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Image : Team finds subtropical waters flushing
through Greenland fjord

Recent changes in ocean circulation in the North Atlantic are delivering larger amounts of subtropical waters
to the high latitudes. A research team led by Fiamma Straneo, a physical oceanographer at Woods Hole
Oceanographic Institution, found that subtropical waters are reaching Greenland's glaciers, driving melting
and likely triggering an acceleration of ice loss. Melting ice also means more fresh water in the ocean, which
could flood into the North Atlantic and disrupt a global system of currents, known as the Ocean Conveyor.

(Jack Cook, Woods Hole Oceanographic Institution)
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and show little mass loss (Petermann glacier in the northwest and out-
let glaciers of the Northeast Greenland Ice Stream) may become more 
vulnerable to oceanic forcing. Serious limitations of heat content esti-
mates (such as the one in Fig. 2)32,75 are their construction from sparse 
and uneven spatio-temporal sampling of the global ocean. Concerted 
efforts are required to establish and sustain a global ocean-observing 
framework that satisfies stringent climate-quality requirements83. 

GrIS mass loss and North Atlantic climate
Finally, we shift the focus from how Greenland responds to climate 
change to what potential impacts the mass loss has on the climate 
system. On decadal to centennial timescales the two main perceived 
effects are sea-level change — directly through oceanic mass increase 
and its spatio-temporal adjustment due to changes in ocean dynam-
ics84,85, and indirectly through glacial isostatic adjustment (Box 1) 
effects86 — and the impact of surface freshening on the AMOC, its 
associated meridional heat transport and effects on climate87–90. 

Very large conceptual discrepancies remain between impact studies 
of North Atlantic freshening in terms of magnitudes of freshwater 
fluxes considered (between 0.01 and 1 Sv), input locations (coastally 
confined compared with spread out over the interior) and model 
resolutions considered. Simulations with eddy-permitting models 
(spatial resolutions of 10 to 25 km) show very different response pat-
terns compared with those realized by current generation climate 
models (about 100 km). However, none of these studies resolve the 
first baroclinic Rossby radius of deformation (about 7 km), casting 
doubts as to whether exchange processes between the boundary cur-
rents and the interior (in particular through mesoscale eddies) are 
correctly represented91. The amount of freshening that reaches the 
interior convection sites (together with gradual transformation of 
Atlantic water masses in the boundary currents) may determine the 
degree to which the North Atlantic circulation responds, its impact 
on the atmospheric circulation and potential climate shifts over the 
continents.

Discussions regarding sea-level implications are already available92, 
and so our focus is on mass loss projections. The absence of avail-
able coupled climate–ice-sheet models that are able to resolve outlet 
glacier flow, include accurate ice-flow dynamics and ice physics (in 
terms of glacial hydrology, calving models, ice–ocean coupling and 
moving ice–ocean interface), has led to attempts to provide Green-
land mass loss estimates, either through consideration of upper 
bounds on physically feasible ice flow13,93, or lower bounds from 
observed present-day perturbations94, or forced simulations with 
current-generation ice-sheet models of varying complexity95–97. The 
range from 0.01 m to 0.54 m of eustatic sea-level rise until 2100 from 
Greenland ice dynamics reflects the current uncertainties in these 
projections. It is important to remember that regional sea level is the 
variable of more direct societal relevance for coastal communities, 
and which may exceed the global mean considered here by a fac-
tor of five91. A serious limitation to the verification, validation and 
calibration of ice-sheet simulations is the near-absence of crucial 
measurements of conditions in the interior and at the bed. Ice-sheet 
modelling, therefore, represents a grand challenge computational 
inverse problem.

An inter-generational scientific challenge
Reducing the uncertainty in projected contributions to sea-level rise 
from Greenland ice dynamics, as well as ascertaining the reliability 
of estimated upper bounds requires detailed cross-disciplinary pro-
cess understanding and vastly improved simulation capabilities in all 
of the aspects discussed in this Review. Such understanding can only 
come through much expanded, internationally coordinated observa-
tional assets, both at the small-scale process level, and of large-scale 
circulation changes. It involves the design and deployment of new 
instruments on the ground, at sea and in space; the maintenance of 
crucial in-situ and satellite observing systems; and the collection of 

geological records to allow the reconstruction of palaeo-ice-stream 
evolution through the Holocene. These should be accompanied by 
rigorous approaches to synthesize the heterogeneous data streams 
into a coherent dynamic framework98. Sustaining such observations 
over sufficiently long periods to provide records of useful quality 
for climate research99 is a serious inter-generational challenge100. ■
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Figure 5 | Submarine melting. Warming subsurface ocean waters and 
increased glacier surface melt resulted in increased submarine melting and, 
potentially, a weakened ice mélange at the marine margins of Greenland’s 
outlet glaciers. a, Pre-retreat conditions include relatively cold waters, limited 
subglacial discharge and a thick ice mélange. b, Retreat conditions include 
warm fjord waters, increased subglacial discharge and weakened mélange.
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Figure: Submarine melt in Greenland’s glacial
fjords [Straneo and Heimbach, 2013]
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calibration of ice-sheet simulations is the near-absence of crucial 
measurements of conditions in the interior and at the bed. Ice-sheet 
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come through much expanded, internationally coordinated observa-
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Figure 5 | Submarine melting. Warming subsurface ocean waters and 
increased glacier surface melt resulted in increased submarine melting and, 
potentially, a weakened ice mélange at the marine margins of Greenland’s 
outlet glaciers. a, Pre-retreat conditions include relatively cold waters, limited 
subglacial discharge and a thick ice mélange. b, Retreat conditions include 
warm fjord waters, increased subglacial discharge and weakened mélange.
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Figure: Submarine melt in Greenland’s glacial
fjords [Straneo and Heimbach, 2013]
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and show little mass loss (Petermann glacier in the northwest and out-
let glaciers of the Northeast Greenland Ice Stream) may become more 
vulnerable to oceanic forcing. Serious limitations of heat content esti-
mates (such as the one in Fig. 2)32,75 are their construction from sparse 
and uneven spatio-temporal sampling of the global ocean. Concerted 
efforts are required to establish and sustain a global ocean-observing 
framework that satisfies stringent climate-quality requirements83. 

GrIS mass loss and North Atlantic climate
Finally, we shift the focus from how Greenland responds to climate 
change to what potential impacts the mass loss has on the climate 
system. On decadal to centennial timescales the two main perceived 
effects are sea-level change — directly through oceanic mass increase 
and its spatio-temporal adjustment due to changes in ocean dynam-
ics84,85, and indirectly through glacial isostatic adjustment (Box 1) 
effects86 — and the impact of surface freshening on the AMOC, its 
associated meridional heat transport and effects on climate87–90. 

Very large conceptual discrepancies remain between impact studies 
of North Atlantic freshening in terms of magnitudes of freshwater 
fluxes considered (between 0.01 and 1 Sv), input locations (coastally 
confined compared with spread out over the interior) and model 
resolutions considered. Simulations with eddy-permitting models 
(spatial resolutions of 10 to 25 km) show very different response pat-
terns compared with those realized by current generation climate 
models (about 100 km). However, none of these studies resolve the 
first baroclinic Rossby radius of deformation (about 7 km), casting 
doubts as to whether exchange processes between the boundary cur-
rents and the interior (in particular through mesoscale eddies) are 
correctly represented91. The amount of freshening that reaches the 
interior convection sites (together with gradual transformation of 
Atlantic water masses in the boundary currents) may determine the 
degree to which the North Atlantic circulation responds, its impact 
on the atmospheric circulation and potential climate shifts over the 
continents.

Discussions regarding sea-level implications are already available92, 
and so our focus is on mass loss projections. The absence of avail-
able coupled climate–ice-sheet models that are able to resolve outlet 
glacier flow, include accurate ice-flow dynamics and ice physics (in 
terms of glacial hydrology, calving models, ice–ocean coupling and 
moving ice–ocean interface), has led to attempts to provide Green-
land mass loss estimates, either through consideration of upper 
bounds on physically feasible ice flow13,93, or lower bounds from 
observed present-day perturbations94, or forced simulations with 
current-generation ice-sheet models of varying complexity95–97. The 
range from 0.01 m to 0.54 m of eustatic sea-level rise until 2100 from 
Greenland ice dynamics reflects the current uncertainties in these 
projections. It is important to remember that regional sea level is the 
variable of more direct societal relevance for coastal communities, 
and which may exceed the global mean considered here by a fac-
tor of five91. A serious limitation to the verification, validation and 
calibration of ice-sheet simulations is the near-absence of crucial 
measurements of conditions in the interior and at the bed. Ice-sheet 
modelling, therefore, represents a grand challenge computational 
inverse problem.

An inter-generational scientific challenge
Reducing the uncertainty in projected contributions to sea-level rise 
from Greenland ice dynamics, as well as ascertaining the reliability 
of estimated upper bounds requires detailed cross-disciplinary pro-
cess understanding and vastly improved simulation capabilities in all 
of the aspects discussed in this Review. Such understanding can only 
come through much expanded, internationally coordinated observa-
tional assets, both at the small-scale process level, and of large-scale 
circulation changes. It involves the design and deployment of new 
instruments on the ground, at sea and in space; the maintenance of 
crucial in-situ and satellite observing systems; and the collection of 

geological records to allow the reconstruction of palaeo-ice-stream 
evolution through the Holocene. These should be accompanied by 
rigorous approaches to synthesize the heterogeneous data streams 
into a coherent dynamic framework98. Sustaining such observations 
over sufficiently long periods to provide records of useful quality 
for climate research99 is a serious inter-generational challenge100. ■
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Figure 5 | Submarine melting. Warming subsurface ocean waters and 
increased glacier surface melt resulted in increased submarine melting and, 
potentially, a weakened ice mélange at the marine margins of Greenland’s 
outlet glaciers. a, Pre-retreat conditions include relatively cold waters, limited 
subglacial discharge and a thick ice mélange. b, Retreat conditions include 
warm fjord waters, increased subglacial discharge and weakened mélange.
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Figure: Submarine melt in Greenland’s glacial
fjords [Straneo and Heimbach, 2013]
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Oceanographic Institution, found that subtropical waters are reaching Greenland's glaciers, driving melting
and likely triggering an acceleration of ice loss. Melting ice also means more fresh water in the ocean, which
could flood into the North Atlantic and disrupt a global system of currents, known as the Ocean Conveyor.
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and show little mass loss (Petermann glacier in the northwest and out-
let glaciers of the Northeast Greenland Ice Stream) may become more 
vulnerable to oceanic forcing. Serious limitations of heat content esti-
mates (such as the one in Fig. 2)32,75 are their construction from sparse 
and uneven spatio-temporal sampling of the global ocean. Concerted 
efforts are required to establish and sustain a global ocean-observing 
framework that satisfies stringent climate-quality requirements83. 

