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1. Abstract 
 This study develops a first order method for filling gaps in the satellite 
gravimetry-derived record of monthly Greenland ice sheet mass balance. This 
method is based on a high correlation between gravimetry-derived ice sheet mass 
balance and ice sheet albedo during the May to September ablation season. Albedo 
conveniently integrates the competing surface mass balance effects of accumulation 
and ablation. We demonstrate that a single variable regression using satellite-
observed monthly ice sheet albedo allows ice sheet mass balance to be estimated 
with essentially the same certainty as via satellite gravimetry during the ablation 
season (± 91 Gt/month). In the absence of satellite gravimetry observations, satellite-
observed surface albedo therefore has utility as a first order proxy for ice sheet total 
mass balance. This albedo-mass balance regression can be employed with satellite-
observed albedo to nowcast the Greenland ice sheet mass balance and provide 
monthly mass balance estimates two to three months before satellite gravimetry-
derived estimates are available. 
 
2. Introduction 
 Ice sheet mass balance exerts a significant influence on global mean sea 
level (e.g. Church and White, 2011; Gregory et al., 2012), thermohaline circulation 
(e.g. Fichefet et al., 2003; Rahmstorf et al., 2005), and ocean sediment nutrient influx 
(e.g. Rysgaard et al., 2003; Hasholt et al., 2006). With climate projections of 
increasing temperatures and ice sheet mass loss (Solomon et al., 2007), a likely 
global sea level rise of 1 m or more by century's end (Pfeffer et al., 2008) will come 
at massive infrastructural and livelihood costs. Remotely sensed observations, 
especially during the ablation season, are critical to understanding the response of 
Greenland ice sheet mass balance to contemporary climate change. The Gravity 
Recovery and Climate Experiment (GRACE) satellite constellation, launched in 
March 2002, provides monthly anomaly maps of Earth's gravity field. These monthly 
mass anomaly maps are valuable for observing mass fluxes, including regional mass 
change of ice sheets (Velicogna and Wahr, 2005; Luthcke et al., 2006). Data gaps 
have begun to appear more frequently in the GRACE temporal record (Greenland 
melt months June 2003, June 2011 and May 2012), due to a decline in the health of 
satellite batteries (http://podaac.jpl.nasa.gov/grace). While the GRACE constellation 
has already exceeded its five-year design lifetime by a factor of two, a follow-on 
satellite gravimetry mission is not scheduled to launch until after 2016. 
 In anticipation of further deteriorating temporal GRACE coverage, we present 
a regression-based approach, using mean monthly ice sheet wide surface albedo, to 
fill gaps in the GRACE-derived monthly record of total Greenland ice sheet mass 
change during the May to September period with greatest solar illumination and 
albedo variability. Surface albedo is examined as a predictor variable because it is 
readily observable and has documented accuracy (Stroeve et al., 2006; Box et al., 
2012). Nowcasting a first order estimate of ice sheet mass balance appeals to both 
public interest in the health of the ice sheet, as well as researchers interested in the 
timely identification of extreme mass loss events. Surface albedo increases with 
fresh snowfall and decreases with increasing liquid water content during melt (e.g., 
Warren 1982; Lefebre et al., 2003; Hock, 2005). Albedo also varies predictably with 
near surface air temperature, due to the sensitivity of snow properties to available 
energy (Van As et al., 2013). Indeed, "ablation energy" has been inferred to be 
directly proportional to snow albedo (Konzelmann and Braithwaite, 1995). By virtue 
of these characteristics, ice sheet wide albedo exhibits a distinct annual cycle, 
reaching a minimum during the ablation season and a maximum during the winter 
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accumulation season (Box et al., 2012), mirroring the annual cycle of ice sheet mass 
balance (e.g. Tedesco et al., 2013). 
 After introducing the gravimetry and surface albedo data sets employed by 
this study, we introduce the albedo-mass balance regression. We then assess the 
robustness of albedo as a proxy for Greenland ice sheet mass balance. We then 
discuss possible mechanisms that link ice flow dynamics with surface albedo on sub-
monthly time scales, arguing that albedo may be regarded as a limited proxy for 
variability in dynamic mass. Finally, we present an application of the albedo-mass 
balance regression for nowcasting a first order estimate of Greenland ice sheet mass 
balance. 
 

