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Abstract. The Greenland Ice Sheet (GrIS) has experienced accelerated mass loss with record peaks in 2012 and 2019. Despite 

its role as an important tipping element in the climate system, the GrIS's response to recent warming is poorly understood. 10 

Here we use Ba/Ca ratios in coralline algae as a proxy for runoff into Disko Bay which is strongly influenced by the input of 

meltwater from glaciers connected to the GrIS, particularly from Jakobshavn Glacier - the fastest flowing marine-terminating 

glacier of the GrIS. The 115-year multispecimen master chronology confirms an unprecedented trend change in runoff 

beginning in the early 2000s. Statistical trend- and time of emergence analysis of the algal proxy record suggests that in 2007 

western GrIS runoff has permanently emerged above the 20th century reference period, while temperature observations have 15 

not yet exceeded this threshold. This provides independent evidence for a non-linear accelerated response of the largest GrIS 

glacier, underscoring modelling results that a tipping point in glacial mass balance might soon be reached. Massive GrIS 

meltwater influx could intensify upper ocean stratification and contribute to global sea level rise. 

 

Short summary  20 

The Greenland Ice Sheet is a climate tipping element; most glaciers have retreated and Arctic warming has accelerated, yet 

Greenland Ice Sheet response and mass-loss estimates remain uncertain and likely underestimated. Using Ba/Ca ratios from a 

>100-year coralline algal record, we reconstruct seasonal runoff variability into Disko Bay surface waters and find a nonlinear 

rise in western Greenland Ice Sheet runoff since the early 2000s, now permanently exceeding variability of the 20th century.  

 25 

1 Introduction 

In 2023, summer surface air temperatures were the warmest ever observed in the Arctic, while the highest point on the 

Greenland ice sheet (GrIS) experienced melting for only the fifth time in a 34-year observation record (Ballinger et al., 2023). 

Estimates of GrIS annual melt anomalies indicate that the mass loss has been accelerating since the mid-1990s due to increased 

ice discharge into the ocean, melting and runoff. This change in state has been attributed to rising atmospheric and ocean 30 

temperatures (Hanna et al., 2021) and a decrease in surface albedo leading to enhanced melt-albedo feedbacks (Hofer et al., 

2017). Warming over the GrIS now exceeds the range of pre-industrial temperature variability in the past millennium based 

on ice core reconstructions (Hörhold et al., 2023). Many of the GrIS's glaciers are currently undergoing accelerated ablation, 
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thus providing increasing inflows of meteoric water to the ocean (Bamber et al., 2012, 2018; Velicogna, 2009). The GrIS mass 

loss is well reflected in marine-terminating glaciers in western Greenland, which have increased their discharge rates over the 35 

last decades (King et al., 2018, 2020; Mankoff et al., 2019). Prior to 2009, it was estimated that about 50 to 60% of GrIS loss 

was from acceleration of outlet glaciers (Rignot et al., 2010). However, since 2009, the relative importance of runoff as a cause 

of ice sheet mass loss has increased, and now accounts for >60% of the increase (King et al., 2020). In the 2012 record-year 

GrIS surface melting was more expansive than at any time over the period of available satellite measurements, followed by 

record melting in 2019, driven by a summer heatwave (Tedesco and Fettweis, 2020) in the Arctic. Between 1992 and 2020 40 

melting of the polar ice sheets has caused a 21 mm rise in global sea level, with ice loss from Greenland accounting for almost 

two-thirds (13.5 mm) of this rise (Otosaka et al., 2023). Recent rapid mass loss of the GrIS has led to large increases in 

freshwater fluxes from Greenland into the North Atlantic and is changing the freshwater budget of the Arctic and sub-polar 

North Atlantic Oceans (Bamber et al., 2012, 2018). The western side of the Greenland ice sheet has been identified as the 

primary area of mass loss (Mouginot et al., 2019; Nick et al., 2013). Surface ocean waters in Disko Bay, the site of this study 45 

(Fig. 1), are strongly influenced by the input of meltwater from glaciers connected to the GrIS, particularly from Jakobshavn 

Glacier (Jakobshavn Isbræ, JI; Sermeq Kujalleq), the fastest flowing marine-terminating glacier of the GrIS (Joughin et al., 

2020). Hydrographic studies describe a seasonal freshening of the surface ocean due to JI glacial discharge (Hansen et al., 

2012; Hopwood et al., 2025; Latuta et al., 2025) across large areas of Disko Bay, including our study sites (Mascarenhas and 

Zielinski, 2019) (Figure 1). Remarkably, around half of the entire GrIS mass loss between 2000 and 2012 can be attributed to 50 

just four glaciers, while over the entire observation period (1972-2018), JI stands out as the largest contributor to mass loss 

(Mouginot et al., 2019). The drainage area of JI covers a substantial part of central-West-Greenland (about 6.5% (Echelmeyer 

et al., 1991) of the area of the GrIS). Recent satellite data (Greene et al., 2024; Sasgen et al., 2020) reveal new acceleration in 

mass loss, with record losses observed in 2012, 2019 and 2022.  

