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Abstract One of the most dramatic signs of ongoing global change is the mass loss of the Greenland Ice
Sheet and the resulting rise in sea level, whereby most of the recent ice sheet mass loss can be attributed to
an increase in meltwater runoff. The retreat and thinning of Greenland glaciers has been caused by rising
air and ocean temperatures over the past decades. Despite the global scale impact of the changing ice sheet
balance, estimates of glacial runoff in Greenland rarely extend past several decades, thus limiting our
understanding of long-term glacial response to temperature. Here we present a 42-year long annually
resolved red coralline algal Mg/Ca proxy temperature record from a southwestern Greenland fjord, with
temperature ranging from 1.5 to 4 °C (standard error = 1.06 °C). This temperature time series in turn tracks the
general trend of glacial runoff from four West Greenland glaciers discharging freshwater into the fjord (all
p< 0.001). The algal time series further exhibits significant correlations to Irminger Sea temperature patterns,
which are transmitted to western Greenland fjords via the West Greenland Current. The 42-year long record
demonstrates the potential of annual increment forming coralline algae, which are known to live up to
650 years and which are abundant along the Greenland coastline, for reconstructing time series of sea
surface temperature.

1. Introduction

Since the mid-1990s, the relative importance of runoff as a cause of ice sheet mass loss has increased and,
between 2009 and 2012, accounted for 84% of the increase in the rate of mass loss (Enderlin et al., 2014).
Various authors have suggested that retreat in tidewater glaciers is largely driven by increases in sea surface
temperature (SST; Drinkwater et al., 2014; Howat et al., 2008; Kerr, 2000). A recently published map of
Greenland’s bedrock has found that 30–100% more glaciers than previously identified may be exposed to
Atlantic water (Morlighem et al., 2017). These glaciers might therefore experience an increase in calving,
ice front retreat, and glacier thinning with rising SST (Enderlin et al., 2013; Howat et al., 2008). Under higher
SST conditions, as a result of global warming (Hanna et al., 2008), there is typically more runoff from the sur-
face of glaciers since air and water temperatures are coupled (Moore & Demuth, 2001). SST in southwestern
Greenland fjords is in part controlled by changes in the West Greenland Current and the presence of shallow
subsurface Irminger Sea water masses (Buch et al., 2004; Figure 1).

While the regional oceanography is well understood, long-term instrumental observations are sparse in
Greenland. Before the beginning of satellite observations in the 1980s, SSTs reconstructed with few in situ
observations are available from the late 1800s (Rayner et al., 2003), while modeled glacial runoff estimates
extend to the late 1950s (Regional Atmospheric Climate Model, RACMO 2.3p2; ECMWF-IFS, 2008; Noël
et al., 2018). Hence, the length of both temperature data sets and glacial runoff information is too short to
assess century-scale variability.

The main objective of this study is to reconstruct fjord water temperatures, which in turn are influenced by
the interaction with the West Greenland Current (Mortensen et al., 2013, 2014). This current derives its water-
mass properties from amixture of Irminger Sea and East Greenland Current water. To obtain our objective, we
have investigated the potential of a proxy-based reconstruction of surface water conditions in a West
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Greenland fjord. While our record only covers 42 years, the coralline algal
species Clathromorphum compactum (Kjellman) Foslie (1898), which was
used for this study, can have a lifespan of up to 650 years (Halfar et al.,
2013). Clathromorphum compactum’s annual increment forming
(Figure 2) skeleton is constructed with high-magnesium calcite crystals
and has previously been calibrated and used as a multicentury paleotem-
perature proxy recorder in the North Atlantic (Halfar et al., 2013; Hetzinger
et al., 2018). Clathromorphum sp. grows on rocky substrate, has a wide dis-
tribution throughout the arctic and subarctic coasts (Adey et al., 2013), and
has been described from numerous locations along the west Greenland
coast from the southern tip as far north as Upernavik (Figure 1;
Jørgensbye & Halfar, 2016).

2. Materials and Methods
2.1. Sample Collection and Site Description

Clathromorphum compactum samples were live collected from the outer
portion of Godthåbsfjord (Figure 1), in summer 2013 by divers at approxi-
mately 10-m depth. Two shorter-lived specimens (16- and 34-year life-
spans: samples 3a and 3b, respectively) were collected 3 km from
oceanographic monitoring station GF3 (64°120N, 51°880W) in order to
establish a local species-specific Mg/Ca proxy-temperature calibration
(Figure 1). At GF3, which was maintained by MarineBasis-Nuuk as part of
the Greenland Ecosystem Monitoring program, temperature, salinity, and

isotopic seawater composition were recorded monthly since 2005. Longer-lived specimens (samples 5c
and 6a) with lifespans of >40 years were collected 10 km east of the oceanographic monitoring station.

