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Abstract

A combined analysis of remote sensing observations, regional climate model (RCM)
outputs and reanalysis data over the Greenland ice sheet provides evidence that mul-
tiple records were set during summer 2012. Melt extent was the largest in the satellite
era (extending up to ∼97 % of the ice sheet) and melting lasted up to ∼ two months5

longer than the 1979–2011 mean. Model results indicate that near surface tempera-
ture was ∼3 standard deviations (σ) above the 1958–2011 mean, while surface mass
balance was ∼3σ below the mean and runoff was 3.9σ above the mean over the same
period. Albedo, exposure of bare ice and surface mass balance also set new records,
as did the total mass balance with summer and annual mass changes of, respectively,10

−627 Gt and −574 Gt, 2σ below the 2003–2012 mean.
We identify persistent anticyclonic conditions over Greenland associated with

anomalies in the North Atlantic Oscillation (NAO), changes in surface conditions (e.g.
albedo) and pre-conditioning of surface properties from recent extreme melting as ma-
jor driving mechanisms for the 2012 records. Because of self-amplifying positive feed-15

backs, less positive if not increasingly negative SMB will likely occur should large-scale
atmospheric circulation and induced surface characteristics observed over the past
decade persist. Since the general circulation models of the Coupled Model Intercom-
parison Project Phase 5 (CMIP5) do not simulate the abnormal anticyclonic circulation
resulting from extremely negative NAO conditions as observed over recent years, con-20

tribution to sea level rise projected under different warming scenarios will be underes-
timated should the trend in NAO summer values continue.

1 Introduction

During the past decade, surface melting over the Greenland Ice Sheet (GrIS) has been
increasing (e.g. Fettweis et al., 2012a; Mote, 2007; Tedesco et al., 2008, 2011), with25

results from regional climate models, in-situ observations and satellite data revealing
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accelerating ice sheet mass loss (van den Broeke et al., 2009; Rignot et al., 2011).
Melting is responsible for summer meltwater production over the GrIS, which can trans-
late into runoff to the surrounding ocean, depending on the evolution of the ice sheet hy-
drological system. Aside from the direct impact of increased runoff on the surface mass
balance (SMB) of the GrIS, changes in the meltwater production affect supraglacial,5

englacial and subglacial processes. Persistent and enhanced melting can lead to re-
duced surface albedo (because of snow grain size metamorphism or bare ice exposure,
for example) and, consequently, to increased absorbed solar radiation (which further
enhances melting). The existence of supraglacial lakes, whose formation is driven by
meltwater production, increases the ice ablation rate with respect to the case when ice10

is exposed to air (e.g. Tedesco et al., 2012a). Moreover, rates of meltwater production
play a key role in modulating the opening and persistence of surface-to-bedrock con-
nections (e.g. hydro-fracturing, Weertman, 1973; van der Veen, 2007; Catania et al.,
2008), which are associated with ice sheet velocity spatio-temporal gradients and,
therefore, can impact the total GrIS mass balance. Given the complex and non-linear15

nature of the mechanisms linking melting to other surface and sub-surface processes,
it is crucial to adopt a multidisciplinary approach in which multiple tools are used to
identify different aspects of extreme events and their drivers, allowing to overcome the
limitations of a single method to provide a more comprehensive understanding of the
phenomenon under observation.20

Here we combine results obtained from the analysis of spaceborne remote sensing
data, of the outputs of a regional climate model (RCM) and re-analysis data to show ev-
idence that multiple records were set during the summer of 2012 over the GrIS, and to
investigate the driving mechanisms. In particular, for the summer of 2012, new records
were set for melt extent and duration derived from passive microwave remote sensing25

(1979–2012), satellite-derived snow/ice surface temperature and albedo (2000–2012),
RCM-derived surface mass balance, bare ice exposure, runoff and near-surface tem-
perature (1958–2012), and total mass balance derived from gravimetric satellite mea-
surements (2002–2012). In many cases, the new records were exceeding the mean
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by values between 2 and 4 standard deviations. In Sect. 2, we describe the data and
methods employed; in Sect. 3 we discuss the records associated with each consid-
ered data set examined; lastly in Sect. 4, we investigate the drivers of the records;
conclusions follow in Sect. 5.

2 Methods and data5

2.1 Melt extent and duration from passive microwave data

Wet snow can be mapped at large spatial scales and high temporal resolution from
spaceborne measurements collected in the microwave region of the electromagnetic
spectrum. As the liquid water content (LWC) within the snowpack increases, so does
the absorption as a consequence of the increase of the imaginary part of snow permit-10

tivity. In the case of passive microwave sensors, this has the consequence of suddenly
and considerably increasing the recorded microwave brightness temperature (Tb). Mi-
crowave sensors can also detect sub-surface liquid water, which can occur when the
surface is frozen and, therefore, cannot be detected with thermal sensors.