Ocean temperature changes in Disko Bay have likely had a long-term controlling influence on JI, but the linkage between 55 

ocean circulation and atmospheric influence in West Greenland surface waters is complex (Holland et al., 2008). Significant 

changes in oceanographic conditions in Disko Bay have taken place since the mid-1990s, when an increased inflow of warmer 

Atlantic waters led to a transition from a cold to a warm regime (Hansen et al., 2012; Holland et al., 2008). Warming of 

subsurface waters was most prominent at 200-250 m water depth, leading to a temperature increase of several °C in the early 

2000s (Hansen et al., 2012; Joughin et al., 2012, 2020; Khazendar et al., 2019). This warming had a significant effect on JI 60 

leading to disintegration of the floating ice tongue in the late 1990s and early 2000s, when the glacier began to speed up 

(Joughin et al., 2004). The speed-up peaked in the summer of 2012 and similar large speed-ups occurred over the next several 

summers (Joughin et al., 2020), when warmer subsurface waters entered the ca. 40 km long Ilulissat Icefjord. 

 

 65 
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Figure 1. West Greenland surface water temperature warming trend. a) Temperature trends (°C/decade) for the period 1982-2020 
for summer sea surface temperature (SST, JJA, OISSTv2p1; 0.25x0.25° resolution, 1982-2020) for oceanic regions offshore of (a) 
southern and (b) central-western Greenland. b) Disko Bay region in central-western Greenland (rectangle, enlarged in a) with 
locations of sampling sites (green circles) southwest of Jakobshavn Glacier (Jakobshavn Isbrae, JI). Trend calculation significant at 70 
90%. Locations of Ilulissat (orange circle, weather station 4221) and Jakobshavn Isbrae are indicated. Outline of Disko Bay frontal 
zone surface water mass (based on salinity from hydrographic observations in summer 2017 (Mascarenhas and Zielinski, 2019)) is 
marked as yellow stippled line (< 33 psu) to indicate up to where glacial freshwater influences surface water in relation to our study 
sites. Glacial meltwater plume extent marked as black stippled line.  
 75 

However, due to a lack of long-term multidecadal-length continuous oceanographic measurements in Disko Bay, effects of 

increased GrIS melting on the surface ocean are not well understood and widely undocumented. Satellite observations indicate 

that warming of sea surface temperatures (SSTs) in Disko Bay (central-western Greenland) is exceptional and much faster 

than in other regions, reaching a warming of >1°C/decade since 1982 (Figure 1). Tracing glacial meltwater in Greenland's 

boundary currents and into the deep-water-formation regions is a major challenge requiring enormous observational and 80 

modelling efforts (Martin and Biastoch, 2023).  

Although the GrIS's marine-terminating glaciers transport and subsequently deposit vast quantities of sediment into the ocean, 

there are no long-term datasets monitoring sediment transport from the marine margins, either by iceberg-rafting, or from 

subglacial plumes (Andresen et al., 2024). In total, the GrIS contributes 8% to the global ocean sediment budget (Overeem et 

al., 2017). Concentrations of trace elements in subglacial meltwaters of GrIS glaciers are generally high, mainly derived from 85 

the biogeochemical weathering of underlying bedrock, hence subglacial runoff is exporting globally significant amounts of 
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trace elements into the oceans (Hawkings et al., 2020). Areas with pronounced glacial meltwater input often exhibit sediment 

plumes with localized enrichments of a range of trace elements (Krause et al., 2021), including barium (Guo et al., 2025). 

Previous research has demonstrated that barium, when transported in fine-grained suspended sediments, can undergo 

desorption in the surface ocean layer, subsequently behaving as a conservative tracer in Arctic waters (Guay and Kenison 90 

Falkner, 1998).  

Available reconstructions of glacial discharge rely mostly on short periods of satellite observations and model data (Karlsson 

et al., 2023), or historical photographs (Khan et al., 2020), which are insufficient to describe potential long term changes 

occurring in shallow marine ecosystems. Limited temporal resolution and often discontinuous measurement time series cannot 

provide records of adequate length needed for assessing interannual- to decadal-scale variability and trends. Thus, long-term 95 

continuous proxy reconstructions from the surface ocean can provide additional understanding of glacier–ocean interactions, 

and for modeling past and future ice sheet changes (Joughin et al., 2012). Long-lived coralline algae (genus Clathromorphum 

sp.) have been used to develop century-scale annually-resolved continuous reconstructions of past environmental and climate 

variability in high-latitude oceans (Halfar et al., 2013; Hetzinger et al., 2019). Slow growth rates (<50-500μm/year) and clear 

annual banding (similar to tree rings) permit the development of sub-annually resolved reconstructions from the surface ocean 100 

layer.  

Seasonally resolved coralline algal Ba/Ca ratios have previously served to reconstruct changes in past glacier-derived 

meltwater input in high-Arctic Svalbard (Hetzinger et al., 2021), successfully tracking changes in regional glacier mass balance 

and runoff. Ba/Ca ratios are a proxy for reconstructing past variability in the input of terrestrial material, runoff and sediment 

flux in a number of environments using organisms that produce calcium carbonate skeletons (Chan et al., 2011; Evans et al., 105 

2015; Gillikin et al., 2006; Grove et al., 2013; Kniest et al., 2024; McCulloch et al., 2003; Weldeab et al., 2007). Ba/Ca ratios 

in biogenic carbonate directly reflect seawater Ba/Ca variability in culture experiments (Yamazaki et al., 2021). Here, we 

present a multi-specimen master chronology of coralline algal Ba/Ca ratios from Disko Bay, Greenland, to show that recent 

rates of runoff are unprecedented in the past 115 years, signalling the permanent emergence of western GrIS mass change 

above the 20th century threshold. This is highly significant as the proxy is suggesting that the increase in glacial runoff is faster 110 

than expected from surface temperature evolution alone.  

