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Abstract

Knowledge of snow/firn density is important for deriving ice sheet mass change from satellite altimetry and for surface mass
balance modeling. However, snow/firn densities are largely unknown over the Greenland ice sheet (GrIS) away from isolated
direct measurements in boreholes. Density assumptions are widely used when converting volume change from satellite altimetry
into mass change, which could introduce errors. Here we extract the inter-annual anomalies of mass change from Gravity
Recovery And Climate Experiment (GRACE) data and the refined ice elevation change through the repeat-track analysis of
Environmental Satellite (Envisat) altimetry data retrieved using both the ICE1 and ICE2 waveform retracking algorithms. By
combining these two types of inter-annual anomalies (GRACE+ICE1 and GRACE+ICE2), we investigate the inter-annually
changing snow/firn density estimates over the GrIS during the 20032009 period. Our results demonstrate that satellite-derived
density is relatively greater over Western GrlS, with magnitude falling between 300 “kg” /“m” ~“3” and 917 “kg” /“m” "“3”
occupying more than 71% of the GrIS. At the regional scale, GRACE+4ICE1 derived density agrees well with that from density
profiles of 9 ice cores at Summit Station, Central GrIS, with relative errors less than 5%. Satellite-derived densities are further
compared with that from 110 ice cores mostly along the central ice divide. The percentage of GRACE+ICE1 derived densities
with relative errors less than 20% exceeds 84%, as opposed to 41% for GRACE+ICE2. Satellite-derived densities could possibly
underestimate the inter-annually varying snow/firn density over Southern GrIS. This study may provide constraints on the

currently applied density assumptions for the GrIS.
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Key Points:

e We jointly analyze inter-annual anomaly of mass change and refined elevation change by
repeat-track analysis over the Greenland ice sheet

e Inter-annually varying snow/firn density is relatively larger over Western Greenland,
compared to other regions in the Greenland ice sheet

o Satellite-derived density is validated with in situ data for the first time mostly along the
central ice divide
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Abstract

Knowledge of snow/firn density is important for deriving ice sheet mass change from satellite
altimetry and for surface mass balance modeling. However, snow/firn densities are largely
unknown over the Greenland ice sheet (GrIS) away from isolated direct measurements in
boreholes. Density assumptions are widely used when converting volume change from satellite
altimetry into mass change, which could introduce errors. Here we extract the inter-annual
anomalies of mass change from Gravity Recovery And Climate Experiment (GRACE) data and
the refined ice elevation change through the repeat-track analysis of Environmental Satellite
(Envisat) altimetry data retrieved using both the ICE1 and ICE2 waveform retracking algorithms.
By combining these two types of inter-annual anomalies (GRACE+ICE1 and GRACE+ICE2),
we investigate the inter-annually changing snow/firn density estimates over the GrIS during the
2003-2009 period. Our results demonstrate that satellite-derived density is relatively greater over
Western GrlS, with magnitude falling between 300 kg/m3 and 917 kg/m3 occupying more than
71% of the GrlS. At the regional scale, GRACE+ICE1 derived density agrees well with that
from density profiles of 9 ice cores at Summit Station, Central GrlS, with relative errors less than
5%. Satellite-derived densities are further compared with that from 110 ice cores mostly along
the central ice divide. The percentage of GRACE+ICE1 derived densities with relative errors less
than 20% exceeds 84%, as opposed to 41% for GRACE+ICE2. Satellite-derived densities could
possibly underestimate the inter-annually varying snow/firn density over Southern GrlS. This
study may provide constraints on the currently applied density assumptions for the GrlS.

Plain Language Summary

Snow/firn density is a key variable for us to understand the mass balance of the Greenland ice
sheet (GrlS) using satellite altimetry. It can be obtained by making isolated direct measurements
in boreholes. However, it is rather costly and difficult to perform such measurements
everywhere. In this study, we perform a joint analysis of mass change from GRACE and
elevation change from Envisat at the inter-annual timescale, aiming at deriving and validating
inter-annually varying snow/firn density estimates over the GrIS. We found that satellite-derived
density values are relatively large in Western GrlS, with potential underestimates occurred in
Southern GrlS. Satellite-derived densities agree with those from in situ measurements mostly
along the central ice divide. This work may provide constrains on the currently applied density
assumptions and contribute to improving snow/firn models for the GrlS.

1 Introduction

Satellite altimetry provides substantial repeat measurements about elevation change of
the Greenland ice sheet (GrlS), which enable us to estimate the related volume change (Zwally et
al., 1989; Bamber, 1994; Krabill et al., 1995; Sorensen et al., 2015; Nilsson et al., 2016). To infer
mass change of the GrIS from the volume change or evaluate the contribution from the GriS to
sea level rise using satellite altimetry, the density associated with the corresponding volume
change is required (Arthern and Wingham, 1998; Thomas et al., 2001). However, such densities
can vary with time, snow depth and changing climatic conditions, which prevents satellite
altimetry from accurately deriving mass change from the observed volume change (Howat et al.,
2008; Kuipers Munneke et al., 2015). In order to investigate the GrlS mass balance using
satellite altimetry data, different empirical density assumptions or density values based on firn
compaction models are commonly applied to convert the observed volume change into mass
change. As listed in Table 1, density values of 400 kg/m3 and 900 kg/m?3 may be applied
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separately for deriving mass changes of upper firn layers and ice dynamical components from
their corresponding volume changes (Zwally et al., 2005; Shepherd et al., 2012); elevation-based
assumptions are also used by the satellite altimetry community, i.e., 600+300 kg/m?3 for regions
with elevation above 2000 m and 900 kg/m? for regions below 2000 m; other approaches, such
as applying density models and empirical relations, can be also found in Sorensen et al. (2011),
Bolch et al. (2013) and McMiillan et al. (2016). Different density assumptions will cause
discrepancies among the derived mass change of the GrlS, even if the same volume change is
obtained from satellite altimetry. As pointed out by Shepherd et al. (2012), the greatest
uncertainty of deriving ice sheet mass change using satellite altimetry can be attributed to the
inaccuracy of the density of snow/firn associated with the volume change. Consequently, the
snow/firn density associated with the measured volume change is crucial for accurately
estimating the mass balance of the GrlS via satellite altimetry.