 
Figure 1: A: Ablation season (May to September) GRACE-derived monthly mass 
change (∂M/∂t; Barletta et al., 2012). B: MODIS-derived mean monthly ice sheet 
albedo (α; Box et al., 2012). Vertical bars correspond to each dataset's uncertainty 
as described in Section 3. 
 
3. Data 
3.1. GRACE 
 We assess ice sheet monthly mass change using updated Danish Technical 
University (DTU) monthly GRACE mass anomaly calculations after Barletta et al. 
(2012), which employ RL05 solutions from the 2003 through 2012 ablation seasons. 
Consistent with Hall et al., (2006), we take the ablation season to be the five-month 
period between 1 May and 30 September. We calculate the monthly rate of ice sheet 
mass change (∂M/∂t in Gt/month) using a node-centered finite difference of monthly 
GRACE mass anomalies (M in Gt): 
 
 ∂M/∂t2 = (M3 - M1)/(t3 - t1)       Eq. 1 
 
where t is time (in months), and subscripts 1, 2 and 3 denote consecutive months. 
The absolute uncertainty in the rate of ice sheet mass change calculated in this way 
is estimated as the quadratic sum of the uncertainties associated with both the M1 
and M3 monthly mass anomaly solutions (Tedesco et al., 2013). The uncertainty in 
mass anomaly varies by month. DTU solutions have single standard deviation (1σ) 
monthly uncertainties ranging between 45 and 149 Gt, with an average of 91 
Gt/month over the study period (Barletta et al., 2012). We take this average value as 
representative of the uncertainty in GRACE-derived monthly ∂M/∂t. 
 As a consequence of using node-centered finite differencing, a single missing 
monthly GRACE mass anomaly solution prevents calculating monthly ∂M/∂t 
according to Eq. 1 for the two months bounding the missing solution. For example, 
the missing June 2011 mass anomaly solution prevents calculating ∂M/∂t for both 



May and July 2011. DTU monthly gravity solutions are available for 46 of the 50 (or 
92 %) months during the 2003 through 2012 ablation seasons (excluding June 2003, 
June 2011 or May 2012). Corresponding monthly ∂M/∂t values calculated according 
to Eq. 1 are available for 44 of the 50 (or 88 %) ablation season months over the 
same period (not May/July 2003, May/July 2011 or June/September 2012; Fig. 1). 
 
3.2. MODIS 
 Surface albedo retrievals from the NASA Terra platform Moderate-resolution 
Imaging Spectroradiometer (MODIS) sensor began in March 2000 (Hall et al., 2011). 
Only data from the Terra MODIS instrument are used here due to an Aqua MODIS 
instrument near infrared failure that reduces its cloud detection capability (Hall et al., 
2008). Stroeve et al. (2006) demonstrated that the MOD10A1 product realistically 
captures the albedo annual cycle, but exhibits more temporal variability than in situ 
observations. A dominant component of this assessed error appears to be the failure 
of the MODIS data product to completely remove cloud effects. A possibly related 
problem is occasional spuriously low values, for example below 0.4 in the 
accumulation area, where ground observations indicate that albedo does not 
decrease below 0.7. We employ 11-day running statistics to identify and reject 
values that exceed 2σ from the mean. To prevent rejecting potentially valid cases, 
data within 0.04 of the median are not rejected (Box et al., 2012). Monthly averages 
are generated from these daily filtered data.  
 

 
Figure 2: In situ surface albedo observed at PROMICE (Van As et al., 2013) and 
GC-Net (Steffen et al., 1996) automatic weather stations (where and when available) 
versus surface albedo remotely sensed by MODIS for all ablation season months 
since 2000. Solid line denotes zero bias (y = x), while the dashed line denotes an 
ordinary least squares regression in each month. The axes ranges differ between 
monthly subplots. 
 