 
2 Methods 

2.1 Sample collection 

In summer 2016 several C. compactum coralline algae were discovered and collected in Disko Bay, Greenland (Fig. 1). In 115 

June 2019, a more systematic exploration for long-lived C. compactum algae was undertaken resulting in a large collection of 

high-quality coralline algal samples (C. compactum, more than 150 samples) in southern Disko Bay. Sampling took place near 

site 16-1 (2016), at site 19-9 (2019, within 1 km of site 16-1) and site 19-10 (2019, ca. 15 km eastwards towards Jakobshavn 

Glacier, Fig. 1). At the study sites, live coralline algal buildups were removed from rocky substrate using chisel and hammer 

via SCUBA at 10 m water depth. Algal specimens suitable for sclerochronological and geochemical analysis were chosen 120 
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according to size (taller specimens = longer record) and smoothness of sample surface (smoother surface = better developed 

internal growth increments and lower degree of bioerosion – based on previous experience).  

 

2.2 Sample preparation 

Coralline algal specimens were cut vertically to a thickness of ~1 cm using a rock saw. Afterwards, thick sections (2 mm) were 125 

cut from the slabs. Before microscopic scanning, thick section surfaces were polished using diamond-polishing suspensions 

(grit sizes of 9, 3, and 1 µm) using a polishing disk (Struers Labopol). An Olympus reflected light microscope (VS-BX) with 

an automated sampling stage and imaging system, using the the software geo.TS (Olympus Soft Imaging Systems), was 

employed to generate high-resolution images of the polished sample surfaces. With this setup, all sample surfaces were mapped 

two-dimensionally at different magnifications. Using the resultant high-resolution photomosaics, algal growth increment 130 

patterns can be mapped laterally, also allowing the inspection of sample quality, and identification of areas which are 

potentially not usable for following laser ablation analysis (see Figure A1). For each sample thick section two reference points 

and multiple potential paths for laser line transects were marked on the high-resolution photomosaics using geo.TS software. 

Line transects were placed perpendicular to the direction of algal growth. This digitized information, including laser line 

transect positions, was then copied to the LA-ICP-MS system, where the sample was recoordinated, overlaying the live sample 135 

image with the transferred paths. Subsequently, the final laser line transects could be positioned precisely over the digitized 

paths based on the high-resolution photomosaics.  

 

2.3 Geochemical sample analysis by LA-ICP-MS 

Geochemical analyses of nine samples were performed in the Laser Ablation-Inductively Coupled Plasma Mass Spectrometry 140 

(LA-ICP-MS) laboratory at the University of Geneva, Switzerland. 43Ca, 24Mg, and 137Ba contents were measured with a NWR-

193 HE laser ablation unit connected to an Agilent 8900 triple-quadrupole ICP-MS. Prior to measurement, each specimen was 

pre-ablated to eliminate potential surface contaminants, and transects were positioned to avoid conceptacles. Analyses were 

carried out with laser energy densities of 6 J/cm2, laser pulse rate of 10 Hz and helium as carrier gas. The rectangular laser slot 

size was 70 x 10 μm, with the long axis aligned parallel to algal growth increments. Individual line transects up to 6000 µm 145 

length were ablated at a scan rate of 5 µm/sec. The ICP-MS was configured to aquire ~6.5 measurements per second, yielding 

a sampling resolution of 0.775 μm. Multiple parallel transects (some overlapping) were measured on each sample to assess 

sample heterogeneity and to verify reproducibility. Calcium concentrations obtained by ICP-OES (Hetzinger et al., 2011) 

served as the basis for using 43Ca as the internal standard. To correct for potential instrumental drift, NIST SRM 610 glass (US 

National Institute of Standard and Technology Standard Reference Material) was analyzed twice per hour for 60 sec as an 150 

external standard. Drift remained negligible throughout the analyses, with standard deviations consistently below 10%. 

Additional methodological details for LA-ICP-MS analysis on C. compactum, including external reproducibility for elemental 

ratios (e.g. Mg/Ca, Ba/Ca) and detection limits, are provided in (Hetzinger et al., 2011). Data reduction was carried out using 

a customized in-house spreadsheet designed for line-transect inputs.  
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 155 

2.4 Development of Chronologies 

Chronologies were constructed by identifying and counting the annual growth increments on the digitized photomosaics of 

each specimen. Because all material was collected alive, the outermost (top) layer was assigned the collection year. Distinct 

annual growth layers are marked by bands of short, densely calcified cells that develop in late autumn and winter during the 

formation of reproductive sporangia (conceptacles) (Adey et al., 2013; Halfar et al., 2013). Although the growth banding is 160 

typically well-defined, banding can occasionally be obscured by invertebrate grazing, boring, or other forms of surface 

disturbance. Elevated Mg concentrations within the Clathromorphum skeleton are interpreted as indicators of summer growth. 

