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Abstract Remote sensing observations and climate models indicate that the Greenland Ice Sheet (GrIS)
has been losing mass since the late 1990s, mostly due to enhanced surface melting from rising summer
temperatures. However, in situ observational records of GrIS melt rates over recent decades are rare. Here we
develop a record of frozen meltwater in the west GrIS percolation zone preserved in seven firn cores.
Quantifying ice layer distribution as a melt feature percentage (MFP), we find significant increases in MFP in
the southernmost five cores over the past 50 years to unprecedented modern levels (since 1550 CE). Annual
to decadal changes in summer temperatures and MFP are closely tied to changes in Greenland summer
blocking activity and North Atlantic sea surface temperatures since 1870. However, summer warming of
~1.2°C since 1870–1900, in addition to warming attributable to recent sea surface temperature and blocking
variability, is a critical driver of high modern MFP levels.

Plain Language Summary Computer models and satellites show that the amount of snow melting
each summer on Greenland has increased since the 1990s, but it is difficult to confirm this directly on the ice
sheet. When surface snow melts, the water spreads into deeper layers of snow and refreezes as an ice layer.
As fresh snow buries each summer’s ice layers, the history of snowmelt is preserved in the ice sheet. We
describe seven ice cores collected from western Greenland that contain the history of ice layers back to 1966.
We find more ice layers, caused by more summer melting, since the 1990s. By comparing our ice cores to a
longer ice core from the same area, we show that today’s melt rates are the highest in this region since at
least 1550 CE. Year-to-year changes in the amount of melting are mostly caused by changes in the number of
summer high-pressure systems and fluctuating ocean temperatures near Greenland. Although both of these
processes have contributed to recent high melt rates, Greenland is 1.2°C warmer today than during similar
conditions in the 1890s. This “extra” warming is most likely caused by human greenhouse gas emissions,
leading to the unusual melt rates of recent years.

1. Introduction

The Greenland Ice Sheet (GrIS) has been losing mass since at least 1998, contributing approximately 0.7 mm/
year to global sea level rise (van den Broeke et al., 2016). Although ice discharge is a major contributor to GrIS
mass loss, most of the loss since the early 2000s is due to enhanced surface melt and runoff (Enderlin et al.,
2014). As GrIS air temperatures warm in response to higher greenhouse gas concentrations, surface melt is
expected to increase (Fettweis et al., 2013), contributing up to 13 cm of sea level rise by 2100 (Church et al.,
2013). Over the last 20 years, the fastest warming rates (Hanna et al., 2012) and surface mass balance loss
(Sasgen et al., 2012) have occurred in West Greenland.

While the recent increase in GrIS surface melt has been observed by remote sensing (Mote, 2007;
Tedesco et al., 2013) and predicted by surface mass balance models (e.g., Box et al., 2006;
Fettweis et al., 2016), direct observations of recent surface melt are comparatively rare. Approximately 40%
of all surface meltwater generated on the GrIS percolates vertically through the snowpack and refreezes in
the firn pore space (van Angelen et al., 2013). Much of this refreezing takes place in the percolation zone, a
large region of the GrIS bounded by the equilibrium line altitude at its lowest elevations and the dry snow
line at its highest (Benson, 1962). Thus, temporal trends in surface melt are recorded by the amount of
meltwater refreeze within the percolation zone and can be sampled by firn and ice cores. The Program for
Arctic Regional Climate Assessment (PARCA) collected and dated a series of firn cores from the GrIS
percolation zone in 1997–1998 (Mosley-Thompson et al., 2001), prior to the high melt years of the 2000s
and early 2010s (e.g., Nghiem et al., 2012). Recent field campaigns have examined shallow firn cores to
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investigate the regional and year-to-year variability of meltwater refreeze
(De la Peña et al., 2015; Machguth et al., 2016). However, without depth-
age relationships, it is difficult to confirm temporal relationships between
surface meltwater generation and climate forcing from these records.