Table 1 Density assumptions used for the GrlS in previous studies. The following
abbreviations are used: ERS-1/2 — European Remote-sensing Satellite-1/2; ATM — Airborne
Topographic Mapper; ICESat — the Ice, Cloud, and land Elevation Satellite; Envisat —
Environmental Satellite; CryoSat-2 — the Cryosphere Satellite-2.

Previous studies Mission Time period Density [kg/m?]
Zwally et al. (2005) ERS-1/2 1992/04 — 2002/10 400; 900
Thomas et al. (2006) ATM/ICESat 1998/09 — 2004 600; 900
Slobbe et al. (2009) ICESat 2003/02 — 2007/04 600; 900
Sorensen et al. (2011) ICESat 2003/10 — 2008/03 density model
Shepherd et al. (2012)  ERS-1/2, Envisat ~ 1992/05 — 2010/09 400; 900

Bolch et al. (2013) ICESat 2003/10 — 2008/03 empirical relation
McMillan et al. (2016) CryoSat-2 2011/01 — 2014/12 Firn densification model

Another geodetic technology, namely the Gravity Recovery And Climate Experiment
(GRACE) gravimetry, provided the Earth’s global temporal gravity field observations, which
made it possible to infer monthly mass redistributions on and below the Earth’s surface with a
relatively coarse spatial resolution of ~333 km since March 2002 (Tapley et al., 2004).
Nevertheless, GRACE-derived mass trends are prone to uncertainties in the glacial isostatic
adjustment (GIA) models, especially over ice sheets (Guo et al., 2012) at the regional scale
(Sutterley et al., 2014). GRACE-derived mass trends are also susceptible to be influenced by
inter-annual variations of mass change (Sasgen et al., 2012). Over the GrlS, the inter-annual
components of mass change are significant, with magnitude larger than 100 Gt/yr (Bamber et al.,
2018). The length of the current data records is relatively short (Wouters et al., 2013), so it is
impossible to fully distinguish the mass trend from the inter-annual mass variations. Besides, the
GRACE mission ended its science tasks in October 2017, and the Gravity Recovery And Climate
Experiment Follow-On (GRACE-FO) is resuming data collection after its successful launch on
22" May 2018. However, there is a data gap for mass changes measured by gravimetry over the
GrlS. Satellite altimetry can fill that gap provided that the estimates of snow/firn density over the
GrlS are robust to convert altimetry to mass changes.

Currently, it is not feasible to investigate the snow/firn density over the entire GriS
purely using in situ data, which are quite limited in terms of the number of measurements and the
spatial distribution (Montgomery et al., 2018). Furthermore, the density obtained from in situ
data cannot be directly applied to convert volume change obtained from satellite altimetry into
mass change. On the one hand, the snow/firn density is a function of variables including time,
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position and climatic conditions. On the other hand, over regions with ice dynamics, satellite
altimetry derived volume change includes surface mass balance and ice dynamical change
(Kuipers Munneke et al., 2015). If only the upper snow/firn densities are used over these regions,
one could underestimate the true mass change from volume change. Snow/firn densities based on
firn densification models or regional climate models can be used but they are limited by
uncertainties in the forcing datasets (Fettweis et al., 2017), by the surface snow model
parametrizations (Fausto et al., 2018), and by the inaccurate model formulation (Steger et al.,
2017; Noel et al., 2018).

The combination of GRACE gravimetry and satellite altimetry provides an opportunity to
constrain the density of snow/firn over the GrlS. In the study of Su et al. (2015), the authors
generally found high correlations between inter-annual variations of mass change from GRACE
and elevation change from Envisat altimetry over the GrlS. Based on the assumption that
GRACE and Envisat detected the same geophysical signals at the inter-annual scale, they
estimated the nominal densities of snow/firn at 9 regions by combining GRACE gravimetry and
Envisat altimetry, with a focus on obtaining high spatial resolution inter-annual mass variations
based on density-corrected altimetry data. By nominal density, we mean the density value
computed by taking the GRACE-derived mass change and dividing by the volume change from
Envisat altimetry, after detrending both time series and removing seasonal variations. Although
the possibility to constrain the snow/firn density purely by using geodetic measurements was
proposed previously (Wahr et al., 2000), the nominal densities are scarcely estimated over the
entire GrlIS. More importantly, no validation has been performed to examine satellite-derived
nominal density.