 We assess the accuracy of MODIS MOD10A1 monthly average albedo during 
the ablation season by comparison with albedo observations from automatic weather 
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stations (AWSs) operated by the Program for Monitoring of the Greenland ice sheet 
(PROMICE) (Van As et al., 2013) and the Greenland Climate Network (GC-Net; 
Steffen et al., 1996). The PROMICE network is located in the ablation area of the ice 
sheet, while GC-Net is located primarily in the accumulation area of the ice sheet. 
Relative to these in situ observations, we find the root mean squared error (RMSE) 
in MODIS albedo values reaches a minimum of 0.039 in May and a maximum of 
0.085 in September (Fig. 2). We take the uncertainty associated with MODIS-derived 
mean monthly albedo as 0.059, which is the mean of monthly RMSE during the five-
month ablation season (Fig. 1). Uncertainty in satellite-observed albedo increases 
substantially outside the ablation season (October to April), when solar illumination 
can be oblique or absent (Stroeve et al., 2006). 
 For a comparison, we obtain ice sheet wide mean monthly surface albedo 
over the 2000 through 2012 ablation seasons from the Modèle Atmosphèrique 
Régional (MAR) version 3.2 forced with ERA-Interim climate data (Fettweis et al., 
2012). MAR is coupled with a one-dimensional multi-layered energy balance snow 
model (Gallée and Schayes, 1994; Lefebre et al., 2003), run with a horizontal 
resolution of 25 km, and forced every 6 hours at the lateral boundaries by the 
European Centre for Medium Range Weather Forecasts (ECMWF) ERA-Interim 
reanalysis (Dee et al., 2011). Although a high correlation exists between MAR and 
MODIS albedos for all months during the 2000 to 2012 period (r = 0.932, p < 0.01), 
the slope of the regression is only ~ 0.36 (Fig. 3), indicating that MAR systematically 
overestimates ice sheet wide surface albedo by up to 0.06 in comparison to MODIS, 
especially during relatively low albedo summer ablation season (Fig. 2). The MAR 
albedo bias likely results from modelled bare ice albedo values, which range 
between 0.4 and 0.6 depending on superficial meltwater presence (Lefebvre et al., 
2003). In comparison, both in situ and MODIS observations suggest that the bare ice 
albedo in West Greenland can decrease below 0.3, or 25 to 50 % less than MAR 
modelled values (Box et al., 2012; Van As et al., 2013). Given the predominance of 
the West Greenland ablation area, this can result in a substantial MAR 
overestimation of ice sheet wide albedo during the ablation season. A solution to this 
source of bias may be implementing a background ice albedo field in MAR that is 
derived from MODIS imagery as in Van Angelen et al. (2012). 
 

Figure 3: MAR version 3.2 (Fettweis et 
al., 2012) versus MODIS-derived (Box et 
al., 2012) mean monthly ice sheet albedo 
for all March to October months since 
March 2000. MAR systematically 
overestimates ice sheet wide surface 
albedo in comparison to MODIS during 
the relatively low albedo ablation season. 
Solid line denotes zero bias (y = x), while 
the dashed line denotes an ordinary least 
squares regression. 
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Figure 4: Ablation season (May to 
September) GRACE-derived monthly 
rate of mass change (∂M/∂t; Barletta et 
al., 2012) versus MODIS-derived mean 
monthly albedo (α; Box et al., 2012). 
Solid line denotes an ordinary least 
squares regression, while dashed lines 
denote a 2σ uncertainty envelope. 
Horizontal and vertical error bars denote 
uncertainty as described in Section 3. 