Here we present a study of ice layers preserved in seven firn cores col-
lected in 2016 from a broad region of the west GrIS percolation zone
(2,100–2,500 m elevation) as part of the Greenland Traverse for
Accumulation and Climate Studies (GreenTrACS; Figure 1 and Table S1 in
the supporting information). We develop records of annual accumulation
and refrozen meltwater distribution to calculate the annual melt feature
percentage (MFP) over the past 50 years. We extend the west GrIS melt
record to 1547 CE by combining our GreenTrACS MFP record with that
from a previously collected ice core, Site J, located within our study area
(Kameda et al., 1995). We also quantify changes in near-surface firn density
from 1998 to 2016 though comparison of colocated GreenTrACS and
PARCA cores.

Previous researchers have associated the recent increase in GrIS surface
melt with warmer North Atlantic sea surface temperatures (SSTs) and an
increased frequency of summer blocking anticyclones over Greenland
(Fettweis et al., 2013; Hanna, Jones, et al., 2013; McLeod & Mote, 2015;
Mote, 1998). Our analysis supports the importance of Greenland blocking
and regional SSTs in driving multidecadal GrIS melt rates, but we find that
an additional warming component is required to explain the anomalous
melt features since the 1990s.

2. Data and Methods

We collected seven shallow (22–31 m long) firn cores from the percolation
zone of the west GrIS during May–June 2016 along an 830-km snowmobile
traverse from Raven (Dye 2) to Summit station (inset in Figure 1 and
Table S1). The firn cores were drilled using an Ice Drilling and Design
Office hand auger with a Kyne sidewinder attachment. Core sites 1–6 are

located approximately 65 km from one another along the traverse route that roughly follows the
2,160 m above sea level elevation contour. Core site 7 is at 2,462 m elevation along the Expéditions
Glaciologiques Internationales au Groenland line. Core sites 2 and 5 reoccupy the 1998 PARCA core sites
6745 and 6945, respectively (Mosley-Thompson et al., 2001).

We measured the mass, length, and diameter of 0.03–1 m firn core segments to calculate density. The firn
cores were sampled for chemical measurements using a continuous ice core melter system with discrete
sampling in the Dartmouth College Ice Core Laboratory (Osterberg et al., 2006). An Abakus (Klotz) laser particle
detector continuouslymeasuredmicroparticle concentrations directly from the ice coremeltwater stream.We
measured major ion (Na+, NH4+, K+, Mg2+, Ca2+, Cl�, NO3

�, and SO4
2�) and methanesulphonic acid

concentrations using a Dionex Model ICS5000 capillary ion chromatograph. We measured oxygen isotope
ratios (δ18O, δD) using a Picarro L1102-I and a Los Gatos Research Liquid Water Isotope Analyzer. The sample
size was approximately 0.05 water-equivalent meters for all cores.

We determined depth-age curves by identifying annual layers based on robust seasonal oscillations in δ18O
and the concentrations of major ions, methanesulphonic acid, and dust, consistent with previous ice core
studies (Figure S1; Mosley-Thompson et al., 2001; Osterberg et al., 2015). We combined the depth-age curves
with core density to calculate annual accumulation rates.

Tomeasure the total amount ofmeltwater refrozen as ice layers, we used a light table tomeasure the thickness
of the ice layers in each core. We analyzed ice layers rather than wetted firn because piping and ice layer
formation, rather than thepropagation of a uniformwetting front, is the dominantmodeofmeltwater refreeze
at these elevations (Pfeffer & Humphrey, 1998). As this region is above the runoff line, we assume that all

Figure 1. Melt feature percent (MFP) records from GreenTrACS firn cores
(numbered points on inset map) collected along a traverse (black line on
inset map) across the West Greenland percolation zone. Significant increases
in MFP identified by Pruned Exact Linear Time changepoint analysis are
represented by breaks in trend lines.
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surfacemeltwater refreezes within the firn. We limit our analysis only to ice layers that extend the entire width
of the core. Each individual ice layer may not be spatially extensive (Benson, 1962), but we assume that the
larger trends of ice layers within each core are a representative sample of the ice layers present in the local firn.

The total thickness of ice layers within a given year’s annual layer was calculated to determine each annual ice
layer thickness. Ice layers located within a given year of firn may not have been generated during that year, or
even during the following year, as meltwater typically percolates to depths greater than 1 m (Benson, 1962;
Cox et al., 2015; Harper et al., 2012). However, measuring the total ice layer thickness by year establishes a
time series with which we may identify patterns and determine long-term trends in surface melt.