In this study, we analyzed Envisat mission radar altimetry data using the improved
repeat-track analysis combined with updated GRACE data processing, aiming at accurately
retrieval of satellite-derived nominal densities at inter-annual temporal scale over the entire GrlS,
followed by a validation of satellite-derived nominal density values using in situ data (110 ice
cores). GRACE data from Center for Space Research (CSR) at the University of Texas (Austin),
Deutsches GeoForschungsZentrum (GFZ) German Research Centre for Geosciences and the Jet
Propulsion Laboratory (JPL) at the California Institute of Technology are analyzed separately
together with Envisat data retrieved by two different radar waveform retracking algorithms at the
inter-annual timescale. We evaluate the sensitivity of satellite-derived density values to the
algorithm used to retrieve Envisat data. Also, the impact of the accuracy of GRACE-derived
inter-annual anomalies on our results is assessed. Finally, satellite-derived densities are validated
with in situ data for the first time. This study suggests the potential constraints from geodetic
observations on the density of snow/firn inter-annually changing over the GrlS.

2 Data and Methods

2.1 GRACE data analysis

We selected coincident Envisat and GRACE data during the period from January 2003 to
December 2009. Considering the accuracy of GRACE-derived inter-annual anomalies, we
analyze GRACE Level 2 Release-6 (RL06) monthly gravity field solutions separately from CSR
(Bettadpur, 2018), GFZ (Dahle et al., 2018) and JPL (Yuan, 2018). Each GRACE monthly
gravity solution consists of spherical harmonic coefficients (spherical harmonic series in
spherical coordinates used to express geopotential) with degree and order complete to 60.
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Coefficients C, , are replaced by C, , estimates from satellite laser ranging (Cheng and Tapley,
2004), and coefficients of degree one derived using the method of Swenson et al. (2008) and Sun
et al. (2016) are added to correct for the geocenter motion. To remove the spurious north-south
stripes in mass change derived from GRACE monthly gravity solutions, Gaussian smoothing
with a radius of 300 km is applied. Gaussian smoothing will cause signals on land to leak into
coastal ocean. To correct for signal leakage caused by Gaussian smoothing, leakage reduction is
conducted using the approach of Guo et al. (2010). After generating time series of mass change
at each regular grid cell, the time series can be decomposed into an offset, a linear trend and
seasonal components through fitting based on least squares. Here the decomposition can be
written like the following:

m(t;) = ag + a t; + a, sin (2_71' tk) + a5 cos (Z—H tk) + a, sin (2—” tk) + ag cos (Z—R tk) 1)
Ty T, T, T,

in which, m(t;,) is mass variation in equivalent water height (EWH), t, is time in year
relative to year 2003 for the k'™ observation, T; and T, correspond to periods of a year and half a
year, and a,, ---, ag are unknown parameters.

By removing the linear trend and seasonal components from the mass change time series,
the inter-annual anomalies can be obtained by applying a moving average with a one year long
window to the residuals to further remove the remnant seasonal variations. Glacial isostatic
adjustment signal is removed, as it is a part of linear components of mass change. Additional
information of GRACE data processing over the GrIS can be obtained from Groh et al. (2019).

2.2 Envisat data post-processing

The 18-Hz Envisat Geophysical Data Record (GDR) product (version 2.1) during the
period from January 2003 until December 2009 are processed over the GrlS using a modified
repeat-track analysis. We select this study period, mostly considering that the quality of Envisat
data during the mission commissioning phase (March 2002~December 2002) may not be good
enough and the repeat track analysis requires measurements obtained by satellite operated in a
repeat-orbit phase. The modified repeat-track analysis does not require auxiliary data such as a
digital elevation model to remove the effects of surface slope. It directly uses the accumulated
Envisat altimetry profiles to correct the surface slope, which avoids the contribution of potential
inaccuracies in the auxiliary data (Su et al., 2016). As Envisat-observed elevation can be
separately retrieved by two algorithms, namely the ICE1 and the ICE2 algorithms, elevation
change time series are generated using each algorithm in order to evaluate the potential impact
from the algorithm used to retrieve Envisat data on satellite-derived density. To be noted, the
ICE1 algorithm is based on the offset center of gravity echo model (Wingham et al., 1986), while
the ICE2 algorithm is optimized for ocean-like echoes reflected from the ice sheet surface
(Legresy and Remy, 1997). After generating elevation change time series, we compare the total
number of valid data points obtained separately from both algorithms (Table S1), the Root Mean
Square (RMS) of the corresponding elevation change time series (Figure S1 and Table S1), and
the uncertainties of the corresponding linear trends (Figure S2 and Table S1). It can be seen that
the performance of these two algorithms on retrieving elevation change is similar, with slight
differences shown on the three statistical quantities.

In a manner similar to what was done for mass change, the inter-annual elevation change
time series can be calculated by subtracting an offset, a linear trend and seasonal components,
obtained by fitting elevation change time series. By interpolating at the exact epoch of GRACE
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data and applying a moving average with one year long window, the inter-annual time series can
be formed at each nominal track and then averaged to the same regular grids as we use for
GRACE data. To be commensurate with GRACE data, we apply the same Gaussian smoothing
with a radius of 300 km to Envisat data. We also perform signal leakage reduction to avoid
signal leaking into region with rugged terrain or without data coverage.

2.3 Surface mass balance (SMB) estimate

To test that GRACE gravimetry and Envisat altimetry can detect the same geophysical
process at the inter-annual scale, we use monthly SMB estimates (covering January 2003 to
December 2009) outputted by the regional climate model RACMOZ2/GR (van den Broeke et al.,
2009). The RACMO2/GR model can capture temporal behavior of the SMB variations, and its
uncertainty can be considerably reduced by generating cumulative SMB variations with respect
to the reference period 1961-1990 (Sasgen et al., 2012). We calculate monthly cumulative SMB
variations during the study period 2003-2009 at the same regular grids as we use for GRACE
data. To be commensurate with GRACE data, we apply the same Gaussian smoothing with a
radius of 300 km to the monthly cumulative SMB anomalies and further perform the same signal
leakage correction. Finally, the inter-annual SMB anomalies are extracted from the monthly
cumulative SMB variations by using the same approach as done for GRACE data.