Age models were created by combining the distinct seasonal cycle in algal Mg/Ca ratios with the visually identified annual 

growth increment banding. For Disko Bay samples, peak maximum Mg/Ca values were aligned with August - the warmest 

month on average - while minimum values were assigned to March, the coldest month. The Mg/Ca records were then linearly 165 

interpolated between these seasonal anchor/tie points using AnalySeries (Paillard et al., 1996), producing an evenly spaced 

proxy time series with 12 data points per year. To refine the chronologies and to identify potential agemodel inconsistencies, 

annual Mg/Ca extrema were compared with the mapped growth band structure for each individual algal growth year. Mean 

annual extension rates for Disko Bay specimens were calculated from the widths of Mg/Ca cycles, yielding an average of 201 

µm/year (n=9, range 164-244 µm). The longest continuous record is preserved in sample 16-1-19 (1903-2015).  170 

 

In total, nine coralline algal specimens were analyzed using the LA-ICP-MS technique, extending from 1897-2019. 

Geochemical laser data are available from 1903 onwards (Figure 2, Figure A2). Annually averaged Ba/Ca ratio time series 

were calculated from monthly-resolved time series. Annual mean values of geochemical data are calculated until 2018 (seven 

samples collected in summer 2019) and until 2015 (two samples collected in summer 2016), respectively. This constitutes a 175 

common time period of 52 years (1963-2015) where all samples overlap, while individual samples extend much longer until 

the beginning of the 20th century, i.e. representing a 115 year continuous annually averaged record (Figure 2). The multi-

specimen intersample average record/master chronology was calculated by averaging all data for overlapping time periods 

(1932 to 2018: n=5 from 1932; n=7 from 1950; n=9 from 1963 to 2018; see Figure A2). The confidence interval of the master 

chronology record was derived from the bootstrap technique with 20,000 loop iterations. 180 
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Figure 2. Algal proxy, model-based GrIS surface mass balance and temperature. a) Normalized and annually averaged algal Ba/Ca 
master chronology (average of nine individual algal records) in comparison to modelled surface mass balance (SMB) for western 
Greenland (MAR3.5.2; note that mass change data is plotted inversely, Gigaton per year (Gt/year)). Correlations significant at 99% 185 
level (15pt Gaussian filtered records, R = -0.54; 1903-2012). Grey envelope is 90% confidence interval (CI) for average of annual 
Ba/Ca ratios. Dotted line represents 90% CI for 15yr Gaussian smoothed data. Stippled line indicates single sample extending to 
1903. b) JJA instrumental temperature data: Sea surface temperature (SST) (ERSSTv5) for Disko Bay (67-71°N, 55-51°W), Surface 
temperature (ST, HadCRUT5, 65-70°N, 55-45°W), Ilulissat station air temperature (SAT, station 4221). Black lines (annual data), 
green line (15pt-Gaussian filtered). Reference period (beige box) defined for 1932-2000 time period, beginning at the start of the 190 
averaged Ba/Ca master chronology. Range corresponds to 2σ of original data before filtering. Median time of climate emergence 
(vertical red bars) in (a) is defined as time at which climate signal (15yr filter) first exceeds and remains above the +2σ threshold 
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(stippled horizontal line) of reference period. Change point analysis showing timing of trend change in filtered data (vertical orange 
bar). Orange box denotes 90% CI for change points.  
 195 

2.5 Instrumental data  

Modelled surface mass balance (SMB) for the GrIS is available from the Modèle Atmosphérique Régional (MAR) regional 

climate model (Fettweis et al., 2017). All MAR model outputs can be downloaded at 

ftp://ftp.climato.be/fettweis/MARv3.5/Greenland/. As the longer MAR 3.5.2 model data end in 2012, we additionally employ 

the MAR 3.1.2 (1950-2020) version for comparison to satellite and algal proxy data to include the recent decade (Fig. 3). Both 200 

versions are compared in Figure A3. 

 

Extended Reconstructed Sea Surface Temperature Dataset, Version 5 (ERSSTv5) was used to calculate summer SST (JJA) 

for Disko Bay (2x2° resolution; Figures 2 and 3) averaged for 67-71°N, 55-51°W 4°x4° grid box. ERSSTs were observed by 

conventional thermometers in buckets (insulated or un-insulated canvas and wooden buckets), engine room intakers, or floats 205 

and drifters (Huang et al., 2017; Smith and Reynolds, 2004). Data available at 

https://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCDC/.ERSST/.version5/.sst/ 

 

High-resolution summer sea surface temperature data for JJA from NOAA Optimum Interpolation Sea Surface Temperature 

(OISST) v2.1 (OISSTv2p1, 1982-2020; averaged over 68.5-69.5°N, 53-51°W box; Figure 1) is based on data from NOAA 210 

NCDC: National Climatic Data Center. The NOAA 1/4° daily Optimum Interpolation Sea Surface Temperature (or daily 

OISST) is an analysis constructed by combining observations from different platforms (satellites, ships, buoys and Argo floats) 

on a regular global grid. A spatially complete SST map is produced by interpolating to fill in gaps. The methodology includes 

bias adjustment of satellite and ship observations (referenced to buoys) to compensate for platform differences and sensor 

biases. More details at https://www.ncei.noaa.gov/products/optimum-interpolation-sst. Data available at 215 

https://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCDC/.OISST/.version2p1/.AVHRR_monthly/.sst/  

Comparison of ERSSTv5 data to shorter, but higher spatial- and temporal-resolution satellite summer SST (OISSTv2p1) for 