Summer conditions in Godthåbsfjord (Figure 1) are characterized by a relatively fresh surface layer in compar-
ison to subsurface waters, as a result of glacier-derived freshwater runoff from land and precipitation
(Mortensen et al., 2011). Temperature and salinity vary within the fjord with distance from the sources of
freshwater. In the winter, surface-water salinities increase (from 5–28 in summer to 31–33 in winter, measured
at a mooring in the fjord [64°400N, 50°560W] approximately 60 km from the Akugdlerssûp Sermia glacier), and
temperatures at the mooring decrease from 10 °C in summer to below 0 °C in winter (Mortensen et al., 2011).
The fresh surface layer is thinner in the summer (~5 m) than the winter (~30 m) because in summer, it is
formed by runoff, while winter surface water is a combination of runoff and surface cooling (Mortensen

Figure 1. Location of sample collection and monitoring sites in
Godthåbsfjord, Southwest Greenland (marked by a white square) as well as
four major marine terminating glaciers (marked by black squares). Inset of
Godthåbsfjord depicts oceanographic monitoring station (GF3) and loca-
tions of samples 6a, 5c, 3a, and 3b. Also shown is the location of the Irminger
Sea HADISST1 temperature reconstruction grid box used in this study.

Figure 2. Cross section of Clathromorphum compactum (sample 6a) showing position of laser ablation inductively coupled
plasma mass spectrometry transects. Dotted line at bottom of sample indicates growth hiatus, and data analyzed below
the hiatus were not included in Mg/Ca record. Inset shows detail of annual growth increments and conceptacle cavities
(dark circles).
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et al., 2011). Over the course of the year, there are relatively large influxes of freshwater into the fjord derived
from tidewater glaciers Kangiata Nunaata Sermia, Akugdlerssûp Sermia glacier, and Narsap Sermia, but 2.5
times more freshwater is introduced from May to November than in the winter (Mortensen et al., 2013).
Typically, in midsummer, water is transported in the subsurface layer at peak velocities into the fjord, toward
the glaciers Kangiata Nunaata Sermia, Akugdlerssûp Sermia, and Narsap Sermia. By late summer, this trans-
port becomes slower and deeper, while outside of the summer months, velocities are further reduced, and
the inflow of coastal water and outflow of water inside the fjord are deep (Mortensen et al., 2014).

2.2. Analysis

Samples were sectioned perpendicular to the direction of growth and polished using diamond suspension to
a grit size of 1 μm. The software geo. TS (Olympus Soft Imaging Systems) was utilized with an automated sam-
pling stage on a reflected light microscope to produce two-dimensional maps of the polished thick sections.
These high-resolution composite images were used to establish an agemodel based on annual growth incre-
ments and to select linear transects across growth increments for geochemical analysis (for details, see
Hetzinger et al., 2009).

Mg/Ca composition along the predefined transects was measured with laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS) using a New Wave NWR 213 laser ablation system coupled with an
Agilent 8800 Quadrupole ICP-MS in the Earth Sciences department at Gothenburg University. On sample
6a, three parallel LA-ICP-MS line transects were measured. On samples 3a, 3b, and 5c, two transects were ana-
lyzed extending from the top to the oldest visibly unaltered material (Figure 2). Each sample underwent a
preablation step to remove surface contaminants, and the transects were divided into segments to avoid
conceptacles (uncalcified reproductive structures; Figure 2), which yield Mg/Ca signals that do not represent
temperatures. Each segment of the Mg/Ca transects overlaps with the next segment by 1–2 years, and the
Mg/Ca data obtained from overlapping transects were averaged. For measurements of 24Mg and 43Ca (for
quantification of Mg and Ca, respectively), the laser energy was approximately 6 J/cm2, laser frequency
was 10 Hz, and carrier gas was helium (5 ml/min nitrogen mixed in between the laser chamber and the
ICP-MS). The laser spot was 50 × 50 μm, and the sample stage advanced at a speed of 10 μm/s. The internal
standard was 43Ca, using calcium concentrations measured by solution inductively coupled plasma optical
emission spectrometry (Hetzinger et al., 2009). NIST SRM 610 glass (U.S. National Institute of Standard and
Technology Standard Reference Material) was analyzed as an external standard. Hourly measurements of
NIST SRM 610 were taken to quantify instrumental drift over the course of the single day of analyses.
GLITTER 4.4.4 (Macquarie University, Sydney) was used for data reduction. Relative standard deviation for
analysis of NIST SRM 610 glass is Mg/Ca = 0.99%. Detection limits were Mg = 0.07 ppm and Ca = 94.25 ppm.