 
4. Methodology 
 We evaluate a single variable regression model that employs monthly mean 
ice sheet albedo as a predictor for total ice sheet mass balance during the May to 
September ablation season. In comparison to interpolating missing monthly GRACE 
mass anomalies using a statistical approach, such as inserting average monthly 
observations (e.g. Tedesco et al., 2013), estimating monthly ∂M/∂t values using a 
regression model based on a key climatic variable is nominally physically-based, in 
that it does not rely on a limited ∂M/∂t history. MODIS-derived mean monthly albedo 
is strongly correlated with ∂M/∂t over the five ablation season months during the 
2003 to 2012 period (r = 0.899, p < 0.01; Fig. 4). This implies that ice sheet scale 
monthly ∂M/∂t can be approximated by a linear albedo-mass balance regression of 
the form: 
 
 ∂M/∂t = Aα + c       Eq. 2 
 
where α is the dimensionless MODIS-derived mean monthly surface albedo 
averaged over the entire ice sheet, A is a coefficient derived to equal 1650 ± 400 
Gt/month, and c is a constant of -1340 ± 300 Gt/month. The ± uncertainty in these 
parameters represents their 1σ uncertainty when calculated over different temporal 
subsets of the 2003 to 2012 calibration period (see Section 5). A may be interpreted 
as representing the sensitivity of monthly ∂M/∂t to albedo (i.e. a 0.01 decrease in 
mean monthly ice sheet albedo corresponds to 16.5 Gt decrease in monthly mass 
balance), while c may be interpreted as the theoretical maximum monthly ∂M/∂t in 
the limit where the ice sheet absorbed all solar irradiance (e.g. α = 0). The minimum 
observed albedo at 5 km horizontal resolution is 0.29 (Box et al., 2012). Average ice 
sheet albedo for the June-August period for all Greenland ice has declined 6.4 % 
during the MODIS era (Fig. 5). 
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Figure 5: MODIS-derived June to August 
average Greenland ice sheet albedo 
(Box et al., 2012). 

 

Figure 6: GRACE-derived monthly rate 
of mass change (∂M/∂t; Barletta et al., 
2012) versus the ∂M/∂t predicted by 
albedo regression using Eq. 2. Horizontal 
and vertical error bars denote ± 91 
Gt/month as described in Section 5. 
Dashed line denotes zero bias (y = x). 

 
5. Results 
 The monthly ∂M/∂t values predicted by single variable albedo regression 
agree with the monthly ∂M/∂t values observed by GRACE within an RMSE of ± 32 
Gt/month (r = 0.899, p < 0.01; Fig. 6). We therefore suggest that in the absence of 
GRACE observations mean monthly surface albedo has utility as a first order proxy 
for total ice sheet scale mass balance. While this RMSE is approximately one third 
the uncertainty associated with finite differencing two monthly GRACE solutions to 
calculate a ∂M/∂t value, we conservatively assume the uncertainty associated with 
the original GRACE ∂M/∂t values as more representative of the absolute uncertainty 
associated with the albedo regressed ∂M/∂t values (i.e. ± 91 rather than 32 
Gt/month). Under this assumption, 98 % of the modelled versus observed ∂M/∂t 
values lie within uncertainty of y = x (Fig. 6). To test if the relation between ∂M/∂t and 
albedo is stationary in time, we evaluate the coefficient (A) and constant (c) of Eq. 2 
for overlapping four-year intervals (e.g. 2003 to 2006, ... , 2009 to 2012) over the 
2003 to 2012 GRACE record (Fig. 7). The values of A and c are indeed variable over 
subsets of the GRACE period. While the apparent increase in A over time is 
suggestive of a growing ice sheet mass balance sensitivity to albedo, the change is 
statistically insignificant (i.e. all A values are within their standard error of 1650 
Gt/month). Until the GRACE record becomes long enough to derive significant 
trends in albedo sensitivity, albedo may be regarded as a temporally stationary proxy 
for mass balance over the observational period. Caution should be exercised if 
albedo were to be used as a first order proxy for mass balance beyond the 
observational record. 
  