Disko Bay (see Figure A4) indicates that there are significant differences in available SST data depending on the selected grid 

box and data resolution. OISSTv2p1 for Disko Bay shows consistently higher SSTs from around 2007 onwards (Figure 3 and 

Figure A4). This discrepancy in temperatures, however, can be attributed to the different temporal and spatial resolutions in 220 

SST source data, with updated high-resolution datasets showing notable differences in warming in high-Arctic regions (Huang 

et al., 2021). The new OISSTv2p1 product, calculated from daily satellite measurements, points to exceptional warming 

(>1°C/decade) taking place in western Greenland, especially in Disko Bay (Figure 1). When both SST datasets are compared 

for the larger grid box, observations show similar variability and annual maxima (Figure A4). By using a smaller grid box for 

Disko Bay (only possible with 0.25°x025° spatial resolution OISST), we can successfully resolve the stronger warming in 225 

Disko Bay, which is larger than warming in the large 4°x4° grid box that also includes part of the West Greenland coast. Due 

to the short time span covered by the OISSTv2p1 product it can, however, not be used to calculate emergence using the 
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reference period. Hence, ERSST provides useful data for assessing long-term variability and trend change. A comparison of 

coralline algal Ba/Ca to high-resolution summer OISSTv2p1 data for the smaller Disko Bay grid box displays significant and 

higher correlations (R=0.60, 1982-2018, JJA; Figure 3) as compared to ERSSTv5 from the larger 4°x4° grid box (R=0.25). 230 

 

HadCRUT5 is a gridded dataset of global historical surface temperature anomalies relative to a 1961-1990 reference period 

(Morice et al., 2021). It is available from January 1850 onwards, on a 5 degree grid and as global and regional average time 

series. We use it as surface temperature (ST, Figure 2) averaged for a larger box including Disko Bay (65-70°N, 55-45°W). 

The dataset is a collaborative product of the Met Office Hadley Centre and the Climatic Research Unit at the University of 235 

East Anglia. The gridded data are a blend of the CRUTEM5 land-surface air temperature dataset and the HadSST4 sea-surface 

temperature (SST) dataset. Details and data available at 

https://www.metoffice.gov.uk/hadobs/hadcrut5/data/HadCRUT.5.0.2.0/download.html. 

 

Ilulissat air temperature (SAT, Figure 2) is derived from station 4221 (WMO identifier). Monthly temperature data is available 240 

for 1807-present (DMI report, DMI historical data collection; https://www.dmi.dk/). 

 

Jakobshavn Isbrae mass loss estimation is based on historical photographs (Khan et al., 2020) (Figure 3). Data available from 

1880-2012 for Jakobshavn Glacier, annual data available from 1995. Ice mass change calculated in Gigatons. Dataset available: 

https://ftp.space.dtu.dk/pub/abbas/naturecomm2020/. 245 

 

Mass changes of the Greenland Ice Sheet observed by GRACE/GRACE-FO, relative to the long-term mean over the period 

2002 through 2019 (Figure 3), are available for the entire GrIS and as basin-averaged ice-mass changes (time series of storage 

variations in gigatons (Gt) for 7 major drainage basins of the GrIS). Here, data for the West Greenland drainage basin is based 

on box 306, which includes a large part of the Jakobshavn Glacier drainage area and covers most of the central western 250 

Greenland region. Basin map and data available at http://gravis.gfz-potsdam.de/gis) (Sasgen et al., 2020).  

 

2.6 Statistical analysis 

2.6.1 Gaussian filtering: 

All datasets were filtered with a 15-year Gaussian kernel smoothing, available on the ‘stats’ package (v4.2. ksmooth(3)) for R 255 

software (R Core Team, 2023).  

2.6.2 Change point analysis:  

The smoothed Ba/Ca master chronology time series and climate data were divided into two periods using the change point 

analysis method (Chaudhuri and Marron, 1999). The change point analysis shows the point (i.e., year) when the trend 

significantly changes. The confidence interval of the change point was derived from the bootstrap technique based on the 1,000 260 

bootstrap samples. The analysis was performed using the statistical software R (R Core Team, 2023) with SiZer (SIgnificant 
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ZERo crossings of derivatives) package (v. 0.1–4). The package was downloaded at https://CRAN.R-

project.org/package=SiZer.  

2.6.3 Time-of-emergence testing: 

To assess whether the Ba/Ca runoff proxy and climate data have exceeded the previous range of variability and to pinpoint 265 

when this has potentially occurred we employ time-of-emergence testing. This method  assesses when a climate change signal 

emerges above a pre-defined noise threshold (Hawkins and Sutton, 2012). We use a threshold of 2σ of standard deviation 

above/below the mean of the reference period. The period from 1932 to 2000 has been selected as the reference for testing 

climate emergence. The starting point 1932 represents the earliest year for which at least five samples are averaged in the 

Disko Bay algal master chronology. The end year (AD 2000) was selected as a time before the onset of major GrIS mass 270 

change. Median time of climate emergence (marked by vertical red bars, Fig. 2) is defined as the time at which the climate 

signal (15pt-Gaussian filtered) first exceeds and remains above the 2σ threshold (stippled horizontal line) of the reference 

period.  