2.4 In situ data analysis

Two kinds of in situ data are utilized in this study. These are the density profiles of snow
pits and ice cores from the SUMup dataset provided by the surface mass balance and snow on
sea ice working group (Montgomery et al., 2018). The former was obtained at the Summit
Station, Central Greenland at a nominal monthly interval. It covers the time period from August
2003 to December 2009. There are totally 75 density profiles available. Each snow pit was
sampled to 99-cm depth, at a resolution of 3 cm along the vertical direction. The latter includes
110 density profiles of ice cores which were mostly sampled along the central ice divides during
the 1955-2009 period.

Satellite-derived density is the density of snow/firn/ice changing at the inter-annual
timescale, the density profiles from the in situ data cannot be directly applied to conduct the
validation, as the seasonally changing firn layers in the in situ data should be excluded. We first
use the density profiles of snow pits to search for seasonally changing firn layers. We then apply
the density profiles of ice cores after excluding the seasonally changing density of snow/firn to
perform the validation. Here we adopted a quasi-"Eulerian™ approach to approximately search for
seasonally changing snow/firn layers (Alley et al., 1993). It first finds the measured depth where
water equivalent depth equals 25 cm approximating a year of snow accumulation. Time series of
annual layer thickness (depth from surface to 25 cm water equivalence) can be then obtained
(Dibb and Fahnestock, 2004). By computing average density for arbitrary depth intervals in the
series of pits, anti-correlations can be found between most of them and variations in annual layer
thickness. Figure S3 depicts the correlation between annual layer thickness and average density
variations in different depth range (0-99 cm, 3-99 cm, ---, and 96-99 cm), and the corresponding
p-value. It is apparent that anti-correlations reduce gradually as the depth increases, with most of
p-values less than 0.05. At a confidence level of 95%, no significant correlation can be found
between average density variations in the 90 to 99 cm, 93 to 99 cm, 96 to 99 cm depth range and
variations in annual layer thickness, respectively. This may suggest that seasonal variations
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associated with compaction in the top “year” of the snowpack mainly occur from the surface to
the depth of 90 cm. That is, inter-annual variations of snow/firn mostly occur below the upper
meter layers (Graeter et al., 2017). According to Figure 1 by Bader (1953) at Eismitte (71.75°N,
40.75°W), the variations of snow/firn layers corresponding to the observation time of 7 years
(the geodetic observation time) should mainly concentrate on the snow/firn layers about 5 m
below the ice sheet surface. Considering the difference on accumulation along the central ice
divide (Bolzan and Strobel, 1994), we select average density of snow/firn with depth ranging
below the seasonally changing layer to 4 m to examine satellite-derived density. To be noted, the
depth range is only fixed for 9 ice cores at the Summit Station, Central GrlS. As to the other 101
ice cores, the depth used to calculate average density from single ice core is determined
according to the mean of annual accumulation provided by the RACMO2/GR model, as shown
in Figure S4.

2.5 Estimating the inter-annually changing density of snow/firn over the GrIS

Given that GRACE gravimetry and Envisat altimetry can sense the same geophysical
process at the inter-annual scale and the firn compaction associated with air temperature at the
inter-annual timescale is small and negligible (Zwally and Li, 2002), the inter-annually changing
density of snow/firn the GrlS can be estimated by linear regression, which can be written as the
following:

pwhls = pghf + b 2

where p,, = 1000 kg/m?, hk is the inter-annual mass change in EWH(cm) from
GRACE data during the k" (k = 1, 2,---N) observation time, h% is the inter-annual elevation
change (cm) measured by Envisat during the same epoch, N is the total number of observations
during the study period. pg is satellite-derived inter-annually changing density, and b is the
potential bias between these two inter-annual mass changes separately observed by GRACE and
Envisat.

To be mentioned, there could be special cases about satellite-derived density over regions
with complicated geophysical processes, i.e., both snow accumulation and ice dynamics (Li and
Zwally, 2011). Over such regions, assuming the inter-annual elevation change caused by snow
accumulation and ice dynamics can be separately marked by h% and k%, then we can have:

3)

where p; is the pure ice density, and ps is the density of snow. As snow accumulation will
add surface elevation while ice dynamics reduces surface elevation, thus h¥; is positive and hk;
is negative. Apparently, if h¥; + hk, is positive, pg is then less than p. That is, satellite data
may underestimate the density over regions with both snow accumulation and ice dynamics.

K
hEi

k k
hEi+hEs

pehk = pshks + pihf; = pg = ps + (p; — ps)

3 Results, or a descriptive heading about the results

3.1 Similarity in the inter-annual anomalies from GRACE gravimetry, Envisat altimetry
and SMB

Following the methods in section 2, we extract inter-annual anomalies of mass change
from GRACE, elevation change from Envisat altimetry, and surface mass variation from SMB



