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Recent Greenland ice sheet mass loss

Mass Balance = Surface Mass Balance - Ice Discharge
M. R. van den Broeke et al.: Greenland ice sheet and sea level rise 1943
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Figure 9. Annual values of D, SMB and MB integrated over the contiguous GrIS. Dashed lines indicate 1991–2015 trends. The equivalent
sea level rise (eq. SLR) for negative MB is provided on the right axis.

(a) (b)

Figure 10. Modelled 1991–2015 minus 1961–1990 difference in
2–10 m average firn temperature (a) and change in firn air content
(b) for the contiguous GrIS. Dashed contours are 500 m elevation
intervals; thick solid contour represents glacier mask.

when the 11 km field is statistically downscaled to 1 km reso-
lution (Nöel et al., 2016). This unresolved mass loss is likely
in part error-compensated by snowfall in RACMO2.3 being
underestimated in some regions of the ice sheet (Overly et al.,
2016). In a recent study, it was moreover demonstrated that
while RACMO2.3 tends to time drifting snow events well,
the model likely overestimates drifting snow transport and
therewith drifting snow sublimation (Lenaerts et al., 2012).

This leads to uncertainties in SMB of 60–100 Gt yr−1, clearly
dominating the uncertainty in MB (Fig. 9).

To reduce these biases and increase our diagnostic and pre-
diction skills of GrIS MB, it is imperative that SMB and firn
models are further improved and their horizontal resolution
enhanced. This can be achieved through statistical/dynamical
downscaling in combination with targeted in situ observa-
tions. Examples of important processes that are poorly or not
at all represented in current models are interactive snow/ice
darkening by future enhanced dust/black carbon deposition
or microbiological processes (Stibal et al., 2012), and sub-,
supra- and englacial hydrology, including vertical and hori-
zontal flow of meltwater in firn or over ice lenses (De la Peña
et al., 2015; Machguth et al., 2016). Other emerging research
topics of GrIS melt climate are the impact of atmospheric
circulation changes on Greenland melt (Hanna et al., 2013a,
2014, 2016; McLeod and Mote, 2016; Tedesco et al., 2013),
the impact of rain on ice sheet motion (Doyle et al., 2015), the
effect of liquid water clouds on the surface energy balance
and melt (Bennartz et al., 2013; Van Tricht et al., 2016) and
the increased role of turbulent heat exchange during strong
melting episodes over the margins of the GrIS (Fausto et al.,
2016). Finally, it is desirable that, once developed and tested,
a single, sophisticated snow model is used to simulate both
the deep firn layer over the ice sheet and the seasonal snow
cover over the tundra.

5 Data availability

All data presented in this study are available without condi-
tions from the authors.

www.the-cryosphere.net/10/1933/2016/ The Cryosphere, 10, 1933–1946, 2016

Surface runoff

Icebergs calving

Pre-1991: approximate mass balance (MB ≈ 0)

Post-1991: mass loss (MB < 0) driven by increased surface runoff (60%)
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Firn sponge: Greenland ice sheet surface mass balance

SMB = Snowfall - Runoff

Ablation zone: SMB < 0

Accumulation zone: SMB > 0
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Meltwater refreezing: firn buffer capacity

Firn: porous snow Melt - Refreezing = Runoff
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a) Precipitation b) Runoff c) T2m JJA
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a) Precipitation b) Runoff c) T2m JJA

Firn covers 90% of the ice sheet and retains ∼45% of melt, mitigating runoff
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What if firn saturates in a warmer climate?

Saturated firn: Melt = Runoff

Firn is saturated and retains ∼0% of melt, accelerating runoff mass loss
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Tipping point in refreezing accelerates the mass loss

lalala

Peripheral ice caps

The ice sheet has not crossed a tipping point yet

1. When can we expect a tipping point in refreezing?

2. How would it affect the future rate of sea level rise?

Present-day runoff (1958-2018)

45%
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Tipping point in refreezing accelerates the mass loss

lalala

Peripheral ice caps
Noël et al. 2017 (Natcomms)

The ice sheet has not crossed a tipping point yet

1. When can we expect a tipping point in refreezing?

2. How would it affect the future rate of sea level rise?

Future tipping point
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CESM2 as a climate forcing for RACMO2 (1950-2014)

SMB at 11 km (1950-2014)
Temperature at 700 hPa in CESM2 (1950-2014)

a) b)

One out of eleven historical member

Good agreement with reanalyses (bias ≈ -0.4oC)
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Refining the model resolution: global to local scale

CESM2: ∼111 km RACMO2: ∼11 km Local: 1 km Downscaling
Noël et al. (2016)a) SMB at ∼100 km b) SMB at ∼11 km c) SMB at 1 km
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Performance of CESM2-RACMO2: historical 1950-2014

SMB = 430 Gt yr−1 (1950-1990) Mass Balance = SMB - Ice Discharge

a)
CESM2 forcing

b)
ERA forcing

c)