MFP was calculated by dividing the annual ice layer thickness in water-equivalent meters by the annual
accumulation. An ice layer consists of not only surface meltwater refrozen at depth but also firn melted
during vertical percolation and firn melted at the depth of ice layer formation. Thus, a single ice layer may
consist of melted snow or firn from one or more years, depending on the depth of percolation. Ice layers
therefore represent total melt effects, rather than a direct measurement of melt at the surface.

We use the Pruned Exact Linear Time (PELT) changepoint analysis (Killick et al., 2012) to identify abrupt and
significant shifts in the mean or slope of the MFP records. For our MFP trend analyses, we exclude the year
2016 because the GreenTrACS cores were collected inMay and early June, before the onset of widespreadmelt
at these elevations. We also exclude 2015 because observations of meltwater percolation and refreeze in the
West Greenland percolation zone indicate thatmeltwater typically penetrates to>1mdepth (Braithwaite et al.,
1994; Cox et al., 2015; Humphrey et al., 2012). Therefore, it is likely that the 2015 annual layer in our 2016 cores
has not been subjected to a similar level of meltwater percolation and refreeze as the deeper firn.

We evaluate relationships among west GrIS MFP, west GrIS temperature, 500 mb Greenland blocking, and
North Atlantic SSTs using output from the Modèle Atmosphérique Régional (MARv3.7; Fettweis et al., 2016)
and the twentieth century reanalysis model (Compo et al., 2011). We also compare against the Danish
Meteorological Institute temperature record from Nuuk (Cappelen, 2015), located ~500 km south of our
study area.

3. Results
3.1. Temporal Changes in Melt Feature Percent

Cores 1–5 show statistically significant increases in MFP toward present (linear regression, p< 0.05), with the
largest increase observed in Core 5 (0.94%/year; Figure 1). There is a small but insignificant (p> 0.05) increase
in MFP in Core 6 and no significant trend in Core 7. The lack of any trend at Core 7 is consistent with its
significantly higher latitude and elevation.

PELT changepoint analysis highlights the recent increase in surface melt, identifying significant positive shifts
in MFP ranging from 1992 to 1998 in Cores 1, 3, 5, and 6 and from 1986 to 1987 in Cores 2 and 4 (Figure 1). The
increases in MFP identified in the GreenTrACS cores is generally consistent with surface mass balance esti-
mates of increased melt starting in the early 1990s (Burgess et al., 2010; van Angelen et al., 2014; van den
Broeke et al., 2016), accounting for variable percolation into older firn layers.

While Cores 1–5 show significant increases in meltwater refreeze toward present, the detailed temporal
distribution of MFP differs between cores. Multiyear differences in MFP changepoints at adjacent cores
(e.g., 1987 in Core 2 and 1996 in Core 3) are unlikely to represent real differences in surface temperature
forcing given that they are spaced only ~65 km apart. There is no trend in annual accumulation in any of
the cores (not shown), precluding a significant effect on MFP trends. Neither changepoint years nor
changepoint depths correlate with differences in the cores’ mean annual accumulation. Rather, these
stratigraphic differences in MFP highlight the complex, heterogenous nature of meltwater percolation and
refreezing (Benson, 1962; Cox et al., 2015; Pfeffer & Humphrey, 1998) and indicate that MFP time series should
be interpreted on a multiannual to decadal scale.

3.2. Impact of Meltwater Percolation on Firn Density

We quantify changes in firn density since 1998 by calculating differences between colocated GreenTrACS and
PARCA core densities at common depths. A paired, nonparametric sign test indicates that GreenTrACS Cores
2 and 5 have significantly higher density than the colocated PARCA Cores 6745 (p< 0.05) and 6945 (p< 0.05),
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respectively (Figure 2). The average increase in density from 1 to 12 m
depth is 8.0% at Core 2 and 11.3% at Core 5. Density increases in Cores 2
and 5 correlate strongly with total ice layer thickness by meter (Core 2:
r = 0.85 and p < 0.01; Core 5: r = 0.81 and p < 0.001), confirming that
the increase in firn density is primarily related to higher MFP in recent dec-
ades. This significant increase in firn density highlights the importance of
including deep meltwater percolation in altimetry-based mass balance
measurements, which require firn density estimates to derivemass change
from surface elevation change (Li & Zwally, 2011; Sørensen et al., 2011).

