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Long term monitoring in coastal Greenland sheds light on CO2 
uptake potential

The Greenland coastal ocean sequesters large quantities of CO2 from the 
atmosphere (-9.5 ± 9.0 Tg C year-1; Henson et al., in review).

Sequestration rates are still quite uncertain due to a heterogeneous coastline, low 
sampling density, and prohibitively harsh conditions for year-round sampling.

Better spatial and temporal monitoring will allow us to more accurately predict 
future carbon uptake.

Biology and freshwater runoff dictate pCO2 levels in Greenland coastal waters
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About GEM 

Greenland Ecosystem Monitoring (GEM) is an internationally recognized 
climate and ecosystem monitoring programme in Greenland, operated 
by research institutions in Denmark and Greenland. It was established 
in 1995 and has since then been monitoring essential climate and 
ecosystem variables. Throughout the years GEM has contributed to 
the working groups of the Arctic Council (AMAP and CAFF) and the 
long-term data has improved the scientific understanding of climate 
and ecosystem change in the Arctic. The programme has developed 
from a comprehensive climate change and ecosystem monitoring pro-
gramme at a single site in the National Park of North-East Greenland, to 
also include two almost equally comprehensive programmes in West 
Greenland, supplemented with initiatives at other locations (Fig 1). 

The three main sites are located at Zackenberg in the High-Arctic North-
east Greenland, on Disko at the boundary between the High-Arctic 
and Low-Arctic in West Greenland and at Nuuk in the Low-Arctic West 
Greenland.

Figure 1. The GEM programme combines intensively studied ecosystems at 
three main sites (Disko, Nuuk and Zackenberg) with remote sensing and 
distal sites located along environmental and climatic gradients.

Figure 2. The GEM programme was
initiated in 1995 as the Zackenberg 
Ecological Research Operations 
(ZERO). In the years 2005-2007 a new 
main site was established around 
Nuuk, and in 2016-2018 Disko area 
was included. All 5 Basisprogrammes 
are now funded at all three main sites, 
except for BioBasis at Disko.

The vision of GEM

GEM will contribute substantially to the basic scientific 

understanding of arctic ecosystems and their responses 

to climatic changes and variability as well as their 

potential local, regional, and global implications.

•  GEM will consolidate and expand its position as an 

internationally leading integrated long-term arctic 

ecosystem monitoring and research programme.

•  GEM will maintain the continuous update and 

safeguard the integrity and use of the GEM long-

term data series.

The GEM Secretariat
c/o Aarhus University
Frederiksborgvej 399
DK-4000 Roskilde, Denmark

e-mail: g-e-m@au.dk 
Phone: +45 61667702

Website: www.g-e-m.dk

1990 2000 2010 2020

Zackenberg

Nuuk

Disko Glacio

Marine

Bio

Geo

Climate

40° 30° 20° 10° 0° 10°50°60°70°80°90°

80°

70°

60°

80°

70°

60°

50° 40° 30°

GEM Main Site

GEM distal sites

Other INTERACT research stations

Town/Airport 
- access point for research stations

ARCTIC OCEAN

Greenland Sea

Baffin Bay

Labrador Sea

Denmark
Strait

ATLANTIC  OCEAN

GEM
2022-2026

Daneborg

Kobbefjord

Qaanaaq

Sisimiut

Sermilik Research Station

DMI Geophysical Observatory

Summit Station

EGRIP Field Station

Villum Research Station
Station Nord

Ittoqqortoormiit

Nerlerit Inaat (Constable Point)

Zackenberg

70°0

Arctic CircleDenmark
Strait

GEGEM
2022-20260

Daneboeboborgrgrg

befjordKoKoKobKobbKKKK b

onSermilik Research Stationat

iiccaaal OObservatoryl 

Summit Station

EGRIIP FiP Field Stationld

rmiittIttoqqortoortoormoqqor ormi

table Point))aat (Const(ConsInaatNerlerit INerlerit INerlerit Inaat (Consta  P

ZackenberggZacZacZaZZacck

GEM long-term multidisciplinary
monitoring sites:

Name :  Zackenberg
Climate zone: High Arctic
Mean annual temperature:  -8.9 °C
Total annual precipitation:  200 mm
Sea ice:  Yes
Permafrost:  Continuous

Name:  Disko
Climate zone:  High/Low Arctic
Mean annual temperature:  -2.4 °C
Total annual precipitation:  436 mm
Sea ice:  Yes
Permafrost:  Discontinuous

Name:  Nuuk
Climate zone:  Low Arctic
Mean annual temperature:  -0.1 °C
Total annual precipitation:  782 mm
Sea ice:  Yes
Permafrost:  None
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Marine Basis monitoring: 
  