2.3. Data Reduction

The seasonal cyclicity of Mg/Ca ratios was used to generate age models by marking the annual minimum
Mg/Ca as February and themaximum as August of every year in the time series, since SST from HADISST1 (see
section 2.4) demonstrates that these months represent the mean lowest and highest temperatures annually
in a region outside of Godthåbsfjord (Lon = �56 to �51°W; Lat = 60 to 65°N). Once seasonal markers were
identified for each year, the program AnalySeries 2.0.8 (Paillard et al., 1996) was used to resample the time
series to 12 equidistant Mg/Ca data points/year resolution. These points were assigned to months of the year
despite the fact that algal growth rates are likely faster in summer than winter. However, to date, intra-annual
growth rates in C. compactum are poorly constrained. Using the 12 points/year resolution data, multiple (2–3)
transects from each sample were averaged to form a single chronology. Averaging multiple transects and
samples improves the climate signal of coralline algae because the averaging diminishes noise in the record
caused by conditions other than temperature, such as local and temporal shading or grazing (Hetzinger et al.,
2018; B. Williams et al., 2014). The two shorter-lived samples (3a and 3b) collected within 3 km GF3 (the ocea-
nographic monitoring station) were used for calibration (a total of four LA-ICP-MS transects). The Mg/Ca data
from these samples were averaged to produce a single record and then binned by Mg/Ca ratio levels in 0.002
increments (from 0.089 to 0.150). A linear regression between this Mg/Ca record and the in situ water tem-
peratures from 12-m depth was carried out to generate a site-specific Mg/Ca proxy-temperature calibration
equation. The need for site specific Clathromorphum sp. Mg/Ca-temperature calibrations has previously been
established by B. Williams et al. (2014). Finally, the calibration was applied to calculate temperature from
Mg/Ca data obtained from the two longer-lived samples (5c and 6a), which were collected 10 km from the
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oceanographic station. An averaged record from the two longer-lived samples, consisting of a total of five
transects, was used for comparisons with SST. The two longer-lived samples provided similar
reconstruction patterns (correlation coefficient of 5-year running averages between samples 5c and 6a:
r = 0.68, n = 38, p = 0.001).

2.4. Instrumental and Model Data

Temperature and salinity observations from 2005 to 2012 were obtained from the Greenland Institute of
Natural Resources collected at GF3 in Godthåbsfjord at 12-m depth (Figure 1). For a longer term record from
this area, Reynolds SST reanalysis data (1982–2012) for a 1° × 1° square (Lon = �52 to �51°W; Lat = 62 to
63°N) were used (Reynolds et al., 2002). The coralline Mg/Ca record was also compared to modeled glacial
melt runoff (for model details, see Noël et al., 2015) estimated from four regions with major Southwest
Greenland outlet glaciers: Frederikshab (Lon = �49.7 to �49.1°W; Lat = 62.6 to 62.9°N), Nuuk, including gla-
ciers Kangiata Nunaata Sermia, Akugdlerssûp Sermia, and Narsap Sermia (Lon =�50.0 to�49.4°W; Lat = 63.2
to 63.7°N), Jakobshavn (Lon = �49.5 to �48.9°W; Lat = 69.1 to 69.4°N), and Upernavik (Lon = �54.6 to
�54.0°W; Lat = 72.8 to 73.1°N; Figure 1). HADISST1 SST data for a 5° × 5° square outside of Godthåbsfjord
(Lon = �56 to �51°W; Lat = 60 to 65°N) and upstream in the Irminger Sea (Lon = �32 to �27°W; Lat = 58
to 63°N) were used for temperature correlations (1970–2012; Rayner et al., 2003; Figure 1). Correlations were
calculated between coralline algal data, RACMO 2.3p2, and HADISST1 data. Air temperatures were obtained
from the locations of Akugdlerssûp Sermia from CRUTEM4, a data set derived from air temperatures near the
land surface and recorded by weather stations, developed, and maintained by the Met Office’s (UK) Climatic
Research Unit (Jones &Moberg, 2003). Nuuk air temperatures (annual) from 1970 to 2012 were retrieved from
the Global Historical Climatology Network (Peterson & Vose, 1997). Low frequency trends of SST and glacier
data were calculated using singular spectrum analysis in the program kSpectra (Vautard et al., 1992).