We use data collected by the Scanning Multichannel Microwave Radiometer (SMMR)15

and by the Special Sensor Microwave Imager (SSM/I). SMMR was a five-frequency in-
strument on the Nimbus-7 satellite. It had dual-polarised, horizontal (H) and vertical
(V), channels at 6.63, 10.69, 18.0, 21.0, and 37.0 GHz (Gloersen et al., 1984). The first
SSM/I sensor was launched aboard the DMSP F-8 mission in 1987 (Hollinger et al.,
1987). A series of SSM/I sensors on subsequent DMSP satellites has provided a con-20

tinuous data stream since then. Sensors on the F-8, F-11, F-13, and F-17 platforms are
used for the data used here. The SSM/I sensor has seven channels at four frequencies.
The 19.4, 37.0, and 85.5 GHz frequencies are dual polarised (H and V); the 22.2 GHz
frequency has only a single vertically polarised channel. For simplicity, the channels are
sometimes denoted as simply 19H, 19V, 22V, 37H, 37V, 85V and 85H. The SSM/I sen-25

sor was replaced by the Special Sensor Microwave Imager/Sounder (SSMIS) sensor
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with the launch of F-16 in 2003. The SSMIS sensor has the same 19.4, 22.2, and
37.0 GHz channels of SSM/I; however, the 85.5 GHz channels on SSM/I are replaced
with 91.0 GHz channels on SSMIS. This does not affect the melt detection, as this
frequency is not used in the algorithms considered here.

The National Snow and Ice Data Center (NSIDC) processes and combines swath5

brightness temperature data from Remote Sensing Systems, Inc. (RSS) (http://www.
ssmi.com). The NSIDC distributes SMMR, SSM/I and SSMIS as gridded daily prod-
ucts, distributed in a polar stereographic projection and the Equal-Area Earth Scal-
able (EASE) projection with a 25 km spatial resolution. Near-real time DMSP SSMIS
daily polar gridded brightness temperatures (http://nsidc.org/data/nsidc-0080.html)10

and EASE-Grid brightness temperatures (http://nsidc.org/data/docs/daac/nsidc_0342_
nrt_ssmi_ease_tb) are also available through NSIDC and are used here for the anal-
ysis reported in the following for the 2012 season. Though near-real time data did not
go through the same processing as fully processed data, the difference between the
two data sets is generally small (on the order of 1–2 K at the maximum but below that15

on the average based on a comparison performed by the authors using data from pre-
vious years over the Greenland ice sheet). Because of the strong impact of LWC on
recorded brightness temperatures (e.g. increase of the order of tens of K, up to 100 K
in some cases, when moving from dry to wet snow conditions, e.g. Tedesco, 2007),
we assume that the use of near-real time brightness temperatures does not impact the20

results discussed in the following for the 2012 melting season.
Changes in melt duration and extent over the Greenland and Antarctic ice sheets

have been mapped using the seasonal change in emissivity and thresholds computed
through the aid of electromagnetic models (Mote and Anderson, 1995; Mote, 2007;
Tedesco, 2009), the frequency dependence of emissivity, such as the cross polarised25

gradient ratio (XPGR, e.g. Abdalati and Steffen, 1997; Steffen et al., 2004), the di-
urnal change in emissivity (e.g. Tedesco, 2007) and fixed threshold coefficients (e.g.
Zwally and Fiegles, 1994). Here, we use the algorithms reported by Mote and Ander-
son (1995) and Tedesco (2009), as they are based on a similar concept (e.g. when
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the LWC within the snowpack is assumed to exceed a certain threshold). The algo-
rithm of Mote and Anderson (1995) is a dynamic threshold algorithm (DTA) based on
a simple microwave-emission model, which is used to simulate 37 GHz, horizontally
polarised brightness temperatures associated with 1 % liquid water content across the
Greenland ice sheet (Mote, 2007). The other approach is based on Tedesco (2009) and5

assumes a fixed value of LWC to compute the brightness temperature threshold (still
from an electromagnetic model) above which melt is assumed to be occurring. This
approach is conceptually similar to the one originally proposed by Zwally and Fiegles
(1994), producing coefficients that are similar to those produced in that approach but
that are spatially and temporally dynamically computed.10

2.2 MODIS albedo and surface temperature

The Moderate-resolution Imaging Spectroradiometer (MODIS) on board the Terra and
Aqua satellites (http://modis.gsfc.nasa.gov/) records data in 36 spectral bands between
0.4 and 14.4 µm. MODIS thermal infrared observations allow estimates of land sur-
face temperature (LST) under cloud-free conditions at a 1 km horizontal spatial res-15

olution. In particular, the MODIS MOD11A1 data product (http://www.icess.ucsb.edu/
modis/LstUsrGuide/usrguide_1dtil.html) makes use of daily averaged LST retrievals
from swath data using bands 31 (11 µm) and 32 (12 µm) (Wan et al., 2002; Wan, 2008).
The root mean square error (RMSE) of the MOD11A1 product, with respect to inde-
pendent in-situ observations, has been estimated to be 1 ◦C (Wan, 2008), with higher20

RMS errors (>1 ◦C) found over Greenland (Hall et al., 2008a,b; Koenig and Hall, 2010).
Surface albedo retrievals from the NASA Terra platform MODIS sensor begin-

ning 5 March 2000 are available from the NSIDC (Hall et al., 2011). The daily
MOD10A1 product is used in this study instead of other available products, such
as the MODIS MOD43 (http://modis.gsfc.nasa.gov/data/dataprod/dataproducts.php?25