 

 275 
Figure 3. Algal proxy compared to observed JI mass loss, sea surface temperature (SST) and satellite- and model-based western 
GrIS mass change. Recent 40 years of normalized and annually averaged algal Ba/Ca master chronology (blue; 15yr Gaussian 
smoothed, green) compared to Jakobshavn Isbrae (JI) mass loss calculation (Khan et al., 2020) (based on historic photographs; red). 
Summer SST (JJA) for Disko Bay from ERSSTv5 (67º-71ºN, 55º-51ºW, 4ºx4º grid box) and and OISSTv2p1 (0.25x0.25° resolution; 
1982-2020) for 68.5-69.5°N, 53-51°W box. Satellite-based mass change observations from the Gravity Recovery and Climate 280 
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Experiment (GRACE) satellite product (western GrIS, box 306; 2002-2018, 2σ error envelope) (Sasgen et al., 2020). MAR 3.1.2 
modelled mass change for western GrIS. Comparison between algal Ba/Ca and GRACE mass change shows significant negative 
relationships (annual mean: R = -0.52; for the western basin, 2002-2018). Correlations similar to ones observed for entire GrIS 
(annual mean: R = -0.61; not shown). Thicker lines represent 15yr Gaussian smoothed data. Grey envelope (top) is 90% CI for 
average of annual Ba/Ca ratios.  285 
 
 

3 Results and Discussion 

3.1 Proxy relationship to glacier mass change and trends 

Direct observations of JI runoff into Disko Bay are not available, however, changes in mass balance for recent decades and 290 

the present-day mass loss of the GrIS have been estimated from satellite-based observations (Mouginot et al., 2019; Sasgen et 

al., 2020; Velicogna, 2009). To extend the record further back in time we have to rely on model data. Model estimates of 

surface mass balance (SMB) from the Modèle Atmosphérique Régional (MAR) regional climate model (Fettweis et al., 2017) 

are available for the 20th century. Algal Ba/Ca ratio runoff proxy time series are compared to modelled SMB for the time 

periods 1903-2012 (MAR3.5.2 version, Fig. 2) and 1950-2019 (MAR3.1.2 version, Figure 3). We find significant relationships 295 

between the algal Ba/Ca runoff proxy and modelled mass change and temperature data (Figure 2; Table A1). An overall trend 

to more negative surface mass balance is seen in model data averaged for the western GrIS starting in the late 1990s and 

peaking in 2012. Trend analysis has identified a change point in modelled mass change of the western GrIS (MAR3.5.2) in 

1998 (Fig. 2). Satellite-based analysis of glacier terminus positions and glacier area of marine-terminating glaciers in northwest 

and central-west Greenland (incl. JI) observed that most glaciers have retreated in the 1972-2021 time period and a step-wise 300 

acceleration in retreat rates was pinpointed to have started in most glaciers between 1996-1998 (Black and Joughin, 2022). 

The algal Ba/Ca master chronology matches the timing in trend acceleration in mass change (Figs. 2 and 3). We identify a 

trend change point in summer 2001, after which the positive trend (higher Ba/Ca corresponding to higher mass change) 

increases steeply, peaking in 2012 (0.101 STD/year; Fig. 2). No significant trend is detected in Ba/Ca before the change point 

(0.01 STD/year). GrIS ice discharge observation data also show relatively steady discharge from 1986 to 2000, then increasing 305 

sharply from 2000 to 2005 (Mankoff et al., 2019), corresponding to the change point found in the algal proxy.  

Hence, the Ba/Ca proxy reliably detects the accelerating influence of glacial runoff into Disko Bay surface waters and mirrors 

an exceptional nonlinear rise in Jakobshavn Isbrae runoff. Coralline algal Ba/Ca is highly correlated to estimates of JI mass 

loss (based on historical photographs (Khan et al., 2020); R=-0.91, 1995-2012, annual data; Fig. 3). JI mass loss data also show 

a steep increase in the early 2000s and a maximum in 2012, in line with the algal Ba/Ca proxy, MAR model SMB and high-310 

resolution GRACE total mass balance satellite data (Fig. 3).  

In addition to trend analysis, we use "time-of-emergence-testing" to assess whether the Ba/Ca proxy and climate data have 

exceeded the previous range of variability and to pinpoint when this has potentially occurred. This method assesses when a 

climate change signal emerges above a pre-defined noise threshold (Hawkins and Sutton, 2012). Time of climate emergence 

is detected in the algal proxy in 2007, showing that the previous range of variability of algal Ba/Ca ratios seen in the 20th 315 
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century has been exceeded for the entire remaining part of the record. This is very similar to the emergence point in modelled 

western GrIS SMB, which is detected in 2010 (Figure 2).  