 
Figure 7: Evaluating coefficient (A), constant (c) and correlation (r) of the albedo-
mass balance regression (Eq. 2) for overlapping four-year intervals (e.g. 2003 to 
2006, 2004 to 2007, etc.) over the 2003 to 2012 GRACE period. Vertical lines denote 
slope standard error. 

 

Figure 8: Cumulative mass 
anomaly observed by DTU and 
CSR GRACE solutions over the 
January 2003 to October 2012 
period (Barletta et al., 2012; 
Tedesco et al., 2013), with 
cumulative MODIS albedo-
derived mass balance shown for 
each ablation season.  

 
 Calculating cumulative MODIS-derived ∂M/∂t for each ablation season allows 
a qualitative comparison with DTU and Center for Space Research (CSR) GRACE 
mass anomaly time series (Barletta et al., 2012; Tedesco et al., 2013). This 
comparison shows that cumulative MODIS-derived ∂M/∂t captures the magnitude 
and rate of mass loss in each ablation season between 2003 and 2012 (Fig. 8). 
Calculating the residual between albedo and DTU GRACE-derived ∂M/∂t in each 
month permits a more quantitative assessment of the time-dependent mismatch 
between the two data series (Fig. 9). Albedo-regression appears to be biased 
towards overestimating mass loss early in the ablation season (i.e. -26 Gt/month on 
average in May and June), and biased towards underestimating mass loss late in the 
ablation season (i.e. +13 Gt/month on average in August and September). The 
absolute residuals between GRACE and albedo derived mass change are smallest 
in July, at the peak of the ablation season (18 Gt/month). The single largest residual 
is a mass loss overestimate of 92 Gt in June 2009. We speculate that this outlier is 
likely due to anomalously cold air temperatures following the initiation of spring melt, 
which resulted in both relatively low surface albedo and relatively low melt. National 
Centers for Environmental Prediction (NCEP) Reanalysis data suggests June 2009 
was over 1 °C colder than the 1981 to 2010 climatic mean across all of Greenland 
(Kalnay et al., 1996). Similarly, at the seven out of thirteen PROMICE AWSs 
installed before June 2009, it was the coldest June recorded to date (Van As et al., 
2013). In comparison, the albedo-derived mass loss residual of the July 2012 
extreme melt month is 30 Gt, or approximately one third the uncertainty associated 
with finite differencing two monthly GRACE solutions.  
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Figure 9: Monthly GRACE-derived mass change (dark shading; Barletta et al., 2012) 
and residual from the mass change estimated by albedo regression (light shading) 
over the 2003 to 2012 ablation seasons. Residuals below the x axis indicate an 
overestimation of mass loss by Eq. 2 and vice versa. Grey shading denotes when 
GRACE data is not available for comparison. 
 

Figure 10: Monthly MAR-modelled 
surface mass balance (SMB; Fettweis et 
al., 2012) versus GRACE-derived mass 
balance (∂M/∂t; Barletta et al., 2012) 
during the May to September ablation 
season over the 2003 to 2012 period. 
Line denotes least squares regression. 