MOD_NUMBER=43) or MCD43 8-day (http://www-modis.bu.edu/brdf/userguide/intro.
html) products, in order to increase temporal resolution. After collection, the data are
interpolated to a 5 km EASE grid. Stroeve et al. (2006) showed that the MOD10A1
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product captures the albedo seasonal cycle, but exhibits more temporal variability than
recorded by in-situ observations. A dominant component of this assessed error might
be the failure of the MODIS data product to completely remove cloud effects. Another
problem might be the presence of spuriously low values, for example below 0.4 in the
accumulation area, where albedo is not observed by pyranometers at the surface to5

drop below 0.7. In this study, we follow the approach reported by Box et al. (2012), in
which 11-day running statistics are here used to identify and reject values that exceed
2 standard deviations from an 11-day average. To prevent rejecting potentially valid
cases, data within 0.04 of the median are not rejected. June–August (JJA or summer)
seasonal averages are then generated from monthly averages of the daily filtered and10

smoothed data. Only data from the Terra MODIS instrument is used in this study, to
reduce computational burdens, and given an Aqua MODIS instrument near infrared
(channel 6) failure (Hall et al., 2008a) that reduces the cloud detection capability.

2.3 The MAR regional climate model

MAR is a three-dimensional coupled atmosphere-land surface model that predicts the15

evolution of the coupled land-atmosphere system (subject to land-atmosphere feed-
backs) in response to radiative forcing from the sun, and known or projected atmo-
spheric forcing applied at the model’s lateral boundaries. The atmospheric portion of
MAR is coupled to the 1-D Surface Vegetation Atmosphere Transfer scheme SISVAT
(Soil Ice Snow Vegetation Atmosphere Transfer, Gallée and Schayes (1994) and De20

Ridder and Gallée, 1998), which simulates surface properties and the exchange of
mass and energy between the surface and the atmosphere. SISVAT incorporates an
interactive snow model based on the CROCUS model (Brun et al., 1992): a 1-D lay-
ered energy and mass balance model of the snowpack. CROCUS is more sophisti-
cated with respect to snow models used by most RCMs (e.g. Rae et al., 2012) in that25

it is a physically based model capable of simulating the evolution of snow properties,
such as grain sizes and shapes, in response to energy and mass changes within the
snowpack, and their influence on surface albedo. CROCUS also incorporates a water
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balance module that takes into account the re-freezing of meltwater, a turbulence mod-
ule, and a snow/ice discretisation module (Brun et al., 1992).

MAR has been used to simulate long-term changes in the GrIS SMB and surface
melt extent (Fettweis et al., 2005, 2011; Tedesco et al., 2008, 2011) using ERA-
40 (1958–1978) and ERA-INTERIM reanalysis (1979–2012) as forcing every 6 h at5

the MAR lateral boundaries. Validation has been performed through comparison with
ground measurements (e.g. Lefebre et al., 2003, 2005; Gallée et al., 2005), and satel-
lite data (e.g. Fettweis et al., 2005, 2011; Tedesco et al., 2011). These studies have
demonstrated the validity of the model for accurately simulating climate changes (Fet-
tweis et al., 2012b; Franco et al., 2012b) and capturing feedback mechanisms, includ-10

ing surface air temperatures, specific humidity, wind speed, surface albedo, melting,
and radiative fluxes over Greenland. Here, MAR is run at a 25 km resolution (though
outputs can be used to estimate the SMB at higher resolution, e.g. Franco et al., 2012a)
with the specific model setup discussed by Fettweis (2007) and with adjustments to the
albedo scheme as noted by Fettweis et al. (2011).15

2.4 GRACE

The Gravity Recovery and Climate Experiment (GRACE) satellite mission has been
providing monthly solutions for the Earth’s global gravity field since its launch in spring
of 2002. These solutions can be used to determine time variations in the gravity field,
which provide information on month-to-month variations in the Earth’s mass distri-20

bution (e.g. Tapley et al., 2004; Wahr et al., 2004). Here, we use monthly GRACE
gravity fields from April, 2002 through September, 2012, generated and made pub-
licly available by the Center for Space Research (CSR) at the University of Texas
(http://podaac.jpl.nasa.gov/grace), to solve for temporal changes in the total mass of
the Greenland ice sheet. CSR’s Release 4 fields were used for months prior to March25

2003, and Release 5 fields were used for all months thereafter. Each monthly field con-
sists of a set of spherical harmonic geoid coefficients up to degree and order 60. We
replace the GRACE C20 coefficients with C20 coefficients inferred from satellite laser
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ranging (Cheng and Tapley, 2004), and we include degree-one coefficients computed
as described by Swenson et al. (2007) (coefficients provided by S. Swenson). We
use model results from A et al. (2012) to remove contributions from glacial-isostatic-
adjustment (GIA): the Earth’s viscoelastic response to past ice mass variability. Those
GIA results were computed for a compressible, spherically symmetric Earth, and were5

based on the global ICE-5G model and VM2 viscosity profile of Peltier (2004).
We compute the temporal mean of the monthly fields and subtract that mean from

each field, so that the residuals represent the monthly departures from the mean. We
convolve each monthly residual field with a Greenland averaging kernel, as described
by Velicogna and Wahr (2006), to obtain an estimate of Greenland mass-per-area in10

units of cm of water, averaged over the ice sheet. Because any such convolution causes
a loss of signal, we multiply each monthly mass-per-area estimate by a scaling factor
to obtain variations in the total mass of the ice sheet (in Gt) about its temporal average.
The scaling factor is computed as described by Velicogna and Wahr (2006), and is
determined by applying this analysis procedure to several simulated, but plausible, ice15

loss patterns.