 

3.2 Relationship to temperature increase and record years 

In south and central-west Greenland the recent retreat and speed-up of marine-terminating glaciers was mainly attributed to 320 

ocean warming (Slater and Straneo, 2022; Wood et al., 2021), with atmospheric warming also playing a significant role (Slater 

and Straneo, 2022). In absence of long-term direct measurement time series of subsurface ocean waters, we examine the ocean 

conditions that influence Disko Bay and JI by using averaged ERSSTv5 reanalysis SST data for Disko Bay (67-71°N, 55-

51°W grid box). SSTs show an increasing trend from the early 1990s (SiZer analysis change point in 1993, Figure 2), rising 

stepwise until around 2012, then decrease slightly but remain high (Figs. 2 and 3). A similar variability and trend is observed 325 

in surface air and combined ocean and land temperature data (Fig. 2) for the region although neither dataset exhibited an 

emergence point, i.e. a significant excursion beyond the reference period. However, high spatial and temporal-resolution 

OISSTv2p1 tracks ERSSTv5 but indicates greater temperature variability and higher SSTs in the inner Disko Bay (68.5º-

69.5ºN, 53º-51ºW grid box, 1982-2020; Figure 3, see detailed comparison between SST data and grid boxes in Methods (Huang 

et al., 2021) and Appendices). Updated OISSTv2p1 shows SSTs larger than 6°C after 2010 (except in 2018), suggesting that 330 

the long-term surface warming is amplified in coastal regions of western Greenland, especially in Disko Bay (Figs. 1 and 3), 

providing a possible explanation of accelerating glacier melt and at least to some degree runoff. However, the detected 

emergence in algal-based runoff variability is not yet apparent in long instrumental temperature time series (Fig. 2) and 

suggests a decoupling between Ba/Ca and surface temperatures. Evidence points to significant influence of variability of 

subsurface ocean temperatures affecting the marine terminus of JI, where intrusion of warm Atlantic water masses has been 335 

linked to speed-up and disintegration of JI ice tongue in Ilulissat Icefjord (Joughin et al., 2008; Khazendar et al., 2019). Record 

Ba/Ca years coincide with the JI speed-up, when JI experienced maximum surface thinning (Khazendar et al., 2019). Speed-

up peaked in the summer of 2012 after several years of acceleration starting in the early 2000s, matching Ba/Ca positive peaks 

(Fig. 3), when warmer subsurface waters entered the Ilulissat Icefjord. However, in subsurface waters the detection of "climate 

emergence" above the threshold of natural variability is not possible due to the absence of long-term continuous observations. 340 

A drastic non-linear increase was also found in ice core-based GrIS runoff reconstructions from the central-west Greenland 

region (core locations situated within the JI drainage basin), which show a 250 to 575% rise in melt intensity in the first two 

decades of the 21st century relative to a pre-industrial baseline period (Trusel et al., 2018). When examining the entire 115-

year coralline algal proxy record, earlier positive excursions in Ba/Ca comparable to the ones seen in the recent two decades 

are absent (Figures 2 and 4). This suggests that the extreme melt years observed in satellite-based mass change estimates, and 345 

registered in algal Ba/Ca (Fig. 3), are unprecedented over the entire proxy record and on historical timescales back to at least 

the early 20th century. To illustrate this, we rank individual yearly Ba/Ca ratios for the entire record relative to the 1932-2000 

reference period (Figure 4). All years since 2007 exceed the 2σ threshold, clearly showing a relationship between the ascending 
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rank of increasing runoff and time. Hence, twelve of the highest runoff proxy years of the algal master chronology occur in 

the recent two decades, demonstrating the acceleration of GrIS runoff into Disko Bay.  350 

 

 
Figure 4. Ranking of record years in Ba/Ca. Ranked annual Ba/Ca for 1903–2018 relative to 1932–2000 reference period. Year 
indicated by colour of filled circles. Yearly data shown before Gaussian smoothing. Labeled red and orange colored circles show 
years above emergence threshold (compare Fig. 2). Stippled lines define 2σ threshold. Ba/Ca ratio years below threshold shown by 355 
grey dots (no year labels).  
 

The sediment flux from the GrIS to the surface ocean has increased significantly, with present-day flux being already >50% 

higher than during the 1961-1990 period (Overeem et al., 2017). This agrees with the exceptional non-linear rise seen in our 

algal Ba/Ca record and suggests that the expected future acceleration of GrIS melt and ice sheet flow may further increase the 360 

delivery of sediment from Greenland to the fjord systems and the surface ocean. An increase of temperature-related surface 

melt, which is to be expected in the future (Noël et al., 2021; Stokes et al., 2025), has substantial influence on the sediment 

discharge from GrIS marine-terminating glaciers into surrounding waters (Andresen et al., 2024), also increasing particle 

transport from the GrIS into the oceans. In addition to having a significant regional impact, the accelerating GrIS ice loss has 

been listed as one of the main tipping points in the Earth's climate system (Lenton et al., 2019) due to its major influence on 365 

global ocean circulation.  
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Recent studies suggest that Arctic warming and GrIS melting are driving an influx of freshwater into the North Atlantic that 

may have contributed to a 15% slowdown of the Atlantic Meridional Overturning Circulation (AMOC), a key part of the global 

thermohaline circulation (Caesar et al., 2018), since the mid-20th century. The thermohaline circulation is an important 

regulator of the meridional heat transport in the North Atlantic and is largely responsible for the relatively warm climates of 370 

northern Europe (Kuhlbrodt et al., 2009). Increased meltwater input to the ocean from the GrIS could weaken or even disrupt 

the North Atlantic branch of the thermohaline circulation by increasing upper ocean stratification in the convective regions 

(Rahmstorf et al., 2015), although future AMOC responses will be sensitive to how the extra freshwater input is distributed 

(Shan et al., 2024). New modelling data suggest that the recent weakening of the AMOC can potentially be explained if 

meltwater from the GrIS is taken into account and that further weakening of the Atlantic overturning circulation is likely to 375 

occur much sooner than previously thought (Pontes and Menviel, 2024). Hence, rapid melting of the GrIS has wide-reaching 

global consequences, with a nonlinear increase in glacial runoff eventually leading to an acceleration of freshwater influx into 

the North Atlantic. While recent studies based on an observational campaign suggest a lesser role of the western subpolar gyre 

off Greenland for the origin of AMOC variability (Menary et al., 2020) as compared to the eastern subpolar gyre, it remains 

to be seen whether the unprecedented trend change in glacial runoff increase in Disko Bay shown here can also be identified 380 

in east Greenland marine-terminating glaciers. 