279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301

Journal of Geophysical Research-Solid Earth

over the GrlS during years 2003-2009 (See the animations in the supplementary material). From
the animation, similar spatiotemporal characteristics can be found among these three inter-annual
anomalies. To quantify the similarity among these inter-annual anomalies, the correlations
between GRACE-derived inter-annual mass anomalies and Envisat-observed inter-annual
elevation anomalies are firstly computed, as depicted by Figure 1. The top panel shows the cases
where GRACE is compared with ICEL. High positive correlations (> 0.6) can be found over
most regions, occupying 77%, 79% and 81% of the GrIS separately for Figure 1a, 1b and 1c.
Weakly positive correlations can be found in parts of Northwest, North Central and Southeast
GrlS. Negative correlations are only seen in a small region (less than 1% of the GrlIS) in the
North Central GrlS. For the cases where ICE2 is compared with GRACE (bottom panel in Figure
1), the percentage of regions with high positive correlations (>0.6) exceeds 90% of the GrlS.
Weakly positive correlations can be seen in parts of North Central and Southeast GrlS. No
negative correlations are found in Figure 1d, 1e) and 1f. By comparing the correlations for the
ICEL and ICE2 cases (i.e. Figure 1a with 1d, 1b with 1e and 1c with 1f), slight differences in the
correlations can be seen, particularly over the Northwest and Southwest GrlS. This illustrates
that consistent inter-annual mass anomalies are revealed over most regions in the GrlS by
solutions from CSR, GFZ and JPL, while slight differences exist on the inter-annual elevation
anomalies retrieved separately by the ICE1 and ICE2 algorithms. Compared to Figure 2 of Su et
al. (2015), the total area where negative correlations occur is reduced from 7% to less than 1% of
the GrlS, and no negative correlation is found over the Southeast GrlS. We think the
improvement on correlations between inter-annual mass anomalies from GRACE and elevation
anomalies from Envisat can be mainly attribute to the improved repeat-track analysis for
removing topographic effect.
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Figure 1 Correlations between inter-annual anomalies of mass change and elevation
change during 2003-2009 for (a) CSR-published GRACE solutions and Envisat retrieved by the
ICEL1 algorithm, abbreviating as CSR vs. ICEL, (b) GFZ vs. ICE1, (c) JPL vs. ICE1, (d) CSR vs.
ICE2, (e) GFZ vs. ICE2 and () JPL vs. ICE2. The central ice divide is depicted by the black line
in bold in Fig. 1a, with N indicating North GrlS, NC for North Central GrlS, E for East GrlS, SE
for South GrIS, SW for Southwest GrlS, and NW for Northwest GrlS.

We then compute the correlations between inter-annual anomalies from GRACE data and
SMB over the GrlS, as shown by Figure 2. Inter-annual mass anomalies separately from CSR,
GFZ and JPL published GRACE gravity solutions are used, with the corresponding correlation
map marked as Figure 2a, 2b and 2c. For each subplot, high positive correlations can also be
seen over most regions in the GrlS except for a small part of the North Central and Southeast
GrlS. Together with correlations shown in Figure 1, high positive correlations in Figure 2
suggest that GRACE gravimetry and Envisat altimetry measure surface mass variations at the
inter-annual time scale over most regions in the GrlS. Besides, the agreement of Figures 1 and 2
in terms of low correlation indicates that Envisat altimetry observations are still in agreement
with SMB at regions where low correlations occur. Considering that SMB is an independent data
source and GRACE-derived mass change include both SMB and mass change through ice
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dynamics, we think the low correlations may be associated with ice dynamics occurring at the
inter-annual time scale, as long as these three inter-annual signals are incredible. It is possible
that a decrease in mass from GRACE is accompanied by mass loss through ice dynamics and
high accumulation which leads to an increase in surface elevation (Li and Zwally, 2011). This
will be discussed in further detail in the Discussion section. In addition, our result can increase
the confidence in the GRACE and Envisat data analysis and the retrieval of SMB outputted by
the RACMO2/GR model.
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Figure 2 Correlations between GRACE-derived inter-annual mass anomalies and SMB-
captured inter-annual surface mass anomalies during years 2003-2009. To be noted, CSR, GFZ
and JPL published GRACE gravity solutions are separately analyzed, with the corresponding
correlation map remarked as subplot (a) CSR vs. SMB, (b) GFZ vs. SMB and (c) JPL vs. SMB.
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3.2 The nominal density map of snow/firn inter-annually changing over the GrIS

To further quantify the compatibility of the amplitudes of these inter-annual anomalies
from GRACE gravimetry and Envisat altimetry over the GrIS, we attempt to estimate the inter-
annually changing nominal density of snow/firn at each regular grid using the method mentioned
in Section 2.5. As depicted by Figure 3, nominal densities are separately obtained over the GrIS
by combining one of the three inter-annual mass anomalies derived from CSR, GFZ and JPL
published gravity solutions and ICE1/ICE2-retrieved inter-annual elevation anomalies. For each
subplot, nominal densities larger than 500 kg/m?® can be seen over Northwest GrlS. Density
values are quite small or physically unrealistic over regions with weakly positive and negative
correlations. The percentages of nominal densities falling between 300 kg/m? and 917 kg/m?
are 71%, 72% and 74% separately for cases where GRACE is combined with ICEL1 (i.e., Figure
3a, 3b and 3c), as opposed to 82%, 84% and 82% for cases where GRACE is combined with
ICE2 (i.e., Figure 3d, 3e and 3f). No nominal density value larger than 917 kg/m? is found in all
the cases in Figure 3. Nominal density values of less than 0 kg/m? are found at regions with
negative correlations, with a percentage of less than 1%. For cases where GRACE is combined
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with ICEL1 (the top panel in Figure 3), nominal densities are relatively smaller over Northwest
and East GrlS, compared with those shown in cases where GRACE is combined with ICE2 (the
bottom panel in Figure 3). Nominal densities are relatively larger over most of the region with
latitude larger than 80°N in the top panel, as opposed to those in the bottom panel. The
differences between nominal densities for the combinations of different GRACE and altimetry
products can be attributed to two issues. One is the algorithm used to retrieve Envisat data, and
the other one is the analyzed GRACE gravity solutions. To better illustrate the impact on the
nominal densities from the former, nominal density difference can be calculated in three cases
like the following.