GrIS mass loss and North Atlantic climate
Finally, we shift the focus from how Greenland responds to climate 
change to what potential impacts the mass loss has on the climate 
system. On decadal to centennial timescales the two main perceived 
effects are sea-level change — directly through oceanic mass increase 
and its spatio-temporal adjustment due to changes in ocean dynam-
ics84,85, and indirectly through glacial isostatic adjustment (Box 1) 
effects86 — and the impact of surface freshening on the AMOC, its 
associated meridional heat transport and effects on climate87–90. 

Very large conceptual discrepancies remain between impact studies 
of North Atlantic freshening in terms of magnitudes of freshwater 
fluxes considered (between 0.01 and 1 Sv), input locations (coastally 
confined compared with spread out over the interior) and model 
resolutions considered. Simulations with eddy-permitting models 
(spatial resolutions of 10 to 25 km) show very different response pat-
terns compared with those realized by current generation climate 
models (about 100 km). However, none of these studies resolve the 
first baroclinic Rossby radius of deformation (about 7 km), casting 
doubts as to whether exchange processes between the boundary cur-
rents and the interior (in particular through mesoscale eddies) are 
correctly represented91. The amount of freshening that reaches the 
interior convection sites (together with gradual transformation of 
Atlantic water masses in the boundary currents) may determine the 
degree to which the North Atlantic circulation responds, its impact 
on the atmospheric circulation and potential climate shifts over the 
continents.

Discussions regarding sea-level implications are already available92, 
and so our focus is on mass loss projections. The absence of avail-
able coupled climate–ice-sheet models that are able to resolve outlet 
glacier flow, include accurate ice-flow dynamics and ice physics (in 
terms of glacial hydrology, calving models, ice–ocean coupling and 
moving ice–ocean interface), has led to attempts to provide Green-
land mass loss estimates, either through consideration of upper 
bounds on physically feasible ice flow13,93, or lower bounds from 
observed present-day perturbations94, or forced simulations with 
current-generation ice-sheet models of varying complexity95–97. The 
range from 0.01 m to 0.54 m of eustatic sea-level rise until 2100 from 
Greenland ice dynamics reflects the current uncertainties in these 
projections. It is important to remember that regional sea level is the 
variable of more direct societal relevance for coastal communities, 
and which may exceed the global mean considered here by a fac-
tor of five91. A serious limitation to the verification, validation and 
calibration of ice-sheet simulations is the near-absence of crucial 
measurements of conditions in the interior and at the bed. Ice-sheet 
modelling, therefore, represents a grand challenge computational 
inverse problem.

An inter-generational scientific challenge
Reducing the uncertainty in projected contributions to sea-level rise 
from Greenland ice dynamics, as well as ascertaining the reliability 
of estimated upper bounds requires detailed cross-disciplinary pro-
cess understanding and vastly improved simulation capabilities in all 
of the aspects discussed in this Review. Such understanding can only 
come through much expanded, internationally coordinated observa-
tional assets, both at the small-scale process level, and of large-scale 
circulation changes. It involves the design and deployment of new 
instruments on the ground, at sea and in space; the maintenance of 
crucial in-situ and satellite observing systems; and the collection of 

geological records to allow the reconstruction of palaeo-ice-stream 
evolution through the Holocene. These should be accompanied by 
rigorous approaches to synthesize the heterogeneous data streams 
into a coherent dynamic framework98. Sustaining such observations 
over sufficiently long periods to provide records of useful quality 
for climate research99 is a serious inter-generational challenge100. ■
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Figure 5 | Submarine melting. Warming subsurface ocean waters and 
increased glacier surface melt resulted in increased submarine melting and, 
potentially, a weakened ice mélange at the marine margins of Greenland’s 
outlet glaciers. a, Pre-retreat conditions include relatively cold waters, limited 
subglacial discharge and a thick ice mélange. b, Retreat conditions include 
warm fjord waters, increased subglacial discharge and weakened mélange.
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Figure: Submarine melt in Greenland’s glacial
fjords [Straneo and Heimbach, 2013]
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Image : Team finds subtropical waters flushing
through Greenland fjord

Recent changes in ocean circulation in the North Atlantic are delivering larger amounts of subtropical waters
to the high latitudes. A research team led by Fiamma Straneo, a physical oceanographer at Woods Hole
Oceanographic Institution, found that subtropical waters are reaching Greenland's glaciers, driving melting
and likely triggering an acceleration of ice loss. Melting ice also means more fresh water in the ocean, which
could flood into the North Atlantic and disrupt a global system of currents, known as the Ocean Conveyor.

(Jack Cook, Woods Hole Oceanographic Institution)
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and show little mass loss (Petermann glacier in the northwest and out-
let glaciers of the Northeast Greenland Ice Stream) may become more 
vulnerable to oceanic forcing. Serious limitations of heat content esti-
mates (such as the one in Fig. 2)32,75 are their construction from sparse 
and uneven spatio-temporal sampling of the global ocean. Concerted 
efforts are required to establish and sustain a global ocean-observing 
framework that satisfies stringent climate-quality requirements83. 

GrIS mass loss and North Atlantic climate
Finally, we shift the focus from how Greenland responds to climate 
change to what potential impacts the mass loss has on the climate 
system. On decadal to centennial timescales the two main perceived 
effects are sea-level change — directly through oceanic mass increase 
and its spatio-temporal adjustment due to changes in ocean dynam-
ics84,85, and indirectly through glacial isostatic adjustment (Box 1) 
effects86 — and the impact of surface freshening on the AMOC, its 
associated meridional heat transport and effects on climate87–90. 

Very large conceptual discrepancies remain between impact studies 
of North Atlantic freshening in terms of magnitudes of freshwater 
fluxes considered (between 0.01 and 1 Sv), input locations (coastally 
confined compared with spread out over the interior) and model 
resolutions considered. Simulations with eddy-permitting models 
(spatial resolutions of 10 to 25 km) show very different response pat-
terns compared with those realized by current generation climate 
models (about 100 km). However, none of these studies resolve the 
first baroclinic Rossby radius of deformation (about 7 km), casting 
doubts as to whether exchange processes between the boundary cur-
rents and the interior (in particular through mesoscale eddies) are 
correctly represented91. The amount of freshening that reaches the 
interior convection sites (together with gradual transformation of 
Atlantic water masses in the boundary currents) may determine the 
degree to which the North Atlantic circulation responds, its impact 
on the atmospheric circulation and potential climate shifts over the 
continents.

Discussions regarding sea-level implications are already available92, 
and so our focus is on mass loss projections. The absence of avail-
able coupled climate–ice-sheet models that are able to resolve outlet 
glacier flow, include accurate ice-flow dynamics and ice physics (in 
terms of glacial hydrology, calving models, ice–ocean coupling and 
moving ice–ocean interface), has led to attempts to provide Green-
land mass loss estimates, either through consideration of upper 
bounds on physically feasible ice flow13,93, or lower bounds from 
observed present-day perturbations94, or forced simulations with 
current-generation ice-sheet models of varying complexity95–97. The 
range from 0.01 m to 0.54 m of eustatic sea-level rise until 2100 from 
Greenland ice dynamics reflects the current uncertainties in these 
projections. It is important to remember that regional sea level is the 
variable of more direct societal relevance for coastal communities, 
and which may exceed the global mean considered here by a fac-
tor of five91. A serious limitation to the verification, validation and 
calibration of ice-sheet simulations is the near-absence of crucial 
measurements of conditions in the interior and at the bed. Ice-sheet 
modelling, therefore, represents a grand challenge computational 
inverse problem.

An inter-generational scientific challenge
Reducing the uncertainty in projected contributions to sea-level rise 
from Greenland ice dynamics, as well as ascertaining the reliability 
of estimated upper bounds requires detailed cross-disciplinary pro-
cess understanding and vastly improved simulation capabilities in all 
of the aspects discussed in this Review. Such understanding can only 
come through much expanded, internationally coordinated observa-
tional assets, both at the small-scale process level, and of large-scale 
circulation changes. It involves the design and deployment of new 
instruments on the ground, at sea and in space; the maintenance of 
crucial in-situ and satellite observing systems; and the collection of 

geological records to allow the reconstruction of palaeo-ice-stream 
evolution through the Holocene. These should be accompanied by 
rigorous approaches to synthesize the heterogeneous data streams 
into a coherent dynamic framework98. Sustaining such observations 
over sufficiently long periods to provide records of useful quality 
for climate research99 is a serious inter-generational challenge100. ■
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Figure 5 | Submarine melting. Warming subsurface ocean waters and 
increased glacier surface melt resulted in increased submarine melting and, 
potentially, a weakened ice mélange at the marine margins of Greenland’s 
outlet glaciers. a, Pre-retreat conditions include relatively cold waters, limited 
subglacial discharge and a thick ice mélange. b, Retreat conditions include 
warm fjord waters, increased subglacial discharge and weakened mélange.
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Figure: Submarine melt in Greenland’s glacial
fjords [Straneo and Heimbach, 2013]
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to the high latitudes. A research team led by Fiamma Straneo, a physical oceanographer at Woods Hole
Oceanographic Institution, found that subtropical waters are reaching Greenland's glaciers, driving melting
and likely triggering an acceleration of ice loss. Melting ice also means more fresh water in the ocean, which
could flood into the North Atlantic and disrupt a global system of currents, known as the Ocean Conveyor.