 
6. Discussion 
6.1. Ice sheet mass balance 
 The fidelity with which ice sheet wide surface albedo serves as a robust proxy 
for ice sheet mass balance suggests that surface mass balance plays a key role in 
influencing ice sheet mass balance. Indeed, the monthly surface mass balance 
derived from MAR version 3.2 forced with ERA-Interim climate data is highly 
correlated (r = 0.953, p < 0.01) with total ice sheet mass balance (as assessed by 
∂M/∂t from Eq. 1) during the May to September ablation seasons over the 2003 to 
2012 period (Fig. 10). We interpret the high correlation between MAR-modelled 
surface mass balance and GRACE-derived total mass balance as indicating that 
monthly variability in surface mass balance far exceeds monthly variability in ice flow 
during the ablation season. Ultimately, however, surface mass balance and ice 
dynamics interact. On decadal time scales surface mass balance variables such as 
runoff appear to serve as robust proxies for iceberg discharge (Box and Colgan, 
2013).  
 Though MAR-modelled albedo systematically overestimates MODIS-observed 
albedo (Fig. 3), it is highly correlated with GRACE-derived mass balance (r = 0.913, 
p < 0.01; Fig. 11). We speculate that high correlation results from the one-
dimensional multi-layered energy balance snow model implemented in MAR (Gallée 
and Schayes, 1994; Lefebre et al., 2003), which captures the radiative (solar and 
terrestrial), sensible and latent heat fluxes that all impact snow and ice melt, and 
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accelerate snow crystal metamorphism, decreasing albedo. The sensible heat flux 
can approach 30 % of the solar flux over the Greenland ice sheet (Gallée and 
Duynkerke, 1997). We acknowledge that MAR-modelled surface mass balance is a 
better indicator of ice sheet mass balance than MODIS-observed albedo. Like 
GRACE-derived mass balance, however, MODIS-derived albedo is an observed, not 
modelled, ice sheet attribute. Unlike MAR-derived surface mass balance, obtaining 
MODIS-derived albedo does not require any ancillary climate data (i.e. substantial 
climate forcing data) and is available in real-time with minimal data processing.  
 

Figure 11: Monthly MAR-modelled 
surface albedo (Fettweis et al., 2012) 
versus GRACE-derived mass balance 
(dM/dt; Barletta et al., 2012) during the 
May to September ablation season over 
the 2003 to 2012 period. Line denotes 
least squares regression. 

 
 The physical basis for ice sheet albedo being a skilful predictor of ∂M/∂t is that 
albedo integrates the competing surface mass balance effects of accumulation and 
ablation, by albedo increasing with fresh snowfall and decreasing with increasing 
liquid water content during melt (e.g., Warren 1982; Lefebre et al., 2003; Hock, 
2005). We postulate, however, that surface albedo is also expected to respond to 
changes in ice dynamics in a consistent fashion, whereby increasing dynamic mass 
loss decreases ice sheet albedo or a lower albedo results in higher dynamic mass 
loss. Below we describe five processes that directly link ice flow dynamics with ice 
sheet surface albedo on sub-monthly time scales.  

 
(i) Tidewater destabilization: Lower albedos result in higher meltwater 
production due to a variety of surface mass balance processes increased 
solar radiation absorption (e.g. Box et al., 2012). On monthly time scales 
meltwater ejection at the underwater front of marine-terminating glaciers 
forces heat exchange between the glacier front and sea water (Motyka et al., 
2011). Underwater melting undercuts the glacier front, promoting iceberg 
calving and reducing flow resistance. Thus, enhanced meltwater production 
(especially during low albedo ablation seasons) is expected to increase 
tidewater glacier discharge directly through underwater calving front 
destabilization.  

 
(ii) Surface meltwater lakes: A relatively low albedo "dark zone" forms inland 
from the ice sheet margin each ablation season, where surface meltwater 
accumulation in supraglacial lakes reaches a maximum (Greuell, 2000). 
Sporadic rapid lake drainage enhances basal sliding on sub-monthly time 
scales by delivering large volumes of water to lubricate the ice-bed interface 
(e.g., Box and Ski, 2007; Das et al., 2008). During high melt years, Greenland 
surface meltwater lakes not only form further inland, at higher elevations, and 
are more likely to rapidly drain (Liang et al., 2012). Inter-annual variability in 
"dark zone" size is therefore proportional to enhanced basal sliding potential. 
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(iii) Bare ice area: The bare ice of the ablation area has a relatively low albedo 
in comparison to snow-cover. High melt years result in an upward migration of 
snow and firn lines, with a consequent increase in bare ice area (McGrath et 
al., 2013). Basal sliding is enhanced beneath relatively low albedo bare ice 
areas, in comparison to relatively high albedo snow- or firn-covered areas, 
due to: (i) an increase in meltwater runoff available to the glacier hydrology 
system, at the expense of a decrease in refreezing and retention in the near-
surface snow and firn (Harper et al., 2012), and (ii) a decrease in the 
attenuation of meltwater pulses reaching the subglacial system, due to the 
absence of porous flow through snow or firn (Fountain and Walder, 1998). 