3. Results
3.1. Temperature Reconstruction

Algal samples collected near the Greenland Institute of Natural Resources oceanographic station GF3 show a
statistically significant relationship between binned monthly resolved Mg/Ca ratios and instrumental tem-
peratures from 2005 to 2012 (r = 0.91, p < 0.001; Figure 3). The Mg/Ca ratio outliers shown in Figure 3 are
likely the result of a combination of biological variability and other environmental influences, such as light,
on Clathromorphum Mg/Ca ratios (Moberly, 1968). Since specimen variability of Mg/Ca is common in
Clathromorphum, it has been determined that averaging of multiple specimens reduces the impact of outliers
on the time series (Hetzinger et al., 2018; B. Williams et al., 2014; S. Williams et al., 2018). This was taken into
account in our longer time series by averaging five transects from two samples. The following equation
defines the relationship between temperature and Mg/Ca for C. compactum from Godthåbsfjord (based on

Figure 3. Linear regression between monthly algal Mg/Ca (± 2σ) of calibration samples and in situ water temperature
measurements (station GF3) over 6 years (binned by aggregating the Mg/Ca values in groups of 0.002 increments from
0.089 to 0.150).
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monthly data): Mg/Ca = 0.0068 T [°C] + 0.11. This calibration yields a 1.06 °C standard error in temperature and
defines the resolution of the calibration.

A comparison of annual algal Mg/Ca of the two longer-lived samples with Godthåbsfjord Reynolds SST
reveals that C. compactumMg/Ca ratios have significant relationships with May–October SST, with the stron-
gest relationships in September, which is a similar pattern to the one found in Maine, United States, and
Newfoundland C. compactum (Figure 4; Gamboa et al., 2010; Halfar et al., 2008). This stronger correlation from
May to October is a result of the algae exhibiting higher growth rates with the increase in both temperatures
and insolation in summer. During the dark cold winter months, growth of high latitude Clathromorphum com-
pactum algae is significantly reduced or halted (Halfar et al., 2013). Since the correlations are the strongest
between the Mg/Ca chronology and May–October Reynolds SST data, these months were chosen for tem-
perature comparisons with the 42-year algal temperature record. This record was generated by averaging
Mg/Ca ratios from five transects from two longer-lived samples and converting those to temperature using
the above equation. Nuuk peak growing season air temperature variations (May–October) are related with
the coralline algal record (r = 0.46, n = 42, p = 0.001; Figure 5). This correlation was found to be statistically
significant at the 99% confidence level after taking into account the temporal autocorrelation of the under-
lying time series (padj = 0.01, adjusted for the loss of degrees of freedom, all subsequent padj are adjusted for

autocorrelation). A p value of <0.01 are commonly used in algalchronolo-
gical studies to determine months of significant correlations (e.g., Gamboa
et al., 2010; Halfar et al., 2008). Nuuk summer air temperatures (Figure 5)
are on average 3 °C warmer than the coralline algal summer temperatures
derived from approximately 10-m depth, and the air temperatures exhibit
more variability than the coralline algal record. The greater variability in air
temperatures may be caused by either the ocean buffering temperature
resulting in higher atmospheric temperature variability than oceanic varia-
bility or less variability in the algal record may be a result of the ±1.06 °C
standard error of our calibration.

Algal Mg/Ca ratios are significantly related to SST (r = 0.64, p < 0.001,
padj < 0.001, 1970–2012; Figure 7) outside of Godthåbsfjord (HADISST1,
Lon = �56 to �51°W; Lat = 60 to 65°N). A spatial correlation analysis
between algal Mg/Ca and North Atlantic SST (1970–2012, May–
September HADISST1) reveals significant relationships of the south and
west of Iceland in the Irminger Sea (Figure 6). This spatial correlation
extends into the region of the West Greenland Current and weakens at
the southern tip of Greenland and as the current travels north along the

Figure 4. Correlations between annual coralline algal Mg/Ca and monthly Godthåbsfjord sea surface temperature.
Correlation coefficients calculated using annual Mg/Ca ratios and monthly Reynolds sea surface temperature values for
all 42 years of algal record (samples 5c and 6a averaged).