(Jack Cook, Woods Hole Oceanographic Institution)
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and show little mass loss (Petermann glacier in the northwest and out-
let glaciers of the Northeast Greenland Ice Stream) may become more 
vulnerable to oceanic forcing. Serious limitations of heat content esti-
mates (such as the one in Fig. 2)32,75 are their construction from sparse 
and uneven spatio-temporal sampling of the global ocean. Concerted 
efforts are required to establish and sustain a global ocean-observing 
framework that satisfies stringent climate-quality requirements83. 

GrIS mass loss and North Atlantic climate
Finally, we shift the focus from how Greenland responds to climate 
change to what potential impacts the mass loss has on the climate 
system. On decadal to centennial timescales the two main perceived 
effects are sea-level change — directly through oceanic mass increase 
and its spatio-temporal adjustment due to changes in ocean dynam-
ics84,85, and indirectly through glacial isostatic adjustment (Box 1) 
effects86 — and the impact of surface freshening on the AMOC, its 
associated meridional heat transport and effects on climate87–90. 

Very large conceptual discrepancies remain between impact studies 
of North Atlantic freshening in terms of magnitudes of freshwater 
fluxes considered (between 0.01 and 1 Sv), input locations (coastally 
confined compared with spread out over the interior) and model 
resolutions considered. Simulations with eddy-permitting models 
(spatial resolutions of 10 to 25 km) show very different response pat-
terns compared with those realized by current generation climate 
models (about 100 km). However, none of these studies resolve the 
first baroclinic Rossby radius of deformation (about 7 km), casting 
doubts as to whether exchange processes between the boundary cur-
rents and the interior (in particular through mesoscale eddies) are 
correctly represented91. The amount of freshening that reaches the 
interior convection sites (together with gradual transformation of 
Atlantic water masses in the boundary currents) may determine the 
degree to which the North Atlantic circulation responds, its impact 
on the atmospheric circulation and potential climate shifts over the 
continents.

Discussions regarding sea-level implications are already available92, 
and so our focus is on mass loss projections. The absence of avail-
able coupled climate–ice-sheet models that are able to resolve outlet 
glacier flow, include accurate ice-flow dynamics and ice physics (in 
terms of glacial hydrology, calving models, ice–ocean coupling and 
moving ice–ocean interface), has led to attempts to provide Green-
land mass loss estimates, either through consideration of upper 
bounds on physically feasible ice flow13,93, or lower bounds from 
observed present-day perturbations94, or forced simulations with 
current-generation ice-sheet models of varying complexity95–97. The 
range from 0.01 m to 0.54 m of eustatic sea-level rise until 2100 from 
Greenland ice dynamics reflects the current uncertainties in these 
projections. It is important to remember that regional sea level is the 
variable of more direct societal relevance for coastal communities, 
and which may exceed the global mean considered here by a fac-
tor of five91. A serious limitation to the verification, validation and 
calibration of ice-sheet simulations is the near-absence of crucial 
measurements of conditions in the interior and at the bed. Ice-sheet 
modelling, therefore, represents a grand challenge computational 
inverse problem.

An inter-generational scientific challenge
Reducing the uncertainty in projected contributions to sea-level rise 
from Greenland ice dynamics, as well as ascertaining the reliability 
of estimated upper bounds requires detailed cross-disciplinary pro-
cess understanding and vastly improved simulation capabilities in all 
of the aspects discussed in this Review. Such understanding can only 
come through much expanded, internationally coordinated observa-
tional assets, both at the small-scale process level, and of large-scale 
circulation changes. It involves the design and deployment of new 
instruments on the ground, at sea and in space; the maintenance of 
crucial in-situ and satellite observing systems; and the collection of 

geological records to allow the reconstruction of palaeo-ice-stream 
evolution through the Holocene. These should be accompanied by 
rigorous approaches to synthesize the heterogeneous data streams 
into a coherent dynamic framework98. Sustaining such observations 
over sufficiently long periods to provide records of useful quality 
for climate research99 is a serious inter-generational challenge100. ■
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Figure 5 | Submarine melting. Warming subsurface ocean waters and 
increased glacier surface melt resulted in increased submarine melting and, 
potentially, a weakened ice mélange at the marine margins of Greenland’s 
outlet glaciers. a, Pre-retreat conditions include relatively cold waters, limited 
subglacial discharge and a thick ice mélange. b, Retreat conditions include 
warm fjord waters, increased subglacial discharge and weakened mélange.
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Figure: Submarine melt in Greenland’s glacial
fjords [Straneo and Heimbach, 2013]
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and show little mass loss (Petermann glacier in the northwest and out-
let glaciers of the Northeast Greenland Ice Stream) may become more 
vulnerable to oceanic forcing. Serious limitations of heat content esti-
mates (such as the one in Fig. 2)32,75 are their construction from sparse 
and uneven spatio-temporal sampling of the global ocean. Concerted 
efforts are required to establish and sustain a global ocean-observing 
framework that satisfies stringent climate-quality requirements83. 

GrIS mass loss and North Atlantic climate
Finally, we shift the focus from how Greenland responds to climate 
change to what potential impacts the mass loss has on the climate 
system. On decadal to centennial timescales the two main perceived 
effects are sea-level change — directly through oceanic mass increase 
and its spatio-temporal adjustment due to changes in ocean dynam-
ics84,85, and indirectly through glacial isostatic adjustment (Box 1) 
effects86 — and the impact of surface freshening on the AMOC, its 
associated meridional heat transport and effects on climate87–90. 

Very large conceptual discrepancies remain between impact studies 
of North Atlantic freshening in terms of magnitudes of freshwater 
fluxes considered (between 0.01 and 1 Sv), input locations (coastally 
confined compared with spread out over the interior) and model 
resolutions considered. Simulations with eddy-permitting models 
(spatial resolutions of 10 to 25 km) show very different response pat-
terns compared with those realized by current generation climate 
models (about 100 km). However, none of these studies resolve the 
first baroclinic Rossby radius of deformation (about 7 km), casting 
doubts as to whether exchange processes between the boundary cur-
rents and the interior (in particular through mesoscale eddies) are 
correctly represented91. The amount of freshening that reaches the 
interior convection sites (together with gradual transformation of 
Atlantic water masses in the boundary currents) may determine the 
degree to which the North Atlantic circulation responds, its impact 
on the atmospheric circulation and potential climate shifts over the 
continents.

Discussions regarding sea-level implications are already available92, 
and so our focus is on mass loss projections. The absence of avail-
able coupled climate–ice-sheet models that are able to resolve outlet 
glacier flow, include accurate ice-flow dynamics and ice physics (in 
terms of glacial hydrology, calving models, ice–ocean coupling and 
moving ice–ocean interface), has led to attempts to provide Green-
land mass loss estimates, either through consideration of upper 
bounds on physically feasible ice flow13,93, or lower bounds from 
observed present-day perturbations94, or forced simulations with 
current-generation ice-sheet models of varying complexity95–97. The 
range from 0.01 m to 0.54 m of eustatic sea-level rise until 2100 from 
Greenland ice dynamics reflects the current uncertainties in these 
projections. It is important to remember that regional sea level is the 
variable of more direct societal relevance for coastal communities, 
and which may exceed the global mean considered here by a fac-
tor of five91. A serious limitation to the verification, validation and 
calibration of ice-sheet simulations is the near-absence of crucial 
measurements of conditions in the interior and at the bed. Ice-sheet 
modelling, therefore, represents a grand challenge computational 
inverse problem.

An inter-generational scientific challenge
Reducing the uncertainty in projected contributions to sea-level rise 
from Greenland ice dynamics, as well as ascertaining the reliability 
of estimated upper bounds requires detailed cross-disciplinary pro-
cess understanding and vastly improved simulation capabilities in all 
of the aspects discussed in this Review. Such understanding can only 
come through much expanded, internationally coordinated observa-
tional assets, both at the small-scale process level, and of large-scale 
circulation changes. It involves the design and deployment of new 
instruments on the ground, at sea and in space; the maintenance of 
crucial in-situ and satellite observing systems; and the collection of 

geological records to allow the reconstruction of palaeo-ice-stream 
evolution through the Holocene. These should be accompanied by 
rigorous approaches to synthesize the heterogeneous data streams 
into a coherent dynamic framework98. Sustaining such observations 
over sufficiently long periods to provide records of useful quality 
for climate research99 is a serious inter-generational challenge100. ■
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Figure 5 | Submarine melting. Warming subsurface ocean waters and 
increased glacier surface melt resulted in increased submarine melting and, 
potentially, a weakened ice mélange at the marine margins of Greenland’s 
outlet glaciers. a, Pre-retreat conditions include relatively cold waters, limited 
subglacial discharge and a thick ice mélange. b, Retreat conditions include 
warm fjord waters, increased subglacial discharge and weakened mélange.
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2 To explore UQ in oceanographic inverse problems for simplified
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and show little mass loss (Petermann glacier in the northwest and out-
let glaciers of the Northeast Greenland Ice Stream) may become more 
vulnerable to oceanic forcing. Serious limitations of heat content esti-
mates (such as the one in Fig. 2)32,75 are their construction from sparse 
and uneven spatio-temporal sampling of the global ocean. Concerted 
efforts are required to establish and sustain a global ocean-observing 
framework that satisfies stringent climate-quality requirements83. 

GrIS mass loss and North Atlantic climate
Finally, we shift the focus from how Greenland responds to climate 
change to what potential impacts the mass loss has on the climate 
system. On decadal to centennial timescales the two main perceived 
effects are sea-level change — directly through oceanic mass increase 
and its spatio-temporal adjustment due to changes in ocean dynam-
ics84,85, and indirectly through glacial isostatic adjustment (Box 1) 
effects86 — and the impact of surface freshening on the AMOC, its 
associated meridional heat transport and effects on climate87–90. 

Very large conceptual discrepancies remain between impact studies 
of North Atlantic freshening in terms of magnitudes of freshwater 
fluxes considered (between 0.01 and 1 Sv), input locations (coastally 
confined compared with spread out over the interior) and model 
resolutions considered. Simulations with eddy-permitting models 
(spatial resolutions of 10 to 25 km) show very different response pat-
terns compared with those realized by current generation climate 
models (about 100 km). However, none of these studies resolve the 
first baroclinic Rossby radius of deformation (about 7 km), casting 
doubts as to whether exchange processes between the boundary cur-
rents and the interior (in particular through mesoscale eddies) are 
correctly represented91. The amount of freshening that reaches the 
interior convection sites (together with gradual transformation of 
Atlantic water masses in the boundary currents) may determine the 
degree to which the North Atlantic circulation responds, its impact 
on the atmospheric circulation and potential climate shifts over the 
continents.