3 Results

3.1 Surface temperature

Figure 1a shows the map of 2012 JJA near-surface air temperature (3 m) anomalies
(1958–2011 baseline) from MAR, indicating largely positive anomalies (up to +4 ◦C–20

5 ◦C) over the entire GrIS. Surface temperature anomalies are extreme at high ele-
vations, especially in the north and south regions, where melting lasted longer than
previous years (see next section). Anomalies at relatively low elevations closer to the
coast are ∼0 ◦C. This is a consequence of the fact that melting generally occurs there
every year for most of the summer and, therefore, near-surface air temperature is al-25

ready close to the melting point for most of the season. Figure 1b shows the mean JJA
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LST estimated by MODIS averaged over the entire Greenland ice sheet for the period
2000–2012. The JJA ice-sheet-wide MODIS LST increased 3.4 ◦C between years 2000
and 2012, from an average value of ∼−9 ◦C in 2000 to −5.6 ◦C in 2012, with a linear
fit suggesting an increase of +2.1±0.7 ◦C over the 13 last years. The MAR model
suggests an increase of +1.4 ◦C of the JJA near-surface temperature for the period5

2000–2012. The 2012 JJA average GrIS near-surface temperature simulated by MAR
was the warmest since 1958, with an anomaly of +2.6 ◦C (i.e. 2.9 times the standard
deviation over 1958–2011). Finally, some coastal weather stations recorded JJA 2012
as the warmest JJA period since the beginning of the observations (more than 100 yr)
according to Hanna et al. (2012a). We note that while MODIS provides estimates of10

the actual snow/ice surface temperature, the near-surface air temperature represents
the air temperature at 3 m above the surface.

3.2 Melting from passive microwave spaceborne data

Melting in 2012 set a new record, according to results obtained from spaceborne mi-
crowave data (Tedesco, 2009; Mote and Anderson, 1995). Nearly the entire 2012 sum-15

mer experienced above-normal melt extent across the ice sheet (Fig. 2a). The only
multiple-day periods with below-average melt extent occurred between 10–24 May and
at the end of August. Apart from a period around mid-June, more extensive melt than
average persisted from 27 May through 22 July and throughout much of August 2012.
The area covered by melting was larger in 2012 than for any other year in the mi-20

crowave satellite era (1979–2012), and 2012 was the first year within the satellite era
when nearly the entire ice sheet experienced melt (Fig. 2b). The melt extent on Green-
land reached a one-day record during the period 11–12 July, when at least 97 % of the
ice sheet underwent melt (Nghiem et al., 2012), and more than tripled the 1981–2010
average for 11–12 July (23 %, based on Mote and Anderson, 1995). The 2012-updated25

trend for melt extent is 22 337±24 km2 yr−1 following Mote and Anderson (1995) and
20 325±22 km2 yr−1 following Tedesco (2009).
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In 2012, melting started more than two weeks earlier than average along large
bands of the ice sheet below 1200 m a.s.l. An analysis updated through summer
2012 indicates that areas below 2400 m a.s.l. have experienced increasingly earlier
melt onset dates since 1979, with the greatest changes occurring at lower elevations
(Fig. 3, Table 1). According to results obtained using the algorithm of Mote and An-5

derson (1995), melt onset at the lowest elevations (<400 m.a.s.l.) has been occur-
ring 11.59 days earlier per decade (r =0.78). This implies that, on average, melting
in 2012 started about one month earlier than it did 33 yr ago. At higher elevations, as
expected, the trend of the melt onset is smaller, with melting starting on average 2.65
days earlier per decade (r =0.23) for areas above 2400 m and below 2800 m (areas10

above 2800 m are not considered here because they do not melt every year). The
regression coefficient of the melt onset trend expressed as a function of elevation is
0.0368±0.0004 daysm−1 decade−1 (r =0.97). Before 2012 the trend of the melt on-
set regression coefficients was 0.0360±0.0004 daysm−1 decade−1. Similar values are
obtained using the melt detection algorithm of Tedesco (2009).15

In 2012, melting lasted longer than average for the majority of the areas subject to
melting (Figs. 4a, b), up to 30 days longer than the 1981–2010 average for large areas
of West Greenland below 2400 m a.s.l. For areas in northwest Greenland between
1400 and 2000 m a.s.l., melting lasted up to two months longer than average. The
cumulative melting index, MI (e.g. defined as the number of melting days times the20

area subject to melting), set a new record in 2012. Figure 4c shows the time series
of the annual standardized melting index (SMI, the MI minus its mean and divided
by the standard deviation) obtained using the results from the two passive microwave
algorithms. The new SMI record was ∼2.5 standard deviations above the 1981–2010
mean (represented by the 0 value on the y-axis in the SMI plot), while the previous25

record set in 2010 was ∼1.2 standard deviations above the mean.
Because the use of microwave data does not allow one to estimate either LWC within

the snowpack (or ice) or the amount of liquid water that refreezes after melting, it is diffi-
cult to translate the surface melting record detected by spaceborne microwave sensors
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into runoff and, ultimately, into surface mass balance. Moreover, to interpret the 2012
melting record in terms of surface mass balance, it is essential to know the mass that
accumulated after the end of the previous melting season and to compute the net mass
for the hydrological year (which here is defined starting on 1 September and ending on
31 August). To this aim, the results of the regional climate model MAR are used here5

to complement those obtained from remote sensing and are reported in the following
section.