Pre-1991: ice sheet in approximate mass balance

Post-1991: mass loss acceleration in line with GRACE
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Greenland ice sheet under a SSP8.5 scenario by 2100

SMB = -590 Gt yr−1 (2080-2099) SMB = Precip - Runoff (≈ Melt - Refreezing)

Post-2020: nonlinear runoff increase drives SMB decline

Tipping point: refreezing still partly buffers enhanced melt
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Ice sheet in approximate mass balance (1950-1990)

440 Gt yr−1 255 Gt yr−1 235 Gt yr−1
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Ice sheet under a SSP8.5 scenario (2080-2099)

1790 Gt yr−1 (4x) 540 Gt yr−1 (2x) 1420 Gt yr−1 (6x)
11/16
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Regional tipping point in refreezing (2080-2099)

Refreezing trend (2080-2099)

Greenland ice sheet

Southwest Greenland
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Reduced refreezing capacity drives nonlinear runoff mass loss

Greenland’s firn refreezing capacity declines from ∼ 45% to ∼ 30% by 2100, accelerating runoff
13/16
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Projecting the evolution of the firn buffer: VR-CESM2 (2015-2300)

Community Earth System Model
Variable-Resolution version 2

Figure 1. Computational domains of experiments VR-CESM55 (left) and VR-CESM28 (right). Each spectral element visible here contains

an additional 3-by-3 grid of points, the exact position of which are determined by the spectral element method (Zarzycki and Jablonowski,

2014).

Topographic height over Greenland was interpolated from the 4 km CISM ice sheet domain, which in turn has been derived

from the 90 m Greenland Ice Mapping Project product (GIMP, Howat et al. (2014)). Topography is static in time – ice sheet

dynamics are not active in this configuration – a reasonable assumption for the decadal length simulations presented in this

paper. The new ice topography was spliced into the global topography, similar to what is done in two-way coupled setups

where ice sheet dynamics are turned on. Due to the hybrid sigma vertical coordinate system implemented in CAM-SE a5

differential smoothing procedure was applied to ensure numerical stability and realistic flow, as described in Zarzycki et al.

(2015). Subgrid height variances, used by the orographic drag parameterization are consistently computed as a residual of the

smoothed topography.

The resulting topographies are shown in Figure 2, with a rendering of GIMP for comparison. As one would expect, a more

detailed and accurate representation of topography is possible on finer resolutions. The feature most prominently improving10

is the southern ice dome, that "rises up" from ⇠2300 m at 111 km to ⇠2900 m at 28 km. Furthermore, the 28 km resolution

is sufficient to start resolving some of the fjord structures, especially in the east. The non-zero topographic heights over open

ocean in Figure 2 are explained by the differential smoothing procedure.

The CAM physics (dynamics) time steps for Uniform CESM was 1800 (150) seconds. For the VR-CESM runs, the physics

time step was set to 450 s and the CAM dynamics time steps scaled with horizontal resolution with VR-CESM55 at 150 s and15

VR-CESM28 at 75 s.

2.1.4 Initialisation

In glaciated regions, the subsurface conductive heat flux at the ice sheet surface is potentially large due to the high thermal

conductivity of ice. To avoid unrealistic energy losses or gains from the subsurface, one should start with ice that is in thermal

5

The Cryosphere Discuss., https://doi.org/10.5194/tc-2018-257
Manuscript under review for journal The Cryosphere
Discussion started: 6 December 2018
c� Author(s) 2018. CC BY 4.0 License.

Fully-coupled global model (CMIP6):

⇒ Atm-ocean-ice interactions

⇒ Firn processes (refreezing/runoff)

⇒ Ice dynamics (retreat/thinning)

VR-CESM2: 111 km ⇒ 12 km ⇒ 1 km

Long-term runs: 1950-2300

⇒ Historical: model evaluation

⇒ Projections: SSP2.6-8.5 scenarios

Firn response to climate warming
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Take home message

What? Resilience of the Greenland firn in a warmer climate

Why? Tipping point in refreezing accelerates mass loss

1. When can we expect a tipping point in refreezing?

2. How would it affect the future rate of sea level rise?

How? Variable Resolution CESM2

1. Fully-coupled global model (atm-ocean-ice)

2. Unprecedented spatial resolution (12 km ⇒ 1 km)

3. Long-term scenario projections (SSP2.6/8.5; 2015-2300)

45%
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Thank you for your attention!
Any questions?
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Statistical downscaling procedure

Downscaling: SMB to 1km (1958-2018)

Select: 5-8 adjacent 11 km ice cells

Regression: a 11km and b 11km

Bi-linear int.: a 1km and b 1km

Xcorr = a 1km + b 1km × height 1km

Additional corrections:

RUcorr = ice albedo overestimation

SMB 1km ≈ PR - RUcorr
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Cross-model correlation and scenario reconstructions
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