Discussions regarding sea-level implications are already available92, 
and so our focus is on mass loss projections. The absence of avail-
able coupled climate–ice-sheet models that are able to resolve outlet 
glacier flow, include accurate ice-flow dynamics and ice physics (in 
terms of glacial hydrology, calving models, ice–ocean coupling and 
moving ice–ocean interface), has led to attempts to provide Green-
land mass loss estimates, either through consideration of upper 
bounds on physically feasible ice flow13,93, or lower bounds from 
observed present-day perturbations94, or forced simulations with 
current-generation ice-sheet models of varying complexity95–97. The 
range from 0.01 m to 0.54 m of eustatic sea-level rise until 2100 from 
Greenland ice dynamics reflects the current uncertainties in these 
projections. It is important to remember that regional sea level is the 
variable of more direct societal relevance for coastal communities, 
and which may exceed the global mean considered here by a fac-
tor of five91. A serious limitation to the verification, validation and 
calibration of ice-sheet simulations is the near-absence of crucial 
measurements of conditions in the interior and at the bed. Ice-sheet 
modelling, therefore, represents a grand challenge computational 
inverse problem.

An inter-generational scientific challenge
Reducing the uncertainty in projected contributions to sea-level rise 
from Greenland ice dynamics, as well as ascertaining the reliability 
of estimated upper bounds requires detailed cross-disciplinary pro-
cess understanding and vastly improved simulation capabilities in all 
of the aspects discussed in this Review. Such understanding can only 
come through much expanded, internationally coordinated observa-
tional assets, both at the small-scale process level, and of large-scale 
circulation changes. It involves the design and deployment of new 
instruments on the ground, at sea and in space; the maintenance of 
crucial in-situ and satellite observing systems; and the collection of 

geological records to allow the reconstruction of palaeo-ice-stream 
evolution through the Holocene. These should be accompanied by 
rigorous approaches to synthesize the heterogeneous data streams 
into a coherent dynamic framework98. Sustaining such observations 
over sufficiently long periods to provide records of useful quality 
for climate research99 is a serious inter-generational challenge100. ■
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Figure 5 | Submarine melting. Warming subsurface ocean waters and 
increased glacier surface melt resulted in increased submarine melting and, 
potentially, a weakened ice mélange at the marine margins of Greenland’s 
outlet glaciers. a, Pre-retreat conditions include relatively cold waters, limited 
subglacial discharge and a thick ice mélange. b, Retreat conditions include 
warm fjord waters, increased subglacial discharge and weakened mélange.
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and show little mass loss (Petermann glacier in the northwest and out-
let glaciers of the Northeast Greenland Ice Stream) may become more 
vulnerable to oceanic forcing. Serious limitations of heat content esti-
mates (such as the one in Fig. 2)32,75 are their construction from sparse 
and uneven spatio-temporal sampling of the global ocean. Concerted 
efforts are required to establish and sustain a global ocean-observing 
framework that satisfies stringent climate-quality requirements83. 

GrIS mass loss and North Atlantic climate
Finally, we shift the focus from how Greenland responds to climate 
change to what potential impacts the mass loss has on the climate 
system. On decadal to centennial timescales the two main perceived 
effects are sea-level change — directly through oceanic mass increase 
and its spatio-temporal adjustment due to changes in ocean dynam-
ics84,85, and indirectly through glacial isostatic adjustment (Box 1) 
effects86 — and the impact of surface freshening on the AMOC, its 
associated meridional heat transport and effects on climate87–90. 

Very large conceptual discrepancies remain between impact studies 
of North Atlantic freshening in terms of magnitudes of freshwater 
fluxes considered (between 0.01 and 1 Sv), input locations (coastally 
confined compared with spread out over the interior) and model 
resolutions considered. Simulations with eddy-permitting models 
(spatial resolutions of 10 to 25 km) show very different response pat-
terns compared with those realized by current generation climate 
models (about 100 km). However, none of these studies resolve the 
first baroclinic Rossby radius of deformation (about 7 km), casting 
doubts as to whether exchange processes between the boundary cur-
rents and the interior (in particular through mesoscale eddies) are 
correctly represented91. The amount of freshening that reaches the 
interior convection sites (together with gradual transformation of 
Atlantic water masses in the boundary currents) may determine the 
degree to which the North Atlantic circulation responds, its impact 
on the atmospheric circulation and potential climate shifts over the 
continents.

Discussions regarding sea-level implications are already available92, 
and so our focus is on mass loss projections. The absence of avail-
able coupled climate–ice-sheet models that are able to resolve outlet 
glacier flow, include accurate ice-flow dynamics and ice physics (in 
terms of glacial hydrology, calving models, ice–ocean coupling and 
moving ice–ocean interface), has led to attempts to provide Green-
land mass loss estimates, either through consideration of upper 
bounds on physically feasible ice flow13,93, or lower bounds from 
observed present-day perturbations94, or forced simulations with 
current-generation ice-sheet models of varying complexity95–97. The 
range from 0.01 m to 0.54 m of eustatic sea-level rise until 2100 from 
Greenland ice dynamics reflects the current uncertainties in these 
projections. It is important to remember that regional sea level is the 
variable of more direct societal relevance for coastal communities, 
and which may exceed the global mean considered here by a fac-
tor of five91. A serious limitation to the verification, validation and 
calibration of ice-sheet simulations is the near-absence of crucial 
measurements of conditions in the interior and at the bed. Ice-sheet 
modelling, therefore, represents a grand challenge computational 
inverse problem.

An inter-generational scientific challenge
Reducing the uncertainty in projected contributions to sea-level rise 
from Greenland ice dynamics, as well as ascertaining the reliability 
of estimated upper bounds requires detailed cross-disciplinary pro-
cess understanding and vastly improved simulation capabilities in all 
of the aspects discussed in this Review. Such understanding can only 
come through much expanded, internationally coordinated observa-
tional assets, both at the small-scale process level, and of large-scale 
circulation changes. It involves the design and deployment of new 
instruments on the ground, at sea and in space; the maintenance of 
crucial in-situ and satellite observing systems; and the collection of 

geological records to allow the reconstruction of palaeo-ice-stream 
evolution through the Holocene. These should be accompanied by 
rigorous approaches to synthesize the heterogeneous data streams 
into a coherent dynamic framework98. Sustaining such observations 
over sufficiently long periods to provide records of useful quality 
for climate research99 is a serious inter-generational challenge100. ■
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Figure 5 | Submarine melting. Warming subsurface ocean waters and 
increased glacier surface melt resulted in increased submarine melting and, 
potentially, a weakened ice mélange at the marine margins of Greenland’s 
outlet glaciers. a, Pre-retreat conditions include relatively cold waters, limited 
subglacial discharge and a thick ice mélange. b, Retreat conditions include 
warm fjord waters, increased subglacial discharge and weakened mélange.
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and show little mass loss (Petermann glacier in the northwest and out-
let glaciers of the Northeast Greenland Ice Stream) may become more 
vulnerable to oceanic forcing. Serious limitations of heat content esti-
mates (such as the one in Fig. 2)32,75 are their construction from sparse 
and uneven spatio-temporal sampling of the global ocean. Concerted 
efforts are required to establish and sustain a global ocean-observing 
framework that satisfies stringent climate-quality requirements83. 

GrIS mass loss and North Atlantic climate
Finally, we shift the focus from how Greenland responds to climate 
change to what potential impacts the mass loss has on the climate 
system. On decadal to centennial timescales the two main perceived 
effects are sea-level change — directly through oceanic mass increase 
and its spatio-temporal adjustment due to changes in ocean dynam-
ics84,85, and indirectly through glacial isostatic adjustment (Box 1) 
effects86 — and the impact of surface freshening on the AMOC, its 
associated meridional heat transport and effects on climate87–90. 

Very large conceptual discrepancies remain between impact studies 
of North Atlantic freshening in terms of magnitudes of freshwater 
fluxes considered (between 0.01 and 1 Sv), input locations (coastally 
confined compared with spread out over the interior) and model 
resolutions considered. Simulations with eddy-permitting models 
(spatial resolutions of 10 to 25 km) show very different response pat-
terns compared with those realized by current generation climate 
models (about 100 km). However, none of these studies resolve the 
first baroclinic Rossby radius of deformation (about 7 km), casting 
doubts as to whether exchange processes between the boundary cur-
rents and the interior (in particular through mesoscale eddies) are 
correctly represented91. The amount of freshening that reaches the 
interior convection sites (together with gradual transformation of 
Atlantic water masses in the boundary currents) may determine the 
degree to which the North Atlantic circulation responds, its impact 
on the atmospheric circulation and potential climate shifts over the 
continents.

Discussions regarding sea-level implications are already available92, 
and so our focus is on mass loss projections. The absence of avail-
able coupled climate–ice-sheet models that are able to resolve outlet 
glacier flow, include accurate ice-flow dynamics and ice physics (in 
terms of glacial hydrology, calving models, ice–ocean coupling and 
moving ice–ocean interface), has led to attempts to provide Green-
land mass loss estimates, either through consideration of upper 
bounds on physically feasible ice flow13,93, or lower bounds from 
observed present-day perturbations94, or forced simulations with 
current-generation ice-sheet models of varying complexity95–97. The 
range from 0.01 m to 0.54 m of eustatic sea-level rise until 2100 from 
Greenland ice dynamics reflects the current uncertainties in these 
projections. It is important to remember that regional sea level is the 
variable of more direct societal relevance for coastal communities, 
and which may exceed the global mean considered here by a fac-
tor of five91. A serious limitation to the verification, validation and 
calibration of ice-sheet simulations is the near-absence of crucial 
measurements of conditions in the interior and at the bed. Ice-sheet 
modelling, therefore, represents a grand challenge computational 
inverse problem.