Case 1: nominal densities in Figure 3d subtracting those in Figure 3a
Case 2: nominal densities in Figure 3e subtracting those in Figure 3b
Case 3: nominal densities in Figure 3f subtracting those in Figure 3c

The nominal density differences corresponding to Case 1, 2 and 3 can be separately seen
in Figure 4a, 4b and 4c, with consistent spatial patterns across the GrlS. Relatively small
differences can be found along the central ice divide and the Southern GrlIS. The percentage of
nominal density difference with absolute value less than 100 kg/m? is 62%, 64% and 64%
separately for case 1, 2 and 3. To understand the impact on the nominal densities from the
analyzed GRACE gravity solutions, nominal density difference is also separately calculated in
three cases listed here.

Case 4: nominal densities in Figure 3a subtracting those in Figure 3b
Case 5: nominal densities in Figure 3a subtracting those in Figure 3c
Case 6: nominal densities in Figure 3b subtracting those in Figure 3c

The nominal density difference in Case 4, 5 and 6 is separately depicted in Figure 5 (d),
(e) and (f), with relatively small amplitude shown on the GrIS. The percentage of nominal
density difference with absolute value less than 100 kg/m? is 95%, 98% and 100% for case 4, 5
and 6, respectively. Therefore, differences in nominal densities shown in Figure 4 can be mainly
attributed to the algorithm used to retrieve Envisat data. The impact on the nominal density
difference from the analyzed GRACE gravity solutions are relatively small. This suggests that
inter-annual mass anomalies separately revealed by CSR, GFZ and JPL published GRACE
gravity solutions during 2003-2009 in RLO6 are consistent with each other.
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Figure 3 The nominal (average) density of snow/firn inter-annually changing over the
GrlS during 2003-2009, based on (a) CSR-published GRACE solutions and Envisat data
retrieved by the ICE1 algorithm, abbreviated as CSR+ICE1, (b) GFZ+ICEL, (c) JPL+ICE1, (d)
CSR+ICEZ2, (e) GFZ+ICE2 and (f) JPL+ICE2.
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Figure 4 Difference between nominal densities obtained by (a) combining CSR-derived
inter-annual mass anomalies separately with the ICE2/ICEL algorithm retrieved inter-annual
elevation anomalies, denoted as D_CSR, (b) D_GFZ, (c) D_JPL, and by (d) combining the ICE1
algorithm retrieved inter-annual elevation anomalies separately with CSR/GFZ derived inter-
annual mass anomalies, abbreviated as CSR-GFZ, (e) CSR-JPL, (f) GFZ-JPL over the GrlS.

3.3 Validating satellite-derived density over the GrIS with in situ data

As mentioned in section 2.4, density profiles of 110 ice cores are used to perform the
validation after removing the corresponding seasonal variations. Considering that the spatial
resolution of GRACE data is about 333 km and that the density profile of a single ice core was
measured at a relatively small area, depth-density profiles of 9 ice cores in the Summit Station
approximately covering an area of 150 km x 150 km (van der Veen et al., 2001; Montgomery
et al., 2018) are first applied to validate satellite-derived density. These 9 ice cores were
surveyed in 1987. According to McGrath et al. (2013) and Vandecrux et al. (2017), stable near-
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surface firn density was confirmed at Summit Station during the period from the late 1980s to
2010. Therefore, it is reasonable to validate satellite-derived density with these ice cores. The
location of these 9 ice cores is provided in Figure S5. The average density of snow/firn with the
depth ranging from 0.9 m to 4 m is computed for each ice core at Summit, as shown in Table 2.
We then obtain the average density (386+8 kg/m®) of snow/firn over the Summit Station, based
on the densities obtained from these 9 ice cores with depth ranging from 0.9 mto 4 m. To
compare this average density value with that from satellite data, we select an area mostly
covering the Summit Station (the rectangle in light-blue in Figure S5). Through separately
combining one of these three inter-annual mass anomalies from CSR/GFZ/JPL published
GRACE solutions with the ICE1-retrieved inter-annual elevation anomalies from Envisat
altimetry (GRACE+ICE1), the nominal density of snow/firn is estimated to be 380+26 kg/m®,
365233 kg/m® and 373+27 kg/m®, respectively. The corresponding relative errors in absolute
value are 2%, 5% and 3%, if the average density (386+8 kg/m®) from in situ data is regarded as
the true value. Similarly, the ICE2-retrieved inter-annual elevation anomalies are also combined
separately with these three inter-annual anomalies from CSR/GFZ/JPL published GRACE
solutions (GRACE+ICE2) to estimate the nominal density over the same region. The
corresponding nominal density is 492+67 kg/m®, 474+67 kg/m® and 483+26 kg/m>. Apparently,
GRACE+ICE2 derived nominal density shows an overestimation of ~100 kg/m®, compared to
the estimates from GRACE+ICEL. That is, over the Summit Station, GRACE+ICEL derived
nominal density agree well with that from ice cores.