3.3 Surface mass balance

The SMB simulated by MAR for the 2011–2012 hydrological year (from Septem-
ber 2011 through August 2012) is the lowest for the period 1958–2012 (Fig. 5a,10

∼−400 Gtyr−1 anomaly), setting a new record for modelled SMB. The 2012 SMB value
is 3 standard deviations below the 1958–2011 mean, exceeding by ∼100 Gtyr−1 the
previous record set in 2010 (∼−300 Gtyr−1 anomaly, Fig. 5a). According to MAR, the
2012 SMB record is driven by the record melt and the associated modelled runoff
(∼350 Gtyr−1, 3.9 standard deviations above the 1958–2011 average). The simulated15

winter snowfall over 2011–2012 does not play a major role in setting the SMB record,
because it is close to the 1958–2011 average. This is different from previous record
melt summers (2007, 2008, 2010, 2011), when the low SMB anomaly was driven by
substantial contributions from both high runoff anomalies and reduced winter accumu-
lation (Tedesco et al., 2011). Figure 5b shows the daily time series of the cumulative20

SMB for 2010, 2011 and 2012, as well as for the 1958–2011 mean. The graph shows
that the accumulated mass during winter in the case of 2010 was lower than that in
2011 and 2012 and highlights the relatively steep slope of the cumulative SMB start-
ing around day 192 (10 July) 2012 (linear regression between day 192 and day 246
of −7.69±0.2 Gtyr−1 day−1, R2 =0.99) with respect to 2011 (−5.4±0.2 Gtyr−1 day−1)25

and 2010 (−5.15±0.13 Gtyr−1 day−1). Figure 6a shows the map of SMB anomalies
for the 2011–2012 hydrological year simulated by MAR. SMB was below the average
over the entire ice sheet with relatively low values in the ablation zone of the west

4950

http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/6/4939/2012/tcd-6-4939-2012-print.pdf
http://www.the-cryosphere-discuss.net/6/4939/2012/tcd-6-4939-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


TCD
6, 4939–4976, 2012

2012 Greenland
records from
spaceborne

observations

M. Tedesco et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

and southeast regions. Simulated meltwater production for June through August (JJA,
Fig. 6b) was also above the average over the entire ice sheet, with relatively high val-
ues (e.g. between 200 and 400 mmWEyr−1) at high elevations in South Greenland.
Snowfall was considerably lower than normal in South Greenland for the JJA period
of 2012 (Fig. 6c), as a result of abnormal anticyclonic conditions (discussed later).5

This quasi-absence of snowfall during summer (combined with more sunny conditions
than normal resulting from the position of the anticyclone) was likely responsible for
maintaining a low albedo during the entire summer in Southern Greenland, further en-
hancing melting in this area. The reduced snowfall in the southeast is also due to the
fact that a larger part of precipitation in the summer of 2012 fell as rainfall rather than10

as snowfall (not shown here), due to warmer conditions.

3.4 Albedo

MODIS results indicate that the ice-sheet-wide average albedo for JJA 2012 was the
lowest since MODIS began collecting data with a value of 0.684 (vs. a value of 0.750
in year 2000), decreasing by 6.6 % between 2000 and 2012 and with a linear fit sug-15

gesting a −6.4±0.8 % change. The degrading MODIS instrument sensitivity identified
by Wang et al. (2012) introduces the possibility that the declining albedo trends may be
erroneous. However, Box et al. (2012) ruled out this problem through comparison of the
MOD10A1 data with ground observations from sites distributed around the ice sheet
and spanning 11 yr. Figure 7a–c shows the MODIS daily albedo anomaly map for 1920

July (a), 3 August (b) and 23 August 2012 (c) with respect to the 2000–2011 mean for
the same days obtained from MODIS. Figure 7d shows the 2012 JJA albedo anomaly
(with respect to the 1979–2011 baseline) obtained from MAR. Differences between the
two maps can be attributed to the intrinsic differences between the two approaches,
to the different baseline periods, and the spatial resolution of the two data sets. Nev-25

ertheless, both maps consistently indicate a decrease in albedo in 2012 with respect
to previous years, especially along the southwest coast of Greenland. The time series
of the 2012 albedo simulated by MAR, together with the 1958–2011 mean and the
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absolute daily minimum albedo over the 1958–2011 period, are plotted in Fig. 7e. MAR
suggests that in 2012, the albedo over Greenland was below average, reaching new
record low values in July and experiencing close-to-record values for most of August,
with the exception of a short period at the beginning of August after a snowfall event.

3.5 Total mass change from GRACE5

Results from GRACE reveal record 2012 GrIS mass loss, occurring in concert with
the record observed and modelled surface temperature, albedo, and SMB anomalies
indicated above. Figure 8 shows the cumulative mass anomalies (CMA) from GRACE
through September 2012 over Greenland. The differences between the September and
June CMA values and September through September are reported in Table 2. GRACE10

did not deliver a June value in 2003 or 2011. For those years, we used the May value
instead, but we modified that value by adding the average difference (13±40 Gt, where
±40 is a 2σ uncertainty estimate) between June and May for the 8 yr (2004–2010, and
2012) in which both values were given. The error on the summer CMA results are
computed by smoothing the monthly CMA values, subtracting that difference from the15

unsmoothed values, and computing the 2σ scatter of the residuals. Figure 8 and Table 2
show that when compared with all years during 2003–2012, 2012 set new records in
terms of summertime and annual mass loss, with a mass change between June and
August of −627±89 Gt, approximately 2σ below the 2003–2012 mean of −414 Gt. The
previous record was set in 2010, with a summer CMA value of −516±89 Gt, which lays20