 

Conclusions 

We present the first multi-specimen master chronology of coralline algal Ba/Ca ratios from Disko Bay, providing a seasonal-

resolution reconstruction of past runoff variability. By using sample chronologies from nine long-lived coralline algal 385 

specimens, we developed a 115-year continuous proxy record. The algal-based Ba/Ca proxy reliably detects the accelerating 

influence of runoff into Disko Bay surface ocean waters and documents an exceptional nonlinear rise with a trend change point 

in summer 2001, after which the positive trend increases steeply. These results highlight the escalating impact of global 

warming on coastal Greenland on short time scales. Extreme GrIS melt years observed in satellite-based mass change estimates 

during the recent two decades are also registered in the algal Ba/Ca proxy record. By using "time-of-emergence-testing" 390 

statistics, we were able to detect that recent rates of glacial runoff recorded in algal Ba/Ca are unprecedented in the past 115 

years, signalling the permanent emergence of western GrIS runoff above the 20th century reference period threshold. Our new 

record closes a critical observational gap by supplying the first seasonal-resolution baseline data of glacial runoff variability 

reaching Disko Bay surface waters, extending across the entire 20th century and into recent decades. It provides independent 

empirical evidence for a non-linear, accelerated response of Greenland’s largest glacier, reinforcing model-based projections 395 

that a tipping point in the GrIS mass balance may be approaching. The exceptional rise in algal Ba/Ca demonstrates that 

contemporary meltwater and particle delivery to the coastal ocean is already substantially elevated, with likely consequences 

for upper-ocean stratification, regional biogeochemistry, and larger-scale impacts on global sea level and ocean circulation. 

 

 400 
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Appendices 

 

 
Figure A1. Polished cross-section of live-collected Clathromorphum compactum specimen from Disko Bay (sample 16-1-19, time 
period C.E. 1903-2016 covered by laser analysis). Post-analysis laser ablation sampling transects are visible. Direction of algal growth 405 
indicated by stippled black arrow.  
  

 

 

 410 
Figure A2. Ba/Ca chronologies for individual samples (two transects per sample averaged). Ba/Ca elemental ratios are shown for 
nine individual samples in annual resolution. Intersample average (i.e. master chronology) was calculated by averaging individual 
sample averages from 1932 onwards. In total the coralline algal chronologies provide 115 years of Ba/Ca ratios (C.E. 1903-2018). 
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 415 
Figure A3. MAR1 modeled surface mass balance versions compared. Bias between versions 3.5.2 (1903-2012) and 3.1.2 (1950-2020) 
is minimal, especially in recent decades (e.g. from late 1980s, standard deviation is within 1 sigma level difference, dotted line).  In 
the 1970s, MAR 3.1.2 is biased lower than 3.5.2. However, this has minimal influence on the change point detection as a similar trend 
is observed in both versions. In the longer record (MAR 3.1.2) the variation is magnified/higher in the earlier record (pre 1980), 
although correlation is still high between both versions. 420 
 
 

 
Figure A4. Comparison of ERSST with OISST. Map (left) shows SST warming trend (°C/decade, 1982-2020) and grid boxes for 
which data is presented in Figure 2 and 3. SST data (right) is shown for the large grid box of the West Greenland coast including 425 
Disko Bay (67º-71ºN and 55º-51ºW, 4ºx4º grid, purple box (1)) for ERSST (red line) and OISST (blue line). In addition OISST 
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(0.25x0.25° high-resolution satellite data, black line) is shown from the smaller Disko Bay grid box (68.5º-69.5ºN and 53º-51ºW, black 
stippled line box (2)). Green circles represent study sites. 
 

 430 

Ba/Ca vs W.GIS mass change (MAR model) Neff R p-value Tau t-value 

 11,20 -0,54 0,08 7,22 -1,95 

      

Ba/Ca vs ERSST Neff R p-value Tau t-value 

 11,40 0,25 0,44 7,62 0,81 

      

Ba/Ca vs HadCRUT Neff R p-value Tau t-value 

 7,80 0,62 0,10 11,11 1,92 

      

Ba/Ca vs SAT Neff R p-value Tau t-value 

 8,00 0,58 0,13 10,85 1,76 

 
Table A1. Correlations calculated using 15-pt Gaussian filtered annual data using the TAU method2. The correlation is estimated as 
the Pearson correlation coefficient. For two time series with smoothing, we considered and adjusted the autocorrelation in them 
using the effective sample size (Neff). By using τ (the time between independent values or persistence time), Neff is represented as 
follows:  435 
 
Neff = n/τ  
τ is calculated as:  
 

 440 
 
, where Rxl and Ryl are the autocorrelations at lag l for two-time series (X and Y). Then, Neff based on τ value is used to estimate 
the student t-value.  
 

 445 

 

Data availability 
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