Besides, the pattern for average densities from 9 ice cores over Summit Station (column 2
in Table 2) generally follows that average density increases with decreasing latitude (column 3 in
Table 2). This tempts us to calculate satellite-derived density at the location of each ice core
(column 4~6 in Table 2, and the nominal densities when GRACE is combined with ICE2 are
provided in Table S2), although we fully understand that the spatial resolution of satellite data is
relatively coarse. Our result illustrates that the above pattern can be generally revealed by
satellite-derived densities at all the ice cores, no matter the case GRACE+ICEL1 or
GRACE+ICEZ2 is applied. We notice that the mean value of satellite-derived densities at these 9
ice cores is slightly smaller than the corresponding density derived by satellite data at the region
(the rectangle in light-blue in Figure S4), with a percentage of 5%~10%. Considering the spatial
resolution of satellite data is relatively coarse, we agree that satellite-derived density at the
region should be more accurate than that obtained by satellite data at the location of each ice
core. We also should realize that satellite-derived density at the location of a single ice core
provides meaningful information, especially for the relative density change at different ice cores.

Table 2 Average density obtained at depth of 0.9 m —4 m at 9 ice cores at Summit
Station in 1987, and co-located nominal densities obtained from cases where GRACE is
combined with ICE1.

. . Latitude Satellite-derived density
Summit ice Density (0.9 m—4m) [degree]
cores [kg/m’] CSR+ICE1  GFZ+ICE1 JPL-Il-ICE
Site 15 371 72.9813 314 282 310
Site 13 381 72.8864 337 312 338
Site 37 387 72.6409 332 309 327
Site 31 394 72.3486 380 373 384
Summit 382 72.2939 358 327 348
Site 571 386 72.2120 363 342 356

Site 51 390 71.9266 383 371 380
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Site 57 386 71.9205 375 352 366
Site 73 401 71.6022 381 352 369
Area average 386+8 — 358 336 353

In addition, average density calculated from spatially distributed ice core sites is
compared with co-located satellite-derived density. Since the accumulation varies with the
location of ice cores, here we use the mean of annual accumulation provided by RACMO2/GR to
determine the depth used to calculate average density from single ice core, as shown in Figure
S5. Totally, density profiles from 110 ice cores are used (the white dots in Figure S5), with the
location mostly following the central ice divide in the GrlS. As depicted by Figure 5(a), average
densities are relatively large at ice cores close to marginal regions in West GrlS, compared to
those in the interior. A similar pattern can be seen from co-located satellite-derived densities,
especially from the densities obtained by combining CSR-derived inter-annual mass anomalies
and ICE1-retrieved inter-annual elevation anomalies. Nominal densities obtained by combining
GFZ/JPL derived inter-annual mass anomalies separately with ICE1/ICE2 retrieved inter-annual
elevation anomalies are overestimated at several ice cores close to regions with negative
correlation in North Central GrlS. In contrast, at the spots of one ice core over Southwest GriS
and two ice cores over North Central GrlS, satellite-derived density is relatively small, compared
to that from the corresponding ice core. The reasons for density underestimation will be further
discussed in the next section. To assess the accuracy of nominal densities for the combinations of
different GRACE and altimetry products, the scatter plots of nominal density versus the density
from in situ data are shown in Figure 6, with the corresponding root mean square error (RMSE)
and relative bias (RB) provided in each subplot. For the three cases in GRACE+ICEL, the RMSE
of nominal densities is relatively smaller (about 69~81 kg/m?), compared to those (122~130
kg/m?) from cases in GRACE+ICE2. A similar pattern can also be found for RB in all the cases.
This illustrates that nominal densities derived from GRACE+ICEL are in better agreement with
those from in situ data. We also examine relative error of nominal density derived at each ice
core, as depicted by Figure S6. If selecting relative error in absolute value less than 20% as a
criterion, the percentage of nominal densities obtained by combining GRACE-derived inter-
annual mass anomalies and ICE1-retrieved inter-annual elevation anomalies meeting the
criterion is more than 84% (top panel in Figure S6), compared with slightly more than 41% for
those obtained by combining GRACE-derived and ICE2-retrieved inter-annual anomalies
(bottom panel in Figure S6).
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4 Discussion

In this study, the improved repeat-track analysis is used to refine Envisat data retrieved
separately by the ICE1 and ICE2 algorithms, which enable us to perform the joint analysis of
GRACE and Envisat data over the entire GrlS. The results show an improvement in the
correlations between the inter-annual mass and elevation anomalies over those of Su et al.
(2015), i.e., the percentage of area with correlation coefficient larger than 0.7 increases from
60% to 64%~87% (depending on the algorithm used to retrieve Envisat data), and the
percentage of region with negative correlation is reduced from 7% to less than 1%. This can be
attributed to the improved repeat-track analysis of Envisat data and the ICE2 algorithm used to
retrieve Envisat data. The agreement between inter-annual anomalies from GRACE, Envisat and
SMB over most regions, with the exception of parts of Southeast and North Central GrlS,
indicates that GRACE gravimetry and Envisat altimetry can detect the same geophysical process
captured by SMB from the RACMO2/GR model at the inter-annual timescale. This, to some
extent, confirms the correct analysis of GRACE and Envisat data as well as the retrieval of SMB
from the RACMO2/GR model.