An inter-generational scientific challenge
Reducing the uncertainty in projected contributions to sea-level rise 
from Greenland ice dynamics, as well as ascertaining the reliability 
of estimated upper bounds requires detailed cross-disciplinary pro-
cess understanding and vastly improved simulation capabilities in all 
of the aspects discussed in this Review. Such understanding can only 
come through much expanded, internationally coordinated observa-
tional assets, both at the small-scale process level, and of large-scale 
circulation changes. It involves the design and deployment of new 
instruments on the ground, at sea and in space; the maintenance of 
crucial in-situ and satellite observing systems; and the collection of 

geological records to allow the reconstruction of palaeo-ice-stream 
evolution through the Holocene. These should be accompanied by 
rigorous approaches to synthesize the heterogeneous data streams 
into a coherent dynamic framework98. Sustaining such observations 
over sufficiently long periods to provide records of useful quality 
for climate research99 is a serious inter-generational challenge100. ■
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Figure 5 | Submarine melting. Warming subsurface ocean waters and 
increased glacier surface melt resulted in increased submarine melting and, 
potentially, a weakened ice mélange at the marine margins of Greenland’s 
outlet glaciers. a, Pre-retreat conditions include relatively cold waters, limited 
subglacial discharge and a thick ice mélange. b, Retreat conditions include 
warm fjord waters, increased subglacial discharge and weakened mélange.

5  D E C E M B E R  2 0 1 3  |  V O L  5 0 4  |  N A T U R E  |  4 1

REVIEW INSIGHT

© 2013 Macmillan Publishers Limited. All rights reserved

Objectives:
1 To highlight the link between UQ and physical oceanography

2 To explore UQ in oceanographic inverse problems for simplified
observing systems

Nora Loose (University of Bergen) UQ for Observing System Design July 3, 2018 4 / 9



Framework and Objectives

Inverse Modeling Framework (4D-Var): ECCO-V4 [Forget et al., 2015]

MITgcm at ∼ 1◦ × 1◦ horizontal resolution, 50 vertical layers
solves for uncertain initial conditions, time-evolving boundary
conditions, parameters

Final Goal: To use Uncertainty Quantification (UQ) in Oceanographic
Inverse Problems to assess observation impact on QoIs

osnap_array_schematic_20160401.jpg (JPEG-bilde, 4111 × 21... http://www.o-snap.org/wp-content/uploads/2013/12/osnap_arr...

1 av 1 28.02.18, 22.45

xmin

?

and show little mass loss (Petermann glacier in the northwest and out-
let glaciers of the Northeast Greenland Ice Stream) may become more 
vulnerable to oceanic forcing. Serious limitations of heat content esti-
mates (such as the one in Fig. 2)32,75 are their construction from sparse 
and uneven spatio-temporal sampling of the global ocean. Concerted 
efforts are required to establish and sustain a global ocean-observing 
framework that satisfies stringent climate-quality requirements83. 

GrIS mass loss and North Atlantic climate
Finally, we shift the focus from how Greenland responds to climate 
change to what potential impacts the mass loss has on the climate 
system. On decadal to centennial timescales the two main perceived 
effects are sea-level change — directly through oceanic mass increase 
and its spatio-temporal adjustment due to changes in ocean dynam-
ics84,85, and indirectly through glacial isostatic adjustment (Box 1) 
effects86 — and the impact of surface freshening on the AMOC, its 
associated meridional heat transport and effects on climate87–90. 

Very large conceptual discrepancies remain between impact studies 
of North Atlantic freshening in terms of magnitudes of freshwater 
fluxes considered (between 0.01 and 1 Sv), input locations (coastally 
confined compared with spread out over the interior) and model 
resolutions considered. Simulations with eddy-permitting models 
(spatial resolutions of 10 to 25 km) show very different response pat-
terns compared with those realized by current generation climate 
models (about 100 km). However, none of these studies resolve the 
first baroclinic Rossby radius of deformation (about 7 km), casting 
doubts as to whether exchange processes between the boundary cur-
rents and the interior (in particular through mesoscale eddies) are 
correctly represented91. The amount of freshening that reaches the 
interior convection sites (together with gradual transformation of 
Atlantic water masses in the boundary currents) may determine the 
degree to which the North Atlantic circulation responds, its impact 
on the atmospheric circulation and potential climate shifts over the 
continents.

Discussions regarding sea-level implications are already available92, 
and so our focus is on mass loss projections. The absence of avail-
able coupled climate–ice-sheet models that are able to resolve outlet 
glacier flow, include accurate ice-flow dynamics and ice physics (in 
terms of glacial hydrology, calving models, ice–ocean coupling and 
moving ice–ocean interface), has led to attempts to provide Green-
land mass loss estimates, either through consideration of upper 
bounds on physically feasible ice flow13,93, or lower bounds from 
observed present-day perturbations94, or forced simulations with 
current-generation ice-sheet models of varying complexity95–97. The 
range from 0.01 m to 0.54 m of eustatic sea-level rise until 2100 from 
Greenland ice dynamics reflects the current uncertainties in these 
projections. It is important to remember that regional sea level is the 
variable of more direct societal relevance for coastal communities, 
and which may exceed the global mean considered here by a fac-
tor of five91. A serious limitation to the verification, validation and 
calibration of ice-sheet simulations is the near-absence of crucial 
measurements of conditions in the interior and at the bed. Ice-sheet 
modelling, therefore, represents a grand challenge computational 
inverse problem.

An inter-generational scientific challenge
Reducing the uncertainty in projected contributions to sea-level rise 
from Greenland ice dynamics, as well as ascertaining the reliability 
of estimated upper bounds requires detailed cross-disciplinary pro-
cess understanding and vastly improved simulation capabilities in all 
of the aspects discussed in this Review. Such understanding can only 
come through much expanded, internationally coordinated observa-
tional assets, both at the small-scale process level, and of large-scale 
circulation changes. It involves the design and deployment of new 
instruments on the ground, at sea and in space; the maintenance of 
crucial in-situ and satellite observing systems; and the collection of 

geological records to allow the reconstruction of palaeo-ice-stream 
evolution through the Holocene. These should be accompanied by 
rigorous approaches to synthesize the heterogeneous data streams 
into a coherent dynamic framework98. Sustaining such observations 
over sufficiently long periods to provide records of useful quality 
for climate research99 is a serious inter-generational challenge100. ■
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Figure 5 | Submarine melting. Warming subsurface ocean waters and 
increased glacier surface melt resulted in increased submarine melting and, 
potentially, a weakened ice mélange at the marine margins of Greenland’s 
outlet glaciers. a, Pre-retreat conditions include relatively cold waters, limited 
subglacial discharge and a thick ice mélange. b, Retreat conditions include 
warm fjord waters, increased subglacial discharge and weakened mélange.
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Uncertainty Quantification in Inverse Problems
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Projection 〈B1/2 ∂QoI
∂x ,v1〉

and show little mass loss (Petermann glacier in the northwest and out-
let glaciers of the Northeast Greenland Ice Stream) may become more 
vulnerable to oceanic forcing. Serious limitations of heat content esti-
mates (such as the one in Fig. 2)32,75 are their construction from sparse 
and uneven spatio-temporal sampling of the global ocean. Concerted 
efforts are required to establish and sustain a global ocean-observing 
framework that satisfies stringent climate-quality requirements83. 

GrIS mass loss and North Atlantic climate
Finally, we shift the focus from how Greenland responds to climate 
change to what potential impacts the mass loss has on the climate 
system. On decadal to centennial timescales the two main perceived 
effects are sea-level change — directly through oceanic mass increase 
and its spatio-temporal adjustment due to changes in ocean dynam-
ics84,85, and indirectly through glacial isostatic adjustment (Box 1) 
effects86 — and the impact of surface freshening on the AMOC, its 
associated meridional heat transport and effects on climate87–90. 

Very large conceptual discrepancies remain between impact studies 
of North Atlantic freshening in terms of magnitudes of freshwater 
fluxes considered (between 0.01 and 1 Sv), input locations (coastally 
confined compared with spread out over the interior) and model 
resolutions considered. Simulations with eddy-permitting models 
(spatial resolutions of 10 to 25 km) show very different response pat-
terns compared with those realized by current generation climate 
models (about 100 km). However, none of these studies resolve the 
first baroclinic Rossby radius of deformation (about 7 km), casting 
doubts as to whether exchange processes between the boundary cur-
rents and the interior (in particular through mesoscale eddies) are 
correctly represented91. The amount of freshening that reaches the 
interior convection sites (together with gradual transformation of 
Atlantic water masses in the boundary currents) may determine the 
degree to which the North Atlantic circulation responds, its impact 
on the atmospheric circulation and potential climate shifts over the 
continents.

Discussions regarding sea-level implications are already available92, 
and so our focus is on mass loss projections. The absence of avail-
able coupled climate–ice-sheet models that are able to resolve outlet 
glacier flow, include accurate ice-flow dynamics and ice physics (in 
terms of glacial hydrology, calving models, ice–ocean coupling and 
moving ice–ocean interface), has led to attempts to provide Green-
land mass loss estimates, either through consideration of upper 
bounds on physically feasible ice flow13,93, or lower bounds from 
observed present-day perturbations94, or forced simulations with 
current-generation ice-sheet models of varying complexity95–97. The 
range from 0.01 m to 0.54 m of eustatic sea-level rise until 2100 from 
Greenland ice dynamics reflects the current uncertainties in these 
projections. It is important to remember that regional sea level is the 
variable of more direct societal relevance for coastal communities, 
and which may exceed the global mean considered here by a fac-
tor of five91. A serious limitation to the verification, validation and 
calibration of ice-sheet simulations is the near-absence of crucial 
measurements of conditions in the interior and at the bed. Ice-sheet 
modelling, therefore, represents a grand challenge computational 
inverse problem.