 
(iv) Crevasse area extent: Heavily crevassed areas absorb twice as much 
solar radiation, and therefore have a nearly twice as low surface albedo 
compared to flat ice areas (Pfeffer and Bretherton, 1987). Changes in 
crevasse area have been observed to substantially modify glacier-averaged 
albedo on inter-annual timescales (Krimmel and Meier, 1975). A 13 ± 4 % 
increase in crevasse extent at Sermeq Avannarleq, West Greenland, since c. 
1998 has been attributed to changes in ice geometry and flow direction due to 
the acceleration of nearby Jakobshavn Isbrae (Colgan et al., 2011). Increases 
in transient crevasse extent, due to increases in glacier velocity, are therefore 
expected to result in decreases in ice sheet surface albedo. 

 
(v) Hydrofracture: The enhanced surface meltwater production during 
relatively low albedo periods results in an increase in meltwater supply and 
infiltration to existing surface crevasses and ice fractures. As a result of the 
density difference between water and ice, a continually filling surface 
crevasse can theoretically penetrate to the bed of the ice sheet via 
hydrofracture (Van der Veen, 1998). Hydrofracture is the wedging open of 
relatively low density ice by relatively high density water under the force of 
gravity. In addition to reducing the tensile strength of ice, which can enhance 
iceberg calving, the penetration of crevasses to the ice sheet bed has the 
potential to introduce abundant meltwater to the subglacial environment, 
where basal sliding can be enhanced on short (e.g. daily) time scales. 

 
 These albedo-dynamic processes not only influence the ice discharge of 
Greenland's outlet glaciers, but also the basal sliding of the ablation region as a 
whole, which varies on monthly time scales (Joughin et al., 2008a). We acknowledge 
that the primary link between albedo and ice sheet mass balance is undoubtedly 
surface mass balance. We merely highlight that these secondary links provide 
mechanisms by which albedo either influences, or is influenced by, the enhanced 
downstream conveyance of ice. Changes in terminus force balance due to 
buttressing (e.g. Joughin et al., 2008b), which also modulate ice dynamic mass loss 
a finite distance upstream from terminus (e.g. Colgan et al., 2012), are not directly 
linked to albedo. 
 
6.2. Application: Nowcasting 
 The albedo regression presented in Section 4 can fill gaps in the GRACE 
observed record of May to September ice sheet mass balance. We use Eq. 2 to 
cautiously extend Greenland's ablation season ∂M/∂t record back three years to the 
year 2000 initiation of routine MODIS observation, and fill gaps in the more recent 
GRACE derived ∂M/∂t record (Fig. 12). As surface albedo is derived from readily 



available MODIS imagery, a first order surface albedo proxy for ice sheet mass 
balance potentially allows ice sheet mass balance to be quantitatively assessed, 
within given uncertainty, in near real time. By comparison, the direct assessments of 
ice sheet mass balance made by GRACE are subject to a significant time lag of at 
least two months, before variations in gravity can be translated into mass balance 
estimates (http://podaac.jpl.nasa.gov/grace). Indeed, real time albedo monitoring has 
already proven successful in qualitatively forecasting extreme negative mass 
balance years once the ablation season is underway (Box et al., 2012). Prior to 
reaching an absolute record low ice sheet wide albedo during the July 2012 extreme 
melt event, ice sheet wide albedo was already at the lowest observed on record in 
early June 2012. 
 

 
Figure 12: Ablation season (May to September) monthly rate of mass change 
(∂M/∂t) observed by GRACE (Barletta et al., 2012), and that predicted by albedo 
regression (Eq. 2), since 2000. Vertical error bars denote ± 91 Gt/month uncertainty 
as described in Section 5. 
 