3.3. Extending the MFP Record to 1547 CE

To provide a longer context for the recent increase in MFP, we combine
our GreenTrACS MFP record from Core 1 with the Site J ice core MFP
record (Kameda et al., 1995; Figure 3a). Site J is located 29 km from
Core 1 and 100 m lower in elevation (66°51.90N, 46°15.90W, 2030 m above
sea level). The Site J MFP record extends from 1547 to 1989 CE,
providing 24 years of overlap with Core 1 (1966–1989). We regress the
MFP time series from the two cores over 1966–1989 and convert the
Core 1 MFP record to Site J equivalent MFP using the regression
equation (MFPSite_J = 0.81 * MFPGTC_1 + 16.5). The combined west GrIS
ice core MFP record shows that the recent increase in MFP is unmatched
back to 1547 CE (Figures 3a and S2).

3.4. Climate Drivers of West Greenland Temperature and MFP

Figure 3 shows that the recent increase in west GrIS MFP (Figure 3a) paral-
lels the rise in regional summertime (June–August; hereafter “JJA”) tem-
peratures. We compare the MFP record to MARv3.7 model output from
the Core 6 location (Figure 3b; hereafter “Core 6 JJA temperature”) and to
JJA mean temperature observations from Nuuk (Figure 3c). The period
since 2000 CE is the warmest of both records, consistent with the highest
MFP of the record over the same interval (MFP2000–2014 = 42.3%).
However, the Nuuk record shows that JJA temperatures have only recently
exceeded the warmth of the 1930s to 1940s (Figure 3c), an observation
consistent with other long-term instrumental temperature records in wes-
tern coastal Greenland (Mernild et al., 2014). Interestingly, the Site J record
shows relatively elevated melt from 1947 to 1961 (MFP1947–1961 = 25.9%)
but comparatively low MFP in the 1930s and most of the 1940s
(MFP1930–1946 = 13.5%). The low MFP values during the warmest decade
of the twentieth century in western Greenland (the 1930s) are currently
unexplained and warrant future examination.

To examine the influence of ocean and atmospheric circulation onWest Greenland summer temperature and
MFP, we spatially correlated Core 6 JJA temperatures with North Atlantic JJA SSTs (Figure 4a) and with JJA 500
mb geopotential height (Z500; Figure 4b) from the twentieth century reanalysis model (Compo et al., 2011).
The correlation patterns in Figure 4 are insensitive to which ice core site is chosen for MARv3.7 temperatures.
Core 6 JJA temperature is significantly and positively correlated (p < 0.05) with SSTs in the Denmark Strait
south of Iceland and across a broad region of the tropical Atlantic (Figure 4a). This supports a link between
warmer Denmark Straight SSTs and enhanced melt on the west GrIS. The spatial correlation pattern is similar
to the canonical Atlantic Multidecadal Oscillation (AMO) pattern, a 60–70 year pattern of North Atlantic SST
variability (Kerr, 2000), except that the GrIS correlations are stronger in the North Atlantic while the AMO cor-
relations are stronger in the tropics (Figure S3). The Denmark Strait summer SST time series is significantly
correlated with the summer AMO index from 1871 to 2015 (r = 0.63, p < 0.001).

Core 6 JJA temperatures are also strongly and positively correlated (p < 0.05) with Z500 centered over the
Denmark Strait (Figure 4b). High Denmark Straight Z500 is indicative of more frequent Greenland blocking,

Figure 2. (a) Density comparison between colocated ice cores Greenland
Traverse for Accumulation and Climate Studies Core 2 (black line) and
Program for Arctic Regional Climate Assessment Core 6745 (gray line), and
(b) their density difference at common depths. (c and d) Same as (a) and (b),
except for colocated Greenland Traverse for Accumulation and Climate
Studies Core 5 (black) and Program for Arctic Regional Climate Assessment
Core 6945 (gray).
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where a high-pressure anomaly centered off the SE coast of Greenland strengthens anticyclonic southwes-
terly winds over West Greenland, increasing temperatures over the west GrIS through the advection of warm
southerly air (Hanna, Navarro, et al., 2013; Mote, 1998). This blocking pattern is shifted to the southeast rela-
tive to the Greenland Blocking Index (GBI) of Hanna et al. (2012; Figure S4), although the time series of
Denmark Strait summer Z500 is highly correlated with the summer GBI (r = 0.73, p < 0.001).