An inter-generational scientific challenge
Reducing the uncertainty in projected contributions to sea-level rise 
from Greenland ice dynamics, as well as ascertaining the reliability 
of estimated upper bounds requires detailed cross-disciplinary pro-
cess understanding and vastly improved simulation capabilities in all 
of the aspects discussed in this Review. Such understanding can only 
come through much expanded, internationally coordinated observa-
tional assets, both at the small-scale process level, and of large-scale 
circulation changes. It involves the design and deployment of new 
instruments on the ground, at sea and in space; the maintenance of 
crucial in-situ and satellite observing systems; and the collection of 

geological records to allow the reconstruction of palaeo-ice-stream 
evolution through the Holocene. These should be accompanied by 
rigorous approaches to synthesize the heterogeneous data streams 
into a coherent dynamic framework98. Sustaining such observations 
over sufficiently long periods to provide records of useful quality 
for climate research99 is a serious inter-generational challenge100. ■
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Figure 5 | Submarine melting. Warming subsurface ocean waters and 
increased glacier surface melt resulted in increased submarine melting and, 
potentially, a weakened ice mélange at the marine margins of Greenland’s 
outlet glaciers. a, Pre-retreat conditions include relatively cold waters, limited 
subglacial discharge and a thick ice mélange. b, Retreat conditions include 
warm fjord waters, increased subglacial discharge and weakened mélange.
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increased glacier surface melt resulted in increased submarine melting and, 
potentially, a weakened ice mélange at the marine margins of Greenland’s 
outlet glaciers. a, Pre-retreat conditions include relatively cold waters, limited 
subglacial discharge and a thick ice mélange. b, Retreat conditions include 
warm fjord waters, increased subglacial discharge and weakened mélange.
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and show little mass loss (Petermann glacier in the northwest and out-
let glaciers of the Northeast Greenland Ice Stream) may become more 
vulnerable to oceanic forcing. Serious limitations of heat content esti-
mates (such as the one in Fig. 2)32,75 are their construction from sparse 
and uneven spatio-temporal sampling of the global ocean. Concerted 
efforts are required to establish and sustain a global ocean-observing 
framework that satisfies stringent climate-quality requirements83. 

GrIS mass loss and North Atlantic climate
Finally, we shift the focus from how Greenland responds to climate 
change to what potential impacts the mass loss has on the climate 
system. On decadal to centennial timescales the two main perceived 
effects are sea-level change — directly through oceanic mass increase 
and its spatio-temporal adjustment due to changes in ocean dynam-
ics84,85, and indirectly through glacial isostatic adjustment (Box 1) 
effects86 — and the impact of surface freshening on the AMOC, its 
associated meridional heat transport and effects on climate87–90. 

Very large conceptual discrepancies remain between impact studies 
of North Atlantic freshening in terms of magnitudes of freshwater 
fluxes considered (between 0.01 and 1 Sv), input locations (coastally 
confined compared with spread out over the interior) and model 
resolutions considered. Simulations with eddy-permitting models 
(spatial resolutions of 10 to 25 km) show very different response pat-
terns compared with those realized by current generation climate 
models (about 100 km). However, none of these studies resolve the 
first baroclinic Rossby radius of deformation (about 7 km), casting 
doubts as to whether exchange processes between the boundary cur-
rents and the interior (in particular through mesoscale eddies) are 
correctly represented91. The amount of freshening that reaches the 
interior convection sites (together with gradual transformation of 
Atlantic water masses in the boundary currents) may determine the 
degree to which the North Atlantic circulation responds, its impact 
on the atmospheric circulation and potential climate shifts over the 
continents.

Discussions regarding sea-level implications are already available92, 
and so our focus is on mass loss projections. The absence of avail-
able coupled climate–ice-sheet models that are able to resolve outlet 
glacier flow, include accurate ice-flow dynamics and ice physics (in 
terms of glacial hydrology, calving models, ice–ocean coupling and 
moving ice–ocean interface), has led to attempts to provide Green-
land mass loss estimates, either through consideration of upper 
bounds on physically feasible ice flow13,93, or lower bounds from 
observed present-day perturbations94, or forced simulations with 
current-generation ice-sheet models of varying complexity95–97. The 
range from 0.01 m to 0.54 m of eustatic sea-level rise until 2100 from 
Greenland ice dynamics reflects the current uncertainties in these 
projections. It is important to remember that regional sea level is the 
variable of more direct societal relevance for coastal communities, 
and which may exceed the global mean considered here by a fac-
tor of five91. A serious limitation to the verification, validation and 
calibration of ice-sheet simulations is the near-absence of crucial 
measurements of conditions in the interior and at the bed. Ice-sheet 
modelling, therefore, represents a grand challenge computational 
inverse problem.

An inter-generational scientific challenge
Reducing the uncertainty in projected contributions to sea-level rise 
from Greenland ice dynamics, as well as ascertaining the reliability 
of estimated upper bounds requires detailed cross-disciplinary pro-
cess understanding and vastly improved simulation capabilities in all 
of the aspects discussed in this Review. Such understanding can only 
come through much expanded, internationally coordinated observa-
tional assets, both at the small-scale process level, and of large-scale 
circulation changes. It involves the design and deployment of new 
instruments on the ground, at sea and in space; the maintenance of 
crucial in-situ and satellite observing systems; and the collection of 

geological records to allow the reconstruction of palaeo-ice-stream 
evolution through the Holocene. These should be accompanied by 
rigorous approaches to synthesize the heterogeneous data streams 
into a coherent dynamic framework98. Sustaining such observations 
over sufficiently long periods to provide records of useful quality 
for climate research99 is a serious inter-generational challenge100. ■
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Figure 5 | Submarine melting. Warming subsurface ocean waters and 
increased glacier surface melt resulted in increased submarine melting and, 
potentially, a weakened ice mélange at the marine margins of Greenland’s 
outlet glaciers. a, Pre-retreat conditions include relatively cold waters, limited 
subglacial discharge and a thick ice mélange. b, Retreat conditions include 
warm fjord waters, increased subglacial discharge and weakened mélange.
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Greenland ice dynamics reflects the current uncertainties in these 
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variable of more direct societal relevance for coastal communities, 
and which may exceed the global mean considered here by a fac-
tor of five91. A serious limitation to the verification, validation and 
calibration of ice-sheet simulations is the near-absence of crucial 
measurements of conditions in the interior and at the bed. Ice-sheet 
modelling, therefore, represents a grand challenge computational 
inverse problem.

An inter-generational scientific challenge
Reducing the uncertainty in projected contributions to sea-level rise 
from Greenland ice dynamics, as well as ascertaining the reliability 
of estimated upper bounds requires detailed cross-disciplinary pro-
cess understanding and vastly improved simulation capabilities in all 
of the aspects discussed in this Review. Such understanding can only 
come through much expanded, internationally coordinated observa-
tional assets, both at the small-scale process level, and of large-scale 
circulation changes. It involves the design and deployment of new 
instruments on the ground, at sea and in space; the maintenance of 
crucial in-situ and satellite observing systems; and the collection of 

geological records to allow the reconstruction of palaeo-ice-stream 
evolution through the Holocene. These should be accompanied by 
rigorous approaches to synthesize the heterogeneous data streams 
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Figure 5 | Submarine melting. Warming subsurface ocean waters and 
increased glacier surface melt resulted in increased submarine melting and, 
potentially, a weakened ice mélange at the marine margins of Greenland’s 
outlet glaciers. a, Pre-retreat conditions include relatively cold waters, limited 
subglacial discharge and a thick ice mélange. b, Retreat conditions include 
warm fjord waters, increased subglacial discharge and weakened mélange.
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and show little mass loss (Petermann glacier in the northwest and out-
let glaciers of the Northeast Greenland Ice Stream) may become more 
vulnerable to oceanic forcing. Serious limitations of heat content esti-
mates (such as the one in Fig. 2)32,75 are their construction from sparse 
and uneven spatio-temporal sampling of the global ocean. Concerted 
efforts are required to establish and sustain a global ocean-observing 
framework that satisfies stringent climate-quality requirements83. 

GrIS mass loss and North Atlantic climate
Finally, we shift the focus from how Greenland responds to climate 
change to what potential impacts the mass loss has on the climate 
system. On decadal to centennial timescales the two main perceived 
effects are sea-level change — directly through oceanic mass increase 
and its spatio-temporal adjustment due to changes in ocean dynam-
ics84,85, and indirectly through glacial isostatic adjustment (Box 1) 
effects86 — and the impact of surface freshening on the AMOC, its 
associated meridional heat transport and effects on climate87–90. 

Very large conceptual discrepancies remain between impact studies 
of North Atlantic freshening in terms of magnitudes of freshwater 
fluxes considered (between 0.01 and 1 Sv), input locations (coastally 
confined compared with spread out over the interior) and model 
resolutions considered. Simulations with eddy-permitting models 
(spatial resolutions of 10 to 25 km) show very different response pat-
terns compared with those realized by current generation climate 
models (about 100 km). However, none of these studies resolve the 
first baroclinic Rossby radius of deformation (about 7 km), casting 
doubts as to whether exchange processes between the boundary cur-
rents and the interior (in particular through mesoscale eddies) are 
correctly represented91. The amount of freshening that reaches the 
interior convection sites (together with gradual transformation of 
Atlantic water masses in the boundary currents) may determine the 
degree to which the North Atlantic circulation responds, its impact 
on the atmospheric circulation and potential climate shifts over the 
continents.

Discussions regarding sea-level implications are already available92, 
and so our focus is on mass loss projections. The absence of avail-
able coupled climate–ice-sheet models that are able to resolve outlet 
glacier flow, include accurate ice-flow dynamics and ice physics (in 
terms of glacial hydrology, calving models, ice–ocean coupling and 
moving ice–ocean interface), has led to attempts to provide Green-
land mass loss estimates, either through consideration of upper 
bounds on physically feasible ice flow13,93, or lower bounds from 
observed present-day perturbations94, or forced simulations with 
current-generation ice-sheet models of varying complexity95–97. The 
range from 0.01 m to 0.54 m of eustatic sea-level rise until 2100 from 
Greenland ice dynamics reflects the current uncertainties in these 
projections. It is important to remember that regional sea level is the 
variable of more direct societal relevance for coastal communities, 
and which may exceed the global mean considered here by a fac-
tor of five91. A serious limitation to the verification, validation and 
calibration of ice-sheet simulations is the near-absence of crucial 
measurements of conditions in the interior and at the bed. Ice-sheet 
modelling, therefore, represents a grand challenge computational 
inverse problem.