∼0.8σ below the mean. The summer mass change values have been growing steadily
more negative over the GRACE period of observation. The trend of those values during
2003–2012 is −29±11 Gtyr−1. That trend reduces to −20±13 Gtyr−1 if the summer of
2012 is excluded, which is a consequence of the fact that the 2012 summer mass loss
was anomalously large, even after factoring in the steady increase in summer mass25

loss that has been occurring in recent years. In terms of annual loss (e.g. from mid-
September to the successive mid-September) the 2012 loss was −575±89 Gt (∼2σ
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below the mean), also setting a new record, exceeding the previous record set in 2010
of −423±89 Gt (∼0.7σ below the mean).

4 Discussion

The analysis of both modelling and satellite data (Figs. 2a and 6d) indicates that the
2012 melt season started at the end of May with a warm event that was not enough to5

completely remove the 2011–2012 winter accumulation in the ablation area, with the
modelled bare ice exposed area remained relatively low (see Fig. 9). From mid-June to
the beginning of July, there was a succession of warm episodes that increased melting
and decreased albedo, but large areas in the ablation area still remained covered by
the winter snowpack. Around 10 July, an anticyclonic ridge inducing one of the warmest10

conditions over the past 50 yr contributed to the melting of most of the winter accumu-
lation, exposing large bare ice regions in the ablation zone (seen as an increase in
bare ice in Fig. 9). This event reduced the ice sheet albedo (Fig. 7c) and induced the
highest daily-modelled meltwater production in the past 50 yr (Fig. 6d). A fourth melt
event occurred at the end of July 2012, melting the fresh snow accumulated around 2015

July and favouring the reduction in the albedo again. In general, the reduction of the
albedo can be attributed to grain size metamorphism (e.g. constructive metamorphism
reduces albedo through bounding of smaller grains) as well as bare ice exposure and
ablation area melt water ponding. From Fig. 7a–d it is possible to observe that low
negative albedo anomalies occur along the coastal areas corresponding to those re-20

gions where bare ice was exposed. In addition to the time series of the 2012 bare ice
exposed area simulated by MAR, Fig. 9 shows the 1958–2011 mean and the absolute
daily maximum bare ice area over 1958–2011. A comparison between Figs. 9 and 7e
reveals a clear relationship between the MAR modelled albedo reduction for July and
August and the simulated increase of the bare ice area exposed. This is the conse-25

quence of the increased melting on one side, but also of the reduced solid precipitation
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along Southwest Greenland that characterised summer 2012 (as a consequence of
the discussed anticyclonic, e.g. dry and warm, conditions).

In a synthetic sensitivity experiment, we tested the hypothesis that the simulated
record of bare ice exposure might have been pre-conditioned by previous recent melt-
ing record years (e.g. 2010 and 2011). The removal of the seasonal accumulation from5

the previous years might indeed allow a premature exposure of bare ice, once the
2011–2012 winter accumulation melted in June 2012. We replaced MAR snowpack
state variables for the top 10 m (density, temperature, grain size, etc.) on 1 May 2012
with those from 1 May 1997 (when previous summers were particularly wet and cold).
The results of those simulations obtained using the May 1997 snowpack conditions10

are reported as green lines in Figs. 6d, 7c and 9. The outputs indicate that with these
new initial conditions for the snowpack (e.g. May 1997) the run-off rate (resp. meltwater
production) is reduced by 20 % (resp. by 10 %) compared to the case when the original
snow conditions from May 2012 were used. The decrease in run-off is greater because
run-off of meltwater occurs mainly above the bare ice area. These results indicate that15

pre-conditioning of the snowpack from previous years contributed to the record melt
events of 2012.

Melting in 2012 was also considerably higher than normal along the western GrIS
coast as a result of the enhanced warm southerly air advection associated with the
abnormal persistence of anticyclonic circulation centred in South Greenland. Figure 1020

shows an anticyclonic-like anomaly at 700 hPa in the geopotential height (Z700) for
JJA 2012 occurring mainly over Greenland, which is not manifest over other regions of
the Arctic, indicating a local pattern associated to the North Atlantic Oscillation (NAO).
Following Fettweis et al. (2012a), we classified 16 % of the JJA days for 2012 as low
pressure-like days, 55 % as anticyclonic days and 28 % as day with a general circula-25

tion over Greenland similar to the JJA climatological mean. On average over the period
1958–2011, the NCEP-NCAR reanalysis data shows that summer has, respectively,
about 30±12 %, 20±10 % and 50±10 % as low pressure like days, anticyclonic and
normal days. The identified frequency of the JJA days classified as anticyclonic during
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summer is the highest in 50 yr (e.g. 2007: 40 %, 2010: 33 %, 2011: 47 %). Figure 3 of
Fettweis et al. (2012a) shows the corresponding 500 hPa geopotential height for the
three types of circulation as well as the temperature anomalies at 700 hPa induced
by these circulation types. As shown in that figure, the JJA run-off amount simulated
by MAR (forced by the ECMWF reanalysis) is highly correlated to the JJA mean tem-5

perature at 700 hPa (T700) over Greenland. As for melt, T700 in Summer 2012 was
the highest in the previous 50 yr. Daily analogues JJA circulations taken over 1961–
1990 explain 55±5 % of the T700 anomaly in 2012. We refer to Fettweis et al. (2012a)
for more details about the analogue flows methodology and why 1961–1990 is cho-
sen here as a baseline period. The analysis suggests that the abnormal anticyclonic10

conditions of summer 2012 explain at least 55 % of this summer’s T700 anomaly, and
ultimately surface melt. The remaining 45 % might be, therefore, attributed to a more
general long-term warming occurring in the Arctic, resulting in part from a global warm-
ing, as discussed by Fettweis et al. (2012a).