The strong influence of Greenland blocking and North Atlantic SSTs on multidecadal west GrIS temperatures
andmelt rates is apparent in time series in Figure 3. The recent period of anomalously warm temperatures and
high MFP coincides with elevated Denmark Strait Z500 (Figure 3d), indicative of frequent summer blocking,
and with warm Denmark Strait SSTs (Figure 3e). Two earlier periods of relatively high MFP from 1947 to
1961 (MFP1947–1961 = 25.9%) and 1885 to 1900 (MFP1885–1900 = 27.5%) also occur during periods of warm SSTs
(Figure 3e). The 1885–1900 periodwas also associatedwithmore frequent summer blocking (Figure 3d). Thus,

Figure 3. Comparison of ice core melt feature percentage (MFP), regional temperature, and atmospheric circulation
records since 1871. (a) Greenland Traverse for Accumulation and Climate Studies Core 1 MFP record (black curve),
adjusted through regression (see text) to be consistent with the nearby Site J MFP record (gray curve) during their period of
overlap (1966–1989). (b) West Greenland Ice Sheet (GrIS) summer (June–August, JJA) temperature at Core 6 from the
Modèle Atmosphérique Régional climate model (red curve) and a multilinear regression west GrIS JJA temperature model
using the Denmark Strait Z500 and sea surface temperature (SST) records displayed in (d) and (e) (pink curve). (c) JJA
temperature recorded at Nuuk, Greenland (dark blue curve) and a multilinear regression Nuuk JJA temperature model
using the Denmark Strait Z500 and SST records displayed in (d) and (e) (light blue curve). (d) The 500 mb geopotential
height (Z500) from twentieth century reanalysis data (Compo et al., 2011) averaged over the Denmark Strait region of
highest correlation (boxed region in Figure 4b). (e) JJA SSTs from twentieth century reanalysis data averaged over the
Denmark Strait region of highest correlation (boxed region in Figure 4a).
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throughout the combined MFP record, we observe the strong influence of Greenland blocking and North
Atlantic SSTs on west GrIS melt rates over annual to decadal time periods.

A multilinear regression analysis quantifies the important contributions from Greenland blocking and North
Atlantic SSTs on west GrIS summer temperatures. Using only JJA Denmark Strait SSTs and Z500, a multilinear
regression model explains 50% of the Core 6 JJA temperature variance from 1948 to 2013 (pink curve in
Figure 3b; r = 0.70, p < 0.001) and 60% of the Nuuk JJA temperature variance from 1917 to 2013 (light blue
curve in Figure 3c; r = 0.78, p < 0.001).

Despite the strong relationships among North Atlantic SSTs, Greenland blocking and West Greenland
temperatures, an additional warming term is critical for producing the anomalously high melt rates since
the 1990s. Figure 3 shows that Denmark Strait SSTs and Greenland blocking conditions were nearly identical
in the periods 1870–1900 (SST = 10.2°C; Z500 = 5,560.4 m) and 1995–2015 (SST = 10.2°C; Z500 = 5,552.7 m), yet
Nuuk JJA temperatures were 1.2°C warmer in 1995–2015 (6.6°C) than in 1870–1900 (5.4°C). The “missing”
1.2°C warming in the temperature regression model based solely on SST and Z500 is represented by the
model residual (TNuuk � Tmodel), which has a positive slope over the duration of the record (Figure S5). Site
J MFP averaged 22% from 1870 to 1900, compared to 40% in the adjusted Core 1 record from 1995 to 2015
(Figure 3a). Thus, although North Atlantic SSTs and Greenland blocking conditions were very similar in the
late 1800s and the early 2000s, a summer warming of ~1.2°C between these periods contributed to a near
doubling of MFP in our west GrIS field area. We hypothesize that this additional warming term represents
contributions from anthropogenic forcing (Church et al., 2013).