 To provide a near real time estimate of ice sheet global sea level contribution, 
the Geological Survey of Denmark and Greenland (GEUS) has begun to interpret 
near real time MODIS MOD10A1 albedo data using the albedo-mass balance 
regression presented in Section 4. This permits GEUS to estimate a nowcast of ice 
sheet mass balance during the relatively short ablation season, two to three months 
before GRACE mass change solutions are available. During the ablation season 
(May to September) this nowcast of ice sheet mass balance has been updated 
weekly during the 2013 ablation season at www.polarportal.org. Nowcasting appeals 
to public interest in the health of the ice sheet, as well as scientists inclined to 
coordinate field campaigns to validate remotely sensed observations during extreme 
mass loss events (e.g. Nghiem et al., 2012) 
 Fig. 13 illustrates the nowcast web product of ice sheet sea level contribution 
estimated from both GRACE gravity solutions and MODIS MOD10A1 albedo data. 
To increase the accessibility of these technical products for public consumption, 
GRACE gravimetry-derived mass changes are referred to as "gravity estimates", 
while MODIS albedo-derived mass changes are referred to as "reflectivity 
estimates". Albedo-derived mass changes are computed from a daily time series of 
running monthly means. The top panel of the nowcast web product displays the 
instantaneous sea level rise contribution rate (in mm of global sea level equivalent 
per month), while the bottom panel displays the cumulative annual sea level 
contribution (in mm of global sea level equivalent). Monthly sea level contributions 
have 95 % confidence within a ± 0.196 mm sea level error margin. The 2003-2012 
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mean annual mass balance profile, as well as the 2012 extreme mass balance year, 
are also shown to place the current melt year in context. 
 

 
Figure 13: Greenland ice sheet instantaneous sea level rise contribution per month 
(top) and cumulative annual global sea level rise equivalent (bottom). Reflectively 
estimates are evaluated daily during the ablation season, while GRACE estimates 
are evaluated monthly throughout the year (when available). The 2003 to 2012 
mean, and the 2012 extreme mass balance year, are included to place the current 
ablation season in context. 
 
7. Conclusions 
 Deteriorating temporal GRACE coverage provides an impetus to explore a 
first order method for filling data gaps in the recent and future GRACE record. We 
explored a single variable regression to predict ice sheet mass balance as a function 
of mean monthly surface albedo. We find that this single variable regression allows 
monthly mass balance to be estimated with effectively the same uncertainty as 
GRACE derived estimates of monthly mass balance (i.e. ± 91 Gt/month). In the 
absence of GRACE observations, we therefore suggest that albedo has utility as a 
first order estimate for monthly ice sheet scale mass balance. We speculate that on 
the monthly time scale similar albedo-mass balance relations may also exist at 
basin-scale. We note that non-significant evidence of the albedo-mass balance 
regression being temporally non-stationary suggests that caution should be 
exercised when using albedo as a proxy for ice sheet mass balance outside the 
GRACE calibration period. We also note that surface albedo-derived mass balance 
is biased towards overestimating mass loss early in the ablation season (i.e. May 
and June) and underestimating mass loss late in the ablation season (i.e. August 
and September). These biases, however, are smaller (< 30 Gt/month) than the 
absolute uncertainty associated with calculating monthly mass balance from GRACE 
observations (91 Gt/month).  
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 While we describe five processes that link surface albedo with ice dynamics 
(tidewater destabilization, surface meltwater lakes, bare ice area, crevasse area 
extent and hydrofracture), we acknowledge that the links between surface albedo 
and ice dynamics are indirect. Instead, we suggest that the relatively high correlation 
between albedo and mass balance highlights an important role of surface mass 
balance in modulating the mass balance of the Greenland ice sheet. The Geological 
Survey of Denmark and Greenland (GEUS) now employs MODIS surface albedo as 
a proxy for ablation season ice sheet mass balance using the methodology 
described in this paper. This allows the nowcasting of Greenland ice sheet monthly 
mass balance at www.polarportal.org, one to two months before GRACE mass 
change solutions are available. 
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