• sea ice coverage
• ocean temperature
• salinity 
• pCO2

• dissolved inorganic carbon
• total alkalinity
• nutrient dynamics
• primary production
• marine biodiversity
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Background

Long-term monitoring allows us to determine trends in 
marine biological and physical/chemical parameters

Figure 2. The GEM programme combines intensively studied ecosystems 
at three main sites (Disko, Nuuk and Zackenberg).

hch@ecos.au.dk 

Figure 1. Relationships between apparent oxygen utilization (AOU) and pCO2 (a, b) and salinity and pCO2 (c, d) for East and West 
coasts. Linear regression fits use all data in a & b while c & d fit regression for all data below salinity of coastal seawater endmembers 
(Henson et al. 2023). Atmospheric pCO2 concentrations and the equilibrium between net auto- and heterotrophy are depicted with 
horizontal and vertical gray dashed lines respectively. 
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Henson et al., in review 

Young Sound conceptual model

Figure 3. Conceptual diagram of the main effects of changes in runoff and sea ice cover on carbon cycling in Young Sound 
during summer. Published in Sejr et al., (2022) PNAS.

PNAS  2022  Vol. 119  No. 52  e2207024119 https://doi.org/10.1073/pnas.2207024119   9 of 11

characterize the fjord, and nitrate concentrations are very low 
in most of the photic zone. The vertical particle flux is stable 
through this period; although average daily fluxes are only half of 
what was observed during the spring bloom, the vertical flux of 
carbon during August and September (July 28 to September 23) 
makes up 31% of the annual flux. The relatively high fluxes during 
autumn cannot be related to runoff, which cease in September and 
are likely driven by a combination of resuspension from storms 
and new production related to mixing. In Young Sound, local 
sea ice cover in the outer part of the fjord has been quantified 
since 1954. Although variability has generally increased in the 
last 10–15 y, the reduction in ice cover is relatively moderate with 
sea ice breaking up earlier and forming later in autumn (53). The 
later formation of sea ice in the Arctic in general has been argued 
to result in increased mixing from autumn storm, which could 
drive nutrient transport into surface waters and possibly sustain 
“autumn” blooms. Based on mooring data in Young Sound, the 
most pronounced change in sea ice conditions has been related to 
the timing of the ice to form in October where light availability 
is low, and based on the vertical flux of carbon, there is little 
evidence of increased productivity in autumn. Future changes 
in productivity in this fjord will thus also be determined by the 
quantity and timing of meltwater input and its influence and light 
and nutrient availability.

Fjord Capacity for CO2  Uptake. Greenland fjords, including 
Young Sound, have been shown to be consistently undersaturated 
in CO2 during summer and in some cases year-round (10, 23, 
54). The 6 y of surface data from Young Sound show that the 
condition encountered during the 2011 field campaign represents 
typical conditions and that the observed gradient in surface 
salinity and temperature is a recurring feature. Mixing freshwater 
into seawater will in itself lead to undersaturation and has been 
estimated to drive 28% of the CO2 uptake in a SW Greenland 
fjord, with biological production being the dominant process 
(10). The much lower phytoplankton biomass and productivity 
in Young Sound combined with high meltwater input from 
rivers suggest that this physical mixing process combined with 
net heterotrophic biological input is important. Proglacial 
lakes and rivers have been shown to be undersaturated in CO2 
due to chemical weathering, which can further contribute the 
undersaturation in glacial fjords (55).

The isolated surface lens with high amount of suspended par-
ticles means that sunlight is absorbed effectively, resulting in sur-
face temperatures exceeding 14°C in summer. This leads to a 
reduction of the undersaturation in CO2 resulting in the nonlinear 
change observed along the salinity gradient in the fjord. The pres-
ence of undersaturated surface water despite the observation of 
net heterotrophy and thus biological production of CO2 
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Fig. 7. (A) Conceptual diagram of the main effects of changes in runoff and sea ice cover on carbon cycling in Young Sound during summer. (B) Changes in 
days with open water (no sea ice) and runoff from land since 1960 including the 5-y running mean for each. (C) A schematic figure showing spatial gradients 
observed in Young Sound in summer.
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Air-sea CO2 uptake may be slowing down 
despite increased glacial melt

Figure 4. Map of Young Sound with transect stations (a). Contour plot of salinity along the transect line (b). Trend in 
surface water ΔpCO2 (1m) since 2007 at inner and outer fjord stations (c, d). Trends in surface salinity (e, f) and 
temperature (g, h) since 2003 at inner and outer fjord stations respectively.
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Conclusion

Long term marine monitoring allows scientists to determine whether rapid change 
is occurring as predicted, or if conceptual models are incomplete.
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