the
3-hourly grids to the snow board coordinates. Since the time of
the snow board observation was not recorded, we compare cumu-
lative MERRA-2 SWE values obtained at noon UTC of each day
to the snowboard measurements in Figure 7a. For the 3-year
observation period, MERRA-2 predicts an average accumulation
rate of 20.0 cm w.e. a−1, or 18% less than that from the snow
board observations.

MAR version 3.12 is obtained from the Climate Center at Liege
University (ftp://ftp.climato.be/fettweis/MARv3.12, last accessed:
8 February 2022). It has a 10-km resolution, daily output forced
by the ERA5 reanalysis model. As with MERRA-2, MAR contains
a dynamic ice-sheet surface and snow/firn layer model. MAR pro-
vides a daily estimate of SMB as a standard product. These are
summed between snow board measurements to provide an esti-
mate of the total change in SWE. As with MERRA-2, MAR pre-
dicts a substantially lower rate of accumulation than observed,
averaging 18.8 cm w.e. a−1 and totaling 55.31 cm w.e., or 20%
less than observed with the snow board.

Removing the trend from both series (Fig. 7b) reveals that
MERRA-2 and MAR capture much of the inter-annual and
shorter-term variability, including the multiple single accumula-
tion events, such as on 19 May and 6 November 2017, and 16
July 2018. Overall, MERRA-2 and MAR account for 75 and
70% of the variability in SWE. For MERRA-2, the RMS error in
changes between measurements of 0.82 cm w.e. per 7 d, and
1.43 cm w.e. for the cumulative change in the detrended time ser-
ies. For MAR, these are 0.85 cm w.e. per 7 d, and 1.67 cm for
cumulative change in the detrended time series.

Spatial variability likely contributes to the differences between
the snow board observations and reanalysis model estimates. The
timing and magnitude of the differences in detrended series in
Figure 7b appear similar to those between the snow board and
snow stake snow depth changes plotted in Figure 5b. The
detrended reanalysis model estimates and the cumulative change
in SWE estimated from the snow stake average snow depth using
a density of 0.3 g cm−3 are plotted in Figure 7c. These show a

Fig. 5. (A) Cumulative change in (black) surface height measured at the snow stake network and (gray) snow board sample thickness. (B) Same as (A) with the best
fit linear trend removed.
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closer agreement in sub-annual variability than the snow board
observations, with the snow stakes accounting for 87 and 79%
of the variability in MERRA-2 and MAR, respectively, and 7-d
RMS errors of 0.30 and 0.33 cm w.e., respectively. This indicates
that a significant portion of the sub-annual differences between
snow board and reanalysis model estimates are due to spatial vari-
ability, which is better characterized by the spatially extensive
snow stake network. However, the bias in average annual SWE
accumulation rates is the same as with the snow board observa-
tions. Using the compaction rate of 15.12 cm a−1 estimated in
Section 5 and a density of 0.3 g cm−3, the snow stakes give an
average annual SWE accumulation rate of 24.48 cm a−1.

8. Conclusions

The first long-term, continuous and direct measurements of SWE
accumulation on the Greenland ice sheet reveal increasing variabil-
ity at shorter timescales. While the 3-year average annual accumu-
lation is identical to the multi-decade average obtained from ice
cores, year-to-year accumulation varied by over one-third of the
average rate over the period of observation. This is larger than
the maximum annual change of ∼25% between 1974 and 1975
measured from a series of shallow cores spanning 1964–1987
around Summit Camp (Bolzan and Strobel, 1994). The reduction
in accumulation rate was concurrent with exceptionally strong

Fig. 6. (A) Cumulative SWE and (B) detrended cumulative SWE measured from the
(black) POSS and (gray) snow board. (C) Scatter plot of changes in SWE from the
POSS and snow board measured between snow board observations. Black curve is
the line of best fit with the equation in legend.

Fig. 7. (A) Cumulative and (B) detrended SWE from (black curve) MERRA-2 and
(dashes) MAR reanalysis model outputs and (gray) snow board observations.
(C) Same as (B) but with gray curve as cumulative SWE estimated from the average
of the snow stake network adjusted using a density of 0.3 g cm−3.
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and persistent anticyclonic conditions in the spring and summer of
2019 (Tedesco and Fettweis, 2020) that was reflected in extremely
high-atmospheric pressure, lasting for several months at Summit
Camp. While Summit Camp receives approximately half its snow-
fall from mixed-phase clouds originating from the southwest under
anticyclonic conditions in the summer (Pettersen and others, 2018;
McIlhattan and others, 2020), the 2019 event was anomalous in its
pattern of sustained northerly flow, resulting in decreased snowfall
in the interior ice sheet (Tedesco and Fettweis, 2020). This is appar-
ent in the POSS measurements, which showed a greatly diminished
seasonal peak in snowfall in summer of 2019 relative to the previ-
ous years. The fact that the 3-year mean is near the expected long-
term average suggests anomalously high accumulation rates prior
to 2019; the average accumulation rate was 28.33 cmw.e. a−1