4. Discussion and Conclusions

Our results are consistent with those of Hanna, Jones, et al. (2013) andMcLeod andMote (2015), who similarly
find that summertime Greenland blocking events and North Atlantic SSTs are the main drivers of west GrIS
meltwater production over annual to decadal time scales. Greenland blocking events becamemore frequent,
and potentially longer in duration, beginning in the 1990s (Figure 3d; McLeod & Mote, 2015), broadly
matching the changepoints identified in our ice core MFP records (Figure 1). Anomalously strong blocking
has also been identified as the primary cause of the historic 2012 Greenland melting event when 98.6% of
the GrIS experienced surface melting (Hanna, Jones, et al., 2013; Nghiem et al., 2012; Tedesco et al., 2013).

Figure 4. Spatial correlations from 1948 to 2012 between Modèle Atmosphérique Régional June–August surface tempera-
tures at Core 6 and twentieth century reanalysis (Compo et al., 2011) 2 m temperature (T2m; a) and 500 mb geopotential
height (Z500; b). Only statistically significant correlations (p < 0.05) are displayed. Boxed regions represent the areas of
strongest correlation over the Denmark Strait. Images obtained using Climate Reanalyzer (http://cci-reanalyzer.org),
Climate Change Institute, University of Maine, United States.
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It is important to note that Greenland blocking and North Atlantic SSTs are not independent forcing mechan-
isms, as they have significantly covaried over the instrumental record (r = 0.54, p< 0.05; 1920–2015 Denmark
Strait SST versus Z500). Häkkinen et al. (2011) found more frequent wintertime blocking during AMO positive
phases, and the same holds true for the summer. A lag correlation analysis of the low-pass (30-year) filtered
JJA AMO index and GBI shows a peak correlation when the AMO leads the GBI by 5 years. This is consistent
with the hypothesis that warm-ocean/cool-land conditions favor the formation of blocking highs
(Barriopedro et al., 2006; Shabbar et al., 2001), although wind stress anomalies associated with blocking likely
feed back to enhance SST anomalies (Häkkinen et al., 2011).

Looking to the future, we hypothesize that 21st century GrIS melt rates over annual to decadal time scales will
continue to depend on North Atlantic SSTs and blocking activity; thus, accurate predictions of the AMO and
Greenland summer blocking are needed. Our analysis indicates that any future transition to negative AMO
conditions (cooler North Atlantic SSTs) with weaker summer blocking would likely provide negative pressure
on GrIS summertime temperatures and melt trends for several years or decades. Based on twentieth century
observational records and climate model predictions, it has been hypothesized that the AMO will transition
into the negative phase in the next 10 to 20 years and return to the positive phase by the 2080s
(Chylek et al., 2016; Knight et al., 2005). However, the future behavior of the AMO is highly uncertain because
the underlying AMO forcing mechanisms remain debated (Clement et al., 2015) and the AMO response to
anthropogenic forcing remains poorly constrained (Klower et al., 2014).

Atmospheric blocking is particularly challenging for global climate models to forecast, and Coupled Model
Intercomparison Project Phase 5 models consistently underestimate Atlantic sector blocking frequency
and duration since 1950 (Davini & D’Andrea, 2016). Furthermore, the degree to which Arctic amplification
(Cohen et al., 2014; Walsh, 2014) and reduced sea ice extent (Liu et al., 2016; McLeod & Mote, 2015) have
contributed to the recent increase in summertime Greenland blocking is unclear. In this context, the period
of elevated blocking activity from 1870 to 1910 (Figure 3d) is relevant because Arctic sea ice was considerably
more extensive in the late nineteenth century than in recent decades (Kinnard et al., 2011).

In summary, the future variability of Greenland blocking and North Atlantic SSTs remain poorly constrained,
causing significant uncertainty about future GrIS surface temperatures and melt rates over annual to decadal
time scales. However, our analysis indicates that a long-term summertime warming of 1.2°C led to a near
doubling of MFP in 1995–2015 compared to 1870–1900, despite nearly identical North Atlantic SSTs and
atmospheric blocking activity in the two periods. Thus, additional positive radiative forcing, including from
anthropogenic activity, will likely continue to increase temperatures and Greenland melting over
multidecadal time scales longer than SST and blocking variability.
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