We attempt to estimate nominal density over the entire GrlS by combining GRACE
gravimetry and Envisat altimetry during 2003-2009, with the focus on validating satellite-derived
density with that from in situ data for the first time. However, the estimated inter-annually
changing nominal density of snow/firn over Southern GrlS is small, compared with those over
West GrlS (Figure 3). The comparison with average density value from one ice core in southern
Greenland suggests that apparent underestimation of nominal density can be found in Figure 5,
with the relative error in absolute value exceeding 50% (Figure S6). As this region is
significantly influenced by both mass loss through ice dynamics and mass increase by snow
accumulation, it could be associated with the special case we mentioned in Section 2.5. One can
consider about a case in which mass was lost through ice dynamics at the inter-annual timescale
over the Southern GrlS, while heavy snow accumulation occurred at the same time. In this case,
the mass change caused by ice dynamics at the inter-annual scale should be negative over most
of the study period. That is, ¥, < 0. As snow was accumulated there so that the corresponding
volume change associated with snow accumulation is positive (hX; > 0). Therefore, according to
Eqg. (3), there could be a situation that the estimated nominal density would be less than the
density of snow, if the added volume is larger than the reduced part (h%, > |hb’fi|). This suggests
that the underestimation of the nominal density of snow/firn inter-annually changing over these
regions is possible. A future study can be considered to partition the regional mass balance in
order to better understand the processes occurring there.

As to weakly positive or negative correlations in the small parts of North Central and
Southeast GrlS, we select two regions shown in Figure 2(a) to examine the amplitudes of both
inter-annual anomalies and their uncertainties. The root mean square (RMS) of the inter-annual
mass/elevation anomalies can be separately calculated for each region. The uncertainty of each
inter-annual anomaly is defined like the following: (1) for each month, calculate the average of
the inter-annual anomalies from CSR/GFZ/JPL or from the ICE1/ICEZ2 algorithms, i.e., for July
2003, calculate the average of inter-annual mass anomalies separately from CSR/GFZ/JPL, (2)
the uncertainty of the inter-annual anomaly from CSR in July 2003 can be then obtained by the
inter-annual anomaly from CSR in July 2003 subtracting the corresponding average value, (3)
repeat step (2) for each month and finally generate the time series of uncertainties of inter-annual
anomalies from CSR. Thus, the RMS of the time series of uncertainties of inter-annual anomalies
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from CSR can be calculated. Similarly, the RMS of uncertainties of inter-annual anomalies from
GFZ/JPL/ICE1/ICE2 can be calculated for each region, respectively. As shown in Table S3, the
RMS of inter-annual mass anomalies are less than 1 cm in EWH over region 1, and the RMS of
inter-annual elevation anomalies are slightly larger than 1 cm in height. Over region 2, the RMS
of inter-annual mass/elevation anomalies are 6 times larger than the corresponding value over
region 1. Although the RMS of uncertainties of inter-annual mass/elevation anomalies over
region 2 is relatively larger than those over region 1, we should admit that the inter-annual
anomalies over region 1 could be much easier to be influenced by the uncertainties. Previously,
Horwath et al. (2012) found negative correlations between inter-annual anomalies of mass
change from GRACE and elevation change from Envisat data over East Antarctica, with the
cause attributed to possible systematic errors in the GRACE solutions. In this study, the cause to
weakly positive/negative correlations over region 1 may be mainly associated with the small
amplitudes of inter-annual signals. As to region 2, the processes including snow accumulation
and ice dynamics could be responsible for the weakly positive correlations.

5 Conclusions

The snow/firn density is of fundamental importance in accurately deriving the GrlS mass
change from satellite altimetry. In this study, we analyze the inter-annual mass anomalies from
the updated GRACE data and elevation anomalies from Envisat altimetry during 2003-2009,
aiming at validating satellite-derived density with that from in situ data for the first time. By
refining the ICE1/ICE2 retracked elevation change time series through the improved repeat-track
analysis, consistent pattern between GRACE-derived and Envisat-observed inter-annual
anomalies can be found over most regions in the GrlS. Similar inter-annual variations can also be
captured by SMB outputted from the RACMO2/GR model, which suggests that GRACE
gravimetry and Envisat altimetry can sense the same geophysical process at the inter-annual
timescale over most regions in the GrlS. Assuming that firn compaction associated with air
temperature at the inter-annual timescale is small enough and negligible, we attempt to depict the
density of snow/firn inter-annually changing over the whole GrIS by purely using satellite data.
Our results show that the nominal density of snow/firn is relatively large over the West GrlS, and
relatively small nominal densities appear over Southern GrlS. By comparing the estimated
nominal densities in 6 cases, the impact on the nominal density from the algorithm used to
retrieved Envisat data is more significant than that from GRACE gravity solutions published by
the three data analysis centers (CSR/GFZ/JPL).

Finally, satellite-derived densities are validated with those provided by in situ data from
110 ice cores over the GrlS after removing firn layers dominated by seasonal variations. On the
one hand, over Central GrIS (at the regional scale), density profiles from 9 ice cores covering a
region of 150 km x 150 km are used to examine satellite-derived density there. GRACE+ICE1
obtained density agrees well with that from these ice cores, with the relative error less than 5%.
GRACE+ICE2 derived density shows an overestimation, with a magnitude of 100 kg/m3. On the
other hand, satellite-derived density is compared with that from each ice core. By calculating
RMSE, RB and relative error, nominal densities obtained by GRACE+ICEL1 rather than
GRACE+ICE2 show better agreement with those from in situ data. To some extent, this
confirms that the nominal density of snow/firn inter-annually changing over the GrlS obtained
by combining GRACE gravimetry and Envisat altimetry can be largely explained by the inter-
annual variations in upper firn layer density. Geodetic observations of mass change with higher
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spatial resolution and elevation change covering a longer time span in future may contribute to
better constraining the snow/firn density of polar ice sheets.
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