Figure 5. Annually resolved Nuuk May–October air temperatures (blue line)
compared to algal Mg/Ca-derived reconstructed water temperatures (red
line). Shaded area shows error of coralline algal reconstruction (standard
error of calibration).
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west coast of Greenland past Godthåbsfjord, and in the Labrador Sea. Irminger Sea HADISST1 (January–June)
and peak growing season coralline algal temperatures (May–October) are significantly correlated throughout
the entire time series with a 4-month lag allowing for the water to travel between the Irminger Sea and
Godthåbsfjord (r = 0.42, p < 0.001, padj < 0.001; Cuny et al., 2002). While the patterns of decadal-scale
temperature variability of both records are similar, Irminger Sea SST is on average 5.5 °C warmer than the
coralline algal temperatures calculated from Godthåbsfjord.

3.2. Glacial Runoff

Glacial runoff of some of the largest glaciers in southwest Greenland, Upernavik, Jakobshavn, Nuuk, and
Frederikshab (Figure 1; Xu et al., 2012) correlates with both the regional SST and local air temperatures (all
p values < 0.001). Coralline Mg/Ca is related to water and air temperature and thus also indirectly linked to
runoff (all p values< 0.001). Low frequency trends of glacial runoff from the four tidewater glaciers are similar
to those of the coralline algae (Figure 7c). At all four locations, the glacial runoff estimates remain relatively
constant until the steep increase between 1995 and 2012 corresponding to the algal Mg/Ca increase in
the 1990s (Figure 7c). Despite the algal and glacial runoff records showing the same overall trend, the annual
patterns do not always match and occasionally show inverse trends.

4. Discussion
4.1. Temperature Reconstruction

The correlation between coralline algal reconstructed temperature variability and the Irminger Sea SST illus-
trates the link between polar water originating in the Arctic Ocean and water conditions at the mouth of
Godthåbsfjord. As the Arctic Ocean-derived water travels south along the east coast of Greenland to the
Irminger Sea (Figure 1), it is modified by local water masses (Mortensen et al., 2011). From the Irminger
Sea, the water continues to travel to the west coast of Greenland where it becomes the West Greenland
Current (Mortensen et al., 2011). The West Greenland current passes ~30 km from the entrance to
Godthåbsfjord where it mixes with fjord water causing warm inflow into Godthåbsfjord (Mortensen
et al., 2011).

The West Greenland Current water masses are 2–3 °C colder than Irminger Sea water (Rignot et al., 2012), as a
result of lateral exchange of heat with the Labrador Sea (Figures 1 and 7; Myers et al., 2007). The West
Greenland Current transport of Irminger Sea water into fjords has previously been described from other

Figure 6. Spatial correlations between HADISST1 and algal Mg/Ca (1970–2012). Colors indicate correlation coefficient. Black square marks Godthåbsfjord collec-
tion site.
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West Greenland fjords (Holland et al., 2008). This intrusion of water masses with temperatures 5 °C higher
than surrounding water can influence melting and therefore runoff from tidewater glaciers. From August
to mid-October, when C. compactum growth rates are the highest, circulation in Godthåbsfjord is a
combination of estuarine (deep inflow and shallow outflow driven by a density gradient as a result of
subglacial discharge) and intermediate baroclinic circulation (flow driven by tidal mixing causing differing
density between the outer sill region of the main fjord and the shelf; Mortensen et al., 2014). When
intermediate baroclinic circulation occurs, shelf water passes over the turbulent outer sill region of the
fjord extending to the base of the outlet glaciers, contributing to melting, and hence eastward beyond the
algal collection site (Mortensen et al., 2014) allowing for the shelf water to influence both algal Mg/Ca and
glacial runoff.