The persistent anomalous ridging over Greenland was associated with persistent15

and anomalously negative North Atlantic Oscillation (NAO) index values. The NAO is
the leading mode of low frequency variability in the cool season across the North At-
lantic and is a large-scale dipole in atmospheric mass between the subtropical high and
the polar low. Negative NAO values are associated with higher pressure and tempera-
ture over Greenland (Thompson and Wallace, 1998), surface melt extent (Mote, 1998;20

Tedesco et al., 2011), and melt/runoff (Hanna et al., 2012a). Negative NAO values have
been persistent during summers since 2006, but the summer of 2012 featured the most
negative NAO for the period 1950–2012 (Fig. 11), based on the NOAA Climate Predic-
tion Center NAO index values (Barnston and Livezey, 1987).

5 Conclusions25

Relative to the beginning of the satellite record in 1979, melting in Greenland is now
starting about one month earlier at low elevations, with the area subject to melting
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increasing over 1979–2012 at a rate of between ∼20 000 and 22 000 km2 yr−1 (de-
pending on the algorithm used). The amount and duration of melting at higher eleva-
tions has also been increasing, though at a slower rate. In this context, 2012 set new
records in terms of melt extent (up to ∼97 % of the entire ice sheet) and duration (up
to about two months above the 1979–2012 mean for some areas), albedo, modelled5

bare ice exposure, SMB and runoff, and overall mass loss. The 2012 SMB anomaly
(1958–2011 baseline) was ∼−400 Gtyr−1 and the runoff anomaly was 350 Gtyr−1. The
cumulative mass anomaly from GRACE indicates values of ∼−627 Gt for the summer
period and −574 Gt for the 2012 hydrological year. These anomalies exceed the record
anomalies of 2010, when SMB and runoff records were also set.10

Premature and longer bare ice exposure was responsible, together with positive sur-
face temperature anomalies, for the enhanced melting, which drove the SMB record in
2012. Bare ice exposure was pre-conditioned by previous record melting years, through
the removal of seasonal snowpack accumulated during the previous years. Should the
trend continue for melting, there will be more bare ice exposed sooner and for longer15

periods, reducing surface albedo and leading to more absorbed solar energy. More-
over, anticyclonic conditions observed in recent years persisted in 2012, supporting
more melting through the reduction of summer solid precipitation, persistent clear-sky
conditions and the advection of warm air from the south with the role played by the
oceanic summer conditions around Greenland appearing to be negligible relative to20

the effects of the general circulation patterns (Hanna et al., 2012b).
Large scale circulation patterns (e.g. NAO) and changes in local conditions have

acted in concert to increase SMB losses over previous years, through reduction of
snowfall, increasing liquid precipitation and runoff. Because of positive feedbacks such
as the albedo feedback, more negative SMB will likely occur should large-scale at-25

mospheric circulation characteristics observed over the past decade persist. Surface
mass loss, together with losses from glacial flow, have been driving the recent records
in terms of total mass loss identified through GRACE. Drainage basins along the
southwest coast are projected to have the highest sensitivity of SMB to increasing
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temperatures during the 21st century (Tedesco and Fettweis, 2012; Fettweis et al.,
2012b). For these basins, the global temperature anomaly corresponding to a decrease
of the SMB below the 1980–1999 average (when the ice sheet was near equilibrium)
ranges between +0.60 ◦C and +2.16 ◦C (Tedesco and Fettweis, 2012). These are also
the basins where positive feedbacks associated with bare ice exposure are projected to5

be the strongest. Recent studies have pointed to persistent changes in early summer
Arctic wind patterns relative to previous decades, suggesting an enhancement of the
so-called Arctic Dipole (AD), enhanced meridional flow across the Arctic for the period
2007–2012 and an increase in the Greenland Blocking Index (GBI, e.g. Overland et al.,
2012), suggesting overall changes in atmospheric circulation. Because the CMIP5 gen-10

eral circulation models, used to predict future climate changes, do not project changes
of the general circulation in summer over Greenland through this century (Belleflamme
et al., 2012; Fettweis et al., 2012a), their outputs do not account for the abnormal an-
ticyclonic circulation resulting from negative NAO conditions that have been observed
in recent years and that have been partially driving the enhanced melting and the ob-15

served records. Moreover, the MAR model and other RCMs, which have been used to
project future SMB changes (e.g. Tedesco and Fettweis, 2012), are not currently cou-
pled with ice sheet flow models and, consequently, the impact of increased melting on
ice dynamics is not accounted for. This suggests that the projected contribution to sea
level rise under different warming scenarios might be underestimated (and the sensi-20

tivity to temperature changes might be higher) and points to the need for a synergic
continuous monitoring of current changes using multiple tools (e.g. field observations,
remote sensing, modelling) and interdisciplinary fields (e.g. a merging of glaciology,
hydrology, atmospheric science) to improve future projections of the evolution of the
GrIS.25
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Table 1. Melt onset trend in daysdecade−1 for different elevation bands derived from passive
microwave data using the approach by Mote and Anderson (1997).