An inter-generational scientific challenge
Reducing the uncertainty in projected contributions to sea-level rise 
from Greenland ice dynamics, as well as ascertaining the reliability 
of estimated upper bounds requires detailed cross-disciplinary pro-
cess understanding and vastly improved simulation capabilities in all 
of the aspects discussed in this Review. Such understanding can only 
come through much expanded, internationally coordinated observa-
tional assets, both at the small-scale process level, and of large-scale 
circulation changes. It involves the design and deployment of new 
instruments on the ground, at sea and in space; the maintenance of 
crucial in-situ and satellite observing systems; and the collection of 

geological records to allow the reconstruction of palaeo-ice-stream 
evolution through the Holocene. These should be accompanied by 
rigorous approaches to synthesize the heterogeneous data streams 
into a coherent dynamic framework98. Sustaining such observations 
over sufficiently long periods to provide records of useful quality 
for climate research99 is a serious inter-generational challenge100. ■
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Figure 5 | Submarine melting. Warming subsurface ocean waters and 
increased glacier surface melt resulted in increased submarine melting and, 
potentially, a weakened ice mélange at the marine margins of Greenland’s 
outlet glaciers. a, Pre-retreat conditions include relatively cold waters, limited 
subglacial discharge and a thick ice mélange. b, Retreat conditions include 
warm fjord waters, increased subglacial discharge and weakened mélange.
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and show little mass loss (Petermann glacier in the northwest and out-
let glaciers of the Northeast Greenland Ice Stream) may become more 
vulnerable to oceanic forcing. Serious limitations of heat content esti-
mates (such as the one in Fig. 2)32,75 are their construction from sparse 
and uneven spatio-temporal sampling of the global ocean. Concerted 
efforts are required to establish and sustain a global ocean-observing 
framework that satisfies stringent climate-quality requirements83. 

GrIS mass loss and North Atlantic climate
Finally, we shift the focus from how Greenland responds to climate 
change to what potential impacts the mass loss has on the climate 
system. On decadal to centennial timescales the two main perceived 
effects are sea-level change — directly through oceanic mass increase 
and its spatio-temporal adjustment due to changes in ocean dynam-
ics84,85, and indirectly through glacial isostatic adjustment (Box 1) 
effects86 — and the impact of surface freshening on the AMOC, its 
associated meridional heat transport and effects on climate87–90. 

Very large conceptual discrepancies remain between impact studies 
of North Atlantic freshening in terms of magnitudes of freshwater 
fluxes considered (between 0.01 and 1 Sv), input locations (coastally 
confined compared with spread out over the interior) and model 
resolutions considered. Simulations with eddy-permitting models 
(spatial resolutions of 10 to 25 km) show very different response pat-
terns compared with those realized by current generation climate 
models (about 100 km). However, none of these studies resolve the 
first baroclinic Rossby radius of deformation (about 7 km), casting 
doubts as to whether exchange processes between the boundary cur-
rents and the interior (in particular through mesoscale eddies) are 
correctly represented91. The amount of freshening that reaches the 
interior convection sites (together with gradual transformation of 
Atlantic water masses in the boundary currents) may determine the 
degree to which the North Atlantic circulation responds, its impact 
on the atmospheric circulation and potential climate shifts over the 
continents.

Discussions regarding sea-level implications are already available92, 
and so our focus is on mass loss projections. The absence of avail-
able coupled climate–ice-sheet models that are able to resolve outlet 
glacier flow, include accurate ice-flow dynamics and ice physics (in 
terms of glacial hydrology, calving models, ice–ocean coupling and 
moving ice–ocean interface), has led to attempts to provide Green-
land mass loss estimates, either through consideration of upper 
bounds on physically feasible ice flow13,93, or lower bounds from 
observed present-day perturbations94, or forced simulations with 
current-generation ice-sheet models of varying complexity95–97. The 
range from 0.01 m to 0.54 m of eustatic sea-level rise until 2100 from 
Greenland ice dynamics reflects the current uncertainties in these 
projections. It is important to remember that regional sea level is the 
variable of more direct societal relevance for coastal communities, 
and which may exceed the global mean considered here by a fac-
tor of five91. A serious limitation to the verification, validation and 
calibration of ice-sheet simulations is the near-absence of crucial 
measurements of conditions in the interior and at the bed. Ice-sheet 
modelling, therefore, represents a grand challenge computational 
inverse problem.

An inter-generational scientific challenge
Reducing the uncertainty in projected contributions to sea-level rise 
from Greenland ice dynamics, as well as ascertaining the reliability 
of estimated upper bounds requires detailed cross-disciplinary pro-
cess understanding and vastly improved simulation capabilities in all 
of the aspects discussed in this Review. Such understanding can only 
come through much expanded, internationally coordinated observa-
tional assets, both at the small-scale process level, and of large-scale 
circulation changes. It involves the design and deployment of new 
instruments on the ground, at sea and in space; the maintenance of 
crucial in-situ and satellite observing systems; and the collection of 

geological records to allow the reconstruction of palaeo-ice-stream 
evolution through the Holocene. These should be accompanied by 
rigorous approaches to synthesize the heterogeneous data streams 
into a coherent dynamic framework98. Sustaining such observations 
over sufficiently long periods to provide records of useful quality 
for climate research99 is a serious inter-generational challenge100. ■
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Figure 5 | Submarine melting. Warming subsurface ocean waters and 
increased glacier surface melt resulted in increased submarine melting and, 
potentially, a weakened ice mélange at the marine margins of Greenland’s 
outlet glaciers. a, Pre-retreat conditions include relatively cold waters, limited 
subglacial discharge and a thick ice mélange. b, Retreat conditions include 
warm fjord waters, increased subglacial discharge and weakened mélange.
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and show little mass loss (Petermann glacier in the northwest and out-
let glaciers of the Northeast Greenland Ice Stream) may become more 
vulnerable to oceanic forcing. Serious limitations of heat content esti-
mates (such as the one in Fig. 2)32,75 are their construction from sparse 
and uneven spatio-temporal sampling of the global ocean. Concerted 
efforts are required to establish and sustain a global ocean-observing 
framework that satisfies stringent climate-quality requirements83. 

GrIS mass loss and North Atlantic climate
Finally, we shift the focus from how Greenland responds to climate 
change to what potential impacts the mass loss has on the climate 
system. On decadal to centennial timescales the two main perceived 
effects are sea-level change — directly through oceanic mass increase 
and its spatio-temporal adjustment due to changes in ocean dynam-
ics84,85, and indirectly through glacial isostatic adjustment (Box 1) 
effects86 — and the impact of surface freshening on the AMOC, its 
associated meridional heat transport and effects on climate87–90. 

Very large conceptual discrepancies remain between impact studies 
of North Atlantic freshening in terms of magnitudes of freshwater 
fluxes considered (between 0.01 and 1 Sv), input locations (coastally 
confined compared with spread out over the interior) and model 
resolutions considered. Simulations with eddy-permitting models 
(spatial resolutions of 10 to 25 km) show very different response pat-
terns compared with those realized by current generation climate 
models (about 100 km). However, none of these studies resolve the 
first baroclinic Rossby radius of deformation (about 7 km), casting 
doubts as to whether exchange processes between the boundary cur-
rents and the interior (in particular through mesoscale eddies) are 
correctly represented91. The amount of freshening that reaches the 
interior convection sites (together with gradual transformation of 
Atlantic water masses in the boundary currents) may determine the 
degree to which the North Atlantic circulation responds, its impact 
on the atmospheric circulation and potential climate shifts over the 
continents.

Discussions regarding sea-level implications are already available92, 
and so our focus is on mass loss projections. The absence of avail-
able coupled climate–ice-sheet models that are able to resolve outlet 
glacier flow, include accurate ice-flow dynamics and ice physics (in 
terms of glacial hydrology, calving models, ice–ocean coupling and 
moving ice–ocean interface), has led to attempts to provide Green-
land mass loss estimates, either through consideration of upper 
bounds on physically feasible ice flow13,93, or lower bounds from 
observed present-day perturbations94, or forced simulations with 
current-generation ice-sheet models of varying complexity95–97. The 
range from 0.01 m to 0.54 m of eustatic sea-level rise until 2100 from 
Greenland ice dynamics reflects the current uncertainties in these 
projections. It is important to remember that regional sea level is the 
variable of more direct societal relevance for coastal communities, 
and which may exceed the global mean considered here by a fac-
tor of five91. A serious limitation to the verification, validation and 
calibration of ice-sheet simulations is the near-absence of crucial 
measurements of conditions in the interior and at the bed. Ice-sheet 
modelling, therefore, represents a grand challenge computational 
inverse problem.

An inter-generational scientific challenge
Reducing the uncertainty in projected contributions to sea-level rise 
from Greenland ice dynamics, as well as ascertaining the reliability 
of estimated upper bounds requires detailed cross-disciplinary pro-
cess understanding and vastly improved simulation capabilities in all 
of the aspects discussed in this Review. Such understanding can only 
come through much expanded, internationally coordinated observa-
tional assets, both at the small-scale process level, and of large-scale 
circulation changes. It involves the design and deployment of new 
instruments on the ground, at sea and in space; the maintenance of 
crucial in-situ and satellite observing systems; and the collection of 

geological records to allow the reconstruction of palaeo-ice-stream 
evolution through the Holocene. These should be accompanied by 
rigorous approaches to synthesize the heterogeneous data streams 
into a coherent dynamic framework98. Sustaining such observations 
over sufficiently long periods to provide records of useful quality 
for climate research99 is a serious inter-generational challenge100. ■
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Figure 5 | Submarine melting. Warming subsurface ocean waters and 
increased glacier surface melt resulted in increased submarine melting and, 
potentially, a weakened ice mélange at the marine margins of Greenland’s 
outlet glaciers. a, Pre-retreat conditions include relatively cold waters, limited 
subglacial discharge and a thick ice mélange. b, Retreat conditions include 
warm fjord waters, increased subglacial discharge and weakened mélange.

5  D E C E M B E R  2 0 1 3  |  V O L  5 0 4  |  N A T U R E  |  4 1

REVIEW INSIGHT

© 2013 Macmillan Publishers Limited. All rights reserved

osnap_array_schematic_20160401.jpg (JPEG-bilde, 4111 × 21... http://www.o-snap.org/wp-content/uploads/2013/12/osnap_arr...