Comparisons between coralline algal Mg/Ca and Godthåbsfjord SST reveal local temperature to have a sig-
nificant influence on Mg/Ca incorporation into the algal calcitic skeleton, with a standard error of the
Mg/Ca-temperature calibration of 1.06 °C. While correlations between the coralline algal time series and
SST (and runoff) are significant, it is the general trend of the environmental factors that is reflected, rather
than year-to-year variability. In addition to temperature, 62% of the variability in Mg/Ca is explained by other
factors, such as light. The influence of light on coralline algal growth, and therefore Mg/Ca incorporation, has

Figure 7. (a) Algal proxy time series (five transects from two samples averaged, May–October). Thick lines show low fre-
quency reconstructions calculated using singular spectrum analysis. The shaded area shows the error of reconstruction
(standard error of calibration). (b) HADISST1 data from Godthåbsfjord (May–October) and oceanographic monitoring
station (12-m depth) data (May–October). The r and p values represent correlations of coralline algal time series (samples 5c
and 6a averaged) to HADISST1. (c) Low-frequency trends of normalized runoff from four tidewater glaciers based on Noël
et al. (2015) model data.
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been demonstrated previously (Adey, 1970; Halfar et al., 2011; Moberly, 1968), and local and temporal shad-
ings by macroalgae, or factors such as cloud cover variability (Burdett et al., 2011), may be influencing speci-
men specific growth rates.

Fluctuations in SST have a notable effect on meltwater runoff from tidewater glaciers (Drinkwater et al., 2014;
Howat et al., 2008; Kerr, 2000). Hence, the coralline algal Mg/Ca ratios track glacial runoff time series via the
SST variability, which in turn is linked to air temperatures. A similar temperature-runoff relationship has pre-
viously been recorded with a different species of coralline algae in Greenland (Søndre Strømfjord) using a
paired Mg/Ca-δ18O time series to develop a salinity record (Kamenos et al., 2012). This was based on the
assumption that Mg/Ca ratios reflect a pure temperature signal, whereas δ18O values represent a mixed sali-
nity and temperature signal. By subtracting theMg/Ca ratios from δ18O values, the residual was interpreted as
a salinity signal. The Søndre Strømfjord study found a significant negative correlation between salinity and
glacial runoff (Kamenos et al., 2012). Unlike in the present study, algal temperatures recorded in the southwes-
tern Greenland fjord were negatively correlated with atmospheric temperatures. This was interpreted as a
result of cold meltwater decreasing temperatures in water layers driven by runoff (Kamenos et al., 2012).
Instead, the coralline algal temperatures derived in our study are driven by ocean temperatures which in turn
affect glacial runoff via both ocean and air temperatures. This can be confirmed by oceanographicmonitoring
station data exhibiting a negative correlation between temperature and salinity (r =�0.63, n = 602, p< 0.001),
suggesting more runoff occurs at higher water temperatures. A similar temperature-runoff relationship was
postulated based on an ice-sheet runoff model for the Nuuk (Kangiata Nunaata Sermia, Akugdlerssûp
Sermia, and Narsap Sermia) and Ilulissat (Jakobshavn) glaciers (Hanna et al., 2011, 2013).

5. Conclusions

The time series presented here was limited to the past 42 years, but C. compactum is known to have a lifespan
of up to 650 years (Halfar et al., 2013). C. compactum is abundant along the western and eastern Greenland
coasts as far north as Upernavik (Jørgensbye & Halfar, 2016), and samples with lifespans exceeding 100 years
have recently been collected in this region (J. Halfar pers. obs.). The coralline algal Mg/Ca proxy enables esti-
mation of local ocean temperatures, which in turn influence glacial runoff of west Greenland tidewater gla-
ciers. The relatively large error associated with coralline algal Mg/Ca records can be reduced by averaging
of a larger number of samples, to reduce the impact of specimens specific variability on the quality of the
reconstructions. Since changes in temperature of 1.06 °C can be resolved, which is comparable to other mar-
ine temperature proxies (e.g., Flannery et al., 2017), this proxy’s sensitivity exceeds the magnitude of
expected future global warming in the arctic (arctic amplification) and also exceeds the magnitude of
changes that have taken place since the beginning of the anthropogenic impact on the climate system.
Additionally, a lack of runoff records prior to 1950 makes C. compactum a promising high-resolution proxy
that can help place the currently ongoing precipitous decline of Greenland ice mass (Morlighem et al.,
2017) into a long-term context. Hence, with the collection of samples with longer uninterrupted lifespans,
C. compactum is a promising climate archive for improving our understanding of past changes in
Greenland ocean and ice sheet conditions well before the beginning of instrumental observations.
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