from March 2017 to December 2018.
Consistent with Dibb and Fahnestock (2004), and despite mul-

tiple studies finding a seasonal cycle in snowfall (Bennartz and
others, 2019), we find no evidence for a consistent annual cycle
in accumulation at Summit Camp. Rather, the time series is domi-
nated by the interannual variability described above and individ-
ual accumulation events throughout the year that could be due to
snowfall and/or wind redistribution. Half of the accumulation was
deposited in large events, mostly in 2017 and 2018, where the 7-d
accumulation rate exceeded the 90th percentile and which indi-
vidually were a substantial fraction (>10%) of the annual accumu-
lation. Despite the co-occurrence of decreased accumulation and
persistent high pressure in 2019, and the expectation for snowfall
to correlate with southerly winds (Cullather and others, 2014;
Pettersen and others, 2018; Gallagher and others, 2022), weekly
accumulation rates do not significantly correlate with average sur-
face wind direction or pressure. Conversely, cumulative mass
losses, which exceed 1 cm w.e. in 7 d, are equivalent to nearly a
quarter of the total mass gain. This loss is much larger than
could be accounted for by sublimation (Box and Steffen, 2001)
and, therefore, must be due to wind erosion and redistribution.

Local, short-term rates of wind erosion are lacking (Lenaerts
and others, 2012), but several observations point to the import-
ance of wind redistribution in controlling local accumulation.
First is the lack of temporal correlation between accumulation
and snowfall recorded by the POSS, which shows the expected
late summer peak (Bennartz and others, 2019). This indicates
another process regulates how a snowfall is accumulated. At
weekly timescales, however, the POSS reveals that losses in SWE
are larger during periods with lower cumulative snowfall, suggest-
ing that snowfall does counter net erosion. Second, short-term
differences in accumulation between the snow board and the
snow stake network, as well as within the network itself, demon-
strate significant spatial variability indicative of erosion and/or
redistribution through transport in the air columns and/or drift-
ing. Third, periods of greatest mass loss tended to follow large
accumulation events, when wind erosion is expected to be fastest
due to the low density of new snowfall (Lenaerts and others,
2012). Despite this evidence, there is no clear correlation between
average wind speed and weekly accumulation, indicating a more
complex relationship that is potentially dependent on surface
winds, snow density, relative humidity and drifting, all operating
on even shorter timescales than the snow board observations.

The density of the surface accumulation showed a variability of
10–20% on timescales ranging from weeks to years. Consistent
with Fausto and others (2018), there is not a clear correlation
with surface wind speed or temperature. On weekly timescales,
due to these variations in density, changes in snow thickness
account for only 60% of the change in mass. However, thickness
changes become more representative of mass changes when dif-
ferencing over longer periods of time, so that, assuming a stand-
ard surface density of ∼0.3 g cm−3, gives an estimate of mass

change within 5% after 1 year. Good agreement between snow
depth change recorded at the snow board and the snow stake net-
work average is achieved by accounting for compaction at a con-
stant rate of 15.12 cm a−1, consistent with a previous estimate
(Dibb and Fahnestock, 2004), indicating that variability at the
snow board provides a representative measurement of the larger
region on annual timescales and, conversely, mass accumulation
can be estimated from the snow stake measurements at high rela-
tive accuracy at annual or longer timescales using these mean
values for compaction rate and density.

Finally, the snow board measurements reveal substantial
(18 and 20%) underestimates of accumulation by two prominent
meteorological reanalysis models. This indicates a model bias
toward too little snowfall in the Summit Camp region. Bennartz
and others (2019) found a similar underestimate in snowfall
accumulation in the ERA-Interim reanalysis model for Summit
Camp when compared to that estimated from CloudSat cloud-
profiling radar satellite observations calibrated with ground-based
radar. They attributed this bias to the model not capturing
shallow, more convective precipitation in the summer months.
Additionally, using airborne snow-penetrating radar, Overly and
others (2016) and Montgomery and others (2020) have detected
underestimates of over 40% in reanalysis model snowfall estimates
in western and southeastern Greenland, respectively. Therefore, this
may be a widespread bias that could significantly bias mass-balance
estimates; a 20% bias in the 700 Gt a−1 accumulation rate (Box and
others, 2013) would represent ∼50% of the current rate of mass loss
(IMBIE, 2020). However, with the multi-year trend removed, the
reanalysis models capture much of the variability in accumulation
on inter-annual and shorter timescales, suggesting that assessments
of temporal variability using these models are more robust.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/jog.2022.21

Data Availability. The Summit Camp snow board data used in this study are
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