1 av 1 28.02.18, 22.45

B1/2 ∂subTHG
∂x

and show little mass loss (Petermann glacier in the northwest and out-
let glaciers of the Northeast Greenland Ice Stream) may become more 
vulnerable to oceanic forcing. Serious limitations of heat content esti-
mates (such as the one in Fig. 2)32,75 are their construction from sparse 
and uneven spatio-temporal sampling of the global ocean. Concerted 
efforts are required to establish and sustain a global ocean-observing 
framework that satisfies stringent climate-quality requirements83. 

GrIS mass loss and North Atlantic climate
Finally, we shift the focus from how Greenland responds to climate 
change to what potential impacts the mass loss has on the climate 
system. On decadal to centennial timescales the two main perceived 
effects are sea-level change — directly through oceanic mass increase 
and its spatio-temporal adjustment due to changes in ocean dynam-
ics84,85, and indirectly through glacial isostatic adjustment (Box 1) 
effects86 — and the impact of surface freshening on the AMOC, its 
associated meridional heat transport and effects on climate87–90. 

Very large conceptual discrepancies remain between impact studies 
of North Atlantic freshening in terms of magnitudes of freshwater 
fluxes considered (between 0.01 and 1 Sv), input locations (coastally 
confined compared with spread out over the interior) and model 
resolutions considered. Simulations with eddy-permitting models 
(spatial resolutions of 10 to 25 km) show very different response pat-
terns compared with those realized by current generation climate 
models (about 100 km). However, none of these studies resolve the 
first baroclinic Rossby radius of deformation (about 7 km), casting 
doubts as to whether exchange processes between the boundary cur-
rents and the interior (in particular through mesoscale eddies) are 
correctly represented91. The amount of freshening that reaches the 
interior convection sites (together with gradual transformation of 
Atlantic water masses in the boundary currents) may determine the 
degree to which the North Atlantic circulation responds, its impact 
on the atmospheric circulation and potential climate shifts over the 
continents.

Discussions regarding sea-level implications are already available92, 
and so our focus is on mass loss projections. The absence of avail-
able coupled climate–ice-sheet models that are able to resolve outlet 
glacier flow, include accurate ice-flow dynamics and ice physics (in 
terms of glacial hydrology, calving models, ice–ocean coupling and 
moving ice–ocean interface), has led to attempts to provide Green-
land mass loss estimates, either through consideration of upper 
bounds on physically feasible ice flow13,93, or lower bounds from 
observed present-day perturbations94, or forced simulations with 
current-generation ice-sheet models of varying complexity95–97. The 
range from 0.01 m to 0.54 m of eustatic sea-level rise until 2100 from 
Greenland ice dynamics reflects the current uncertainties in these 
projections. It is important to remember that regional sea level is the 
variable of more direct societal relevance for coastal communities, 
and which may exceed the global mean considered here by a fac-
tor of five91. A serious limitation to the verification, validation and 
calibration of ice-sheet simulations is the near-absence of crucial 
measurements of conditions in the interior and at the bed. Ice-sheet 
modelling, therefore, represents a grand challenge computational 
inverse problem.

An inter-generational scientific challenge
Reducing the uncertainty in projected contributions to sea-level rise 
from Greenland ice dynamics, as well as ascertaining the reliability 
of estimated upper bounds requires detailed cross-disciplinary pro-
cess understanding and vastly improved simulation capabilities in all 
of the aspects discussed in this Review. Such understanding can only 
come through much expanded, internationally coordinated observa-
tional assets, both at the small-scale process level, and of large-scale 
circulation changes. It involves the design and deployment of new 
instruments on the ground, at sea and in space; the maintenance of 
crucial in-situ and satellite observing systems; and the collection of 

geological records to allow the reconstruction of palaeo-ice-stream 
evolution through the Holocene. These should be accompanied by 
rigorous approaches to synthesize the heterogeneous data streams 
into a coherent dynamic framework98. Sustaining such observations 
over sufficiently long periods to provide records of useful quality 
for climate research99 is a serious inter-generational challenge100. ■

Received 30 September; accepted 25 October 2013.

1. Shepherd, A. et al. A reconciled estimate of ice-sheet mass balance. Science 
338, 1183–1189 (2012).

2. Hanna, E. et al. Ice-sheet mass balance and climate change. Nature 498, 51–59 
(2013).

3. Church, J. A. et al. Revisiting the Earth’s sea-level and energy budgets from 
1961 to 2008. Geophys. Res. Lett. 38, L18601 (2011).

4. Dickson, R. et al. Current estimates of freshwater flux through Arctic and 
subarctic seas. Prog. Oceanogr. 73, 210–230 (2007).

5. Bamber, J., van den Broeke, M., Ettema, J., Lenaerts, J. & Rignot, E. Recent large 
increases in freshwater fluxes from Greenland into the North Atlantic. Geophys. 
Res. Lett. 39, L19501 (2012).

6. van den Broeke, M. et al. Partitioning recent Greenland mass loss. Science 326, 
984–986 (2009).

7. Krabill, W. Greenland Ice Sheet: increased coastal thinning. Geophys. Res. Lett. 
31, L24402 (2004).

8. Hanna, E. et al. Greenland ice sheet surface mass balance 1870 to 2010 
based on Twentieth century reanalysis, and links with global climate forcing. 
J. Geophys. Res. 116, D24121 (2011).

9. Sole, A., Payne, T., Bamber, J., Nienow, P. & Krabill, W. Testing hypotheses of the 
cause of peripheral thinning of the Greenland ice sheet: is land-terminating ice 
thinning at anomalously high rates? Cryosphere 2, 205–218 (2008). 

10. Rignot, E. & Kanagaratnam, P. Changes in the velocity structure of the 
Greenland ice sheet. Science 311, 986–990 (2006).

Ice mélange

a

Plume

Warm water

Subglacial
discharge

b

Figure 5 | Submarine melting. Warming subsurface ocean waters and 
increased glacier surface melt resulted in increased submarine melting and, 
potentially, a weakened ice mélange at the marine margins of Greenland’s 
outlet glaciers. a, Pre-retreat conditions include relatively cold waters, limited 
subglacial discharge and a thick ice mélange. b, Retreat conditions include 
warm fjord waters, increased subglacial discharge and weakened mélange.

5  D E C E M B E R  2 0 1 3  |  V O L  5 0 4  |  N A T U R E  |  4 1

REVIEW INSIGHT

© 2013 Macmillan Publishers Limited. All rights reserved

v1

osnap_array_schematic_20160401.jpg (JPEG-bilde, 4111 × 21... http://www.o-snap.org/wp-content/uploads/2013/12/osnap_arr...

1 av 1 28.02.18, 22.45

v1| swdown

-

B1/2 ∂subTHG

∂ τy (x, y)
v1| τy

-

Nora Loose (University of Bergen) UQ for Observing System Design July 3, 2018 7 / 9



Constraints on Helheim subsurface temperature

by MHTOSNAP-W & MHTOSNAP-E:〈
B1/2 ∂subTHG

∂x ,vi

〉∣∣ thermal
wind

v1 v2

0
+

-

uncertainty reduction =
2∑

i=1

λi

λi + 1

〈
B1/2∂subTHG

∂x
,vi

〉2

Nora Loose (University of Bergen) UQ for Observing System Design July 3, 2018 8 / 9



Constraints on Helheim subsurface temperature

by MHTOSNAP-W & MHTOSNAP-E:〈
B1/2 ∂subTHG

∂x ,vi

〉∣∣ thermal
wind

v1 v2

0
+

-

uncertainty reduction =
2∑

i=1

λi

λi + 1

〈
B1/2∂subTHG

∂x
,vi

〉2

λ1
λ1+1〈B

1/2 ∂subTHG
∂x ,v1〉2

0%

20%

40%

60%

80%

100%

noise-to-prior ratio

Nora Loose (University of Bergen) UQ for Observing System Design July 3, 2018 8 / 9



Constraints on Helheim subsurface temperature

by MHTOSNAP-W & MHTOSNAP-E:〈
B1/2 ∂subTHG

∂x ,vi

〉∣∣ thermal
wind

v1 v2

0
+

-

uncertainty reduction =
2∑

i=1

λi

λi + 1

〈
B1/2∂subTHG

∂x
,vi

〉2

0%

20%

40%

60%

80%

100%

noise-to-prior ratio

MHTOSNAP-W

& MHTOSNAP-E

MHTOSNAP-W

MHTOSNAP-E

Nora Loose (University of Bergen) UQ for Observing System Design July 3, 2018 8 / 9



Constraints on Helheim subsurface temperature (https://www.whoi.edu/main/newsletter-sign-up-left-nav)

Image : Team finds subtropical waters flushing
through Greenland fjord

Recent changes in ocean circulation in the North Atlantic are delivering larger amounts of subtropical waters
to the high latitudes. A research team led by Fiamma Straneo, a physical oceanographer at Woods Hole
Oceanographic Institution, found that subtropical waters are reaching Greenland's glaciers, driving melting
and likely triggering an acceleration of ice loss. Melting ice also means more fresh water in the ocean, which
could flood into the North Atlantic and disrupt a global system of currents, known as the Ocean Conveyor.

(Jack Cook, Woods Hole Oceanographic Institution)
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Conclusions and Outlook

Ocean dynamics are at the core of UQ (via adjoint sensitivities)
UQ analyzes redundancy and complementarity of data constraints

Effectiveness = Uncertainty reduction is determined by:
the extent to which QoI sensitivities project onto data-constrained
modes vi (≈ observation sensitivities)
noise-to-prior ratio, depending on data and prior uncertainties
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Outlook for redesign of OSNAP: Compute low-
rank approximation via parallel randomized SVD
methods [Halko et al., 2011]
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Low-rank approximation of misfit Hessian

P = ( HT R−1H + B−1︸ ︷︷ ︸
linearized (or Gauss-Newton) Hessian

)−1

Misfit Hessian Hmisfit = HT R−1 H is of low rank:
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Expression for posterior covariance:
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Projection of weighted adjoint sensitivities - DS
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