Elevation band Daysdecade−1

<400 m −11.59±0.015
400–800 m −9.27±0.010
800–1200 m −9.83±0.012
1200–1600 m −7.31±0.012
1600–2000 m −4.93±0.012
2000–2400 m −4.49±0.015
2400–2800 m −2.65±0.015
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Table 2. Summer and annual mass changes from GRACE for the period 2003–2012.

Year Summer mass change (Gt) Hydrological year Annual mass change (Gt)

2003 −382.02±119.44 2003–2004 −84.63
2004 −238.57±88.53 2004–2005 −356.16
2005 −419.37±88.53 2005–2006 −133.64
2006 −334.69±88.53 2006–2007 −325.01
2007 −453.90±88.53 2007–2008 −202.42
2008 −345.47±88.53 2008–2009 −218.31
2009 −383.46±88.53 2009–2010 −422.59
2010 −516.27±88.53 2010–2011 −319.00
2011 −435.16±119.44 2011–2012 −574.76
2012 −627.85±88.53
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(a)

(b)

Fig. 1. (a) 2012 JJA surface temperature anomaly (1958–2011 baseline) simulated by MAR.
Hatched areas indicate regions were the anomaly was above two standard deviations from the
mean. (b) Annual mean surface temperature from MODIS averaged over the entire Greenland
ice sheet fort he period 2000–2012.
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(a)

(b)

Fig. 2. (a) Melt extent (as a percentage of the Greenland ice sheet) time series derived from
spaceborne passive microwave observations using the algorithm in Tedesco (2009) in 2012
(red), in 2011 (blue), 2010 (green, being the previous record) and for the 1981–2010 mean
(black). (b) Maximum melt extent for the period 1979–2012 using the algorithm in Mote and
Anderson (1995), denoted as TM and in Tedesco (2009), denoted as MT.
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Fig. 3. Average melt onset date (day of year) by elevation bands from passive microwave data
using the algorithm in Mote and Anderson (1995).
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(a) (b)

 29 

 744 

(a)                                                      (b) 745 

 746 

(c) 747 

Figure 4 748 

 749 

 750 

(c)

Fig. 4. (a) Melt duration (days) during June, July and August of 2012 from Mote and Anderson
(1995) and (b) departure from the 1981–2010 average. (c) Standardized melting index (SMI)
for the period 1979–2012 using the algorithm in Mote and Anderson (1995), denoted as TM
and in Tedesco (2009), denoted as MT.
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(a)

(b)

Fig. 5. (a) Barplot of annual time series of the GrIS SMB, snowfall and run-off anomalies in-
tegrated over the hydrological year simulated by MAR forced by ERA-40 over 1958–1978 and
by ERA-INTERIM over 1979–2012. Units are Gtyr−1 and anomalies are given in respect to the
1958–2011 period. (b) Daily time series of the cumulative SMB (Gtyr−1) using 1st of January
as a reference for 2012 (dark blue), 2011 (light red) and 2010 (green) and for the 1958–2011
mean (50 % grey).
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(a) (b) (c)

(d)

Fig. 6. (a) 2012 anomaly of the SMB integrated over the hydrological year simulated by MAR
with respect to 1958–2011. Units are mmWEyr−1. The 2011–2012 ELA (equilibrium line alti-
tude) is plotted as a red line and areas where the anomalies are two times above the 1958–
2011 standard deviation of MAR forced by ERA-INTERIM are hatched in black. (b) Same as (a)
but for the JJA melwater production. Only about 40–50 % of this meltwater reaches the ocean
by run-off. The ELA is plotted in blue here. (c) Same as (a) but for the JJA snowfall. (d) Time
series (in red) of the 2012 GrIS cumulative meltwater production simulated by MAR. The same
simulation starting the 1 May 2012 with the state of the snow pack from May 1997 is plotted
in green for the purpose of a sensitivity analysis. The 1958–2011 mean simulated by MAR is
plotted in black. The dark and light grey areas correspond to the 1958–2011 standard deviation
and respectively 2 times the standard deviation of the GrIS MAR simulated values. Finally, the
absolute daily maximum values over the considered period are plotted in blue.
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(a) (b)

(c) (d)

(e)

Fig. 7. MODIS Daily albedo anomaly map following Box et al. (2012) for (a) 19 July, (b) 3
August and (c) 23 August, 2012 (using the 2000–2011 mean). MODIS data is re-projected
onto MAR grid for graphical consistency purposes. (d) JJA MAR albedo anomaly map for 2012
(with respect to the 1958–2011 period). (e) Same as Fig. 6d but for albedo.
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Fig. 8. Cumulative mass anomaly from GRACE updated through September 2012 (Gt).
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Fig. 9. Same as Fig. 6d but for the daily bare ice extent (where the snow density is higher then
900 kgm−3) in percentage of the GrIS area.
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Fig. 10. 700 mb geopotential height (m) and wind anomaly for June, July and August 2012 from
the NCEP/NCAR Reanalysis data.
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Fig. 11. North Atlantic Oscillation (NAO) index from NOAA climate prediction center for June
(blue), July (red), and August (green) for the period 1950–2012.
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