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Significant contribution of insolation to Eemian
melting of the Greenland ice sheet

Willem Jan van de Berg'*, Michiel van den Broeke', Janneke Ettema"?, Erik van Meijgaard?

and Frank Kaspar*>

During the Eemian interglacial period, 130,000 to 114,000
years ago, the volume of the Greenland ice sheet was about
30-60% smaller than the present-day volume'?. Summer tem-
peratures in the Arctic region were about 2-4 K higher than
today®->, leading to the suggestion that Eemian conditions
could be considered an analogue for future warming®, par-
ticularly for the future stability of the Greenland ice sheet.
However, Northern Hemisphere insolation was much higher
during the Eemian than today, which could affect the relia-
bility of this analogy. Here we use a high-resolution regional
climate model with a realistic ice-sheet surface representation
to assess the surface mass balance of the Greenland ice sheet
during the Eemian. Our simulations show that Eemian climate
led to an 83% lower surface mass balance, compared with
the preindustrial simulation. Our sensitivity experiments show
that only about 55% of this change in surface mass balance
can be attributed to higher ambient temperatures, with the
remaining 45% caused by higher insolation and associated
nonlinear feedbacks. We show that temperature-melt relations
are dependent on changes in insolation. Hence, we suggest
that projections of future Greenland ice loss on the basis
of Eemian temperature-melt relations may overestimate the
future vulnerability of the ice sheet.

The mass balance of an ice sheet is equal to the sum of
surface processes, that is, the surface mass balance (SMB =
precipitation — sublimation — runoff), and solid ice discharge at
the ice-sheet margins (Supplementary Fig. S1). The SMB of the
Greenland ice sheet (GrIS) for the period 1961-1990 is estimated
to be 479 +£53 Gtyr™', consisting of 701 £42 Gtyr™' accumulation
(precipitation minus sublimation) and 222 33 Gtyr~' runoff’
(Table 1). Assuming a zero ice-sheet mass balance for this period®
implies that solid ice discharge was close to 480 Gtyr~!, comparable
with independent estimates using satellite radar interferometry®.
Precipitation and runoff dominate interannual variability in GrIS
mass balance, with year-to-year SMB variations as large as
300-400 Gtyr™! (ref. 7). About 50% of the surface meltwater
refreezes in the snowpack, making runoff the primary ablation
component to consider in studies of GrIS SMB.

After 1990, GrIS runoff and solid ice discharge both increased,
following atmospheric warming over Greenland'®!!, initiating a
period of increasing mass loss that still continues today®'>!>.
The simultaneous post-1990 increase in runoff and solid ice
discharge supports the observed coupling between runoff and basal
sliding'* and warmer fjord waters thinning floating glacier tongues
from below!>™'®. For now, solid ice discharge remains the largest

component of annual GrIS mass loss. However, recent trends in
runoff exceed those in solid ice discharge®, and in a future warmer
climate, when the GrlS is expected to further retreat on land, runoff
is likely to become the most important driver of GrIS mass loss.

An often-used analogue for the sensitivity of the GrIS to an-
thropogenic warming is its melt behaviour during the previous
interglacial (Eemian, 130-114 kyr Bp). Eemian near-surface sum-
mer temperatures were higher than today, by about 2 K in Europe
and 2-4K in the Arctic*’, comparable to the temperature rise
in 2100 following Intergovernmental Panel on Climate Change
projections for a business-as-usual scenario®. During the Eemian,
global sea level peaked at levels that were 4-7 m above present!*2°.
The contribution of the GrlS to this peak in Eemian sea level is
estimated to range between 2.2 and 4.5m, representing a loss of
30-60% of its present-day volume!?"2,

Here we investigate the validity of the Eemian melt analogy and
the applicability of simple temperature—melt relations by calculat-
ing the GrIS SMB during the Eemian using the regional atmospheric
climate model RACMO2/GR. This model explicitly and realistically
quantifies all individual SMB components and subsurface pro-
cesses at high horizontal resolution (18 km; ref. 7; Supplementary
Figs S1, S2). Preindustrial and Eemian ambient atmospheric states
from the general circulation model ECHO-G (ref. 23) were used
as boundary conditions for 30-year-long RACMO2/GR simula-
tions, of which the last 25 were analysed. For both ECHO-G
and RACMO?2/GR, the Eemian simulations were forced using the
orbital parameters and greenhouse gas concentrations of 125 kyr Bp
(Supplementary Table S1). The present-day ice-sheet geometry*
was maintained to rule out topographic effects. More information
on the models and simulations is provided in the Methods section.

Eemian summertime top-of-atmosphere insolation in the
Northern Hemisphere was up to 60 Wm™ higher than today
(Fig. 1a). The ECHO-G simulations show that this results in sum-
mer ambient (500 hPa) temperatures over Greenland that were 3—
4K higher than in the preindustrial era (Fig. 1b). However, annual
average ambient temperatures over the GrIS were only marginally
different from the preindustrial, because of about 1 K colder winter
and spring seasons. As a result, the Eemian climate has enhanced
ambient-temperature seasonality over the ice sheet. Differences in
500 hPa geopotential height, with maxima over the Arctic basin and
Newfoundland, show that the circumpolar circulation was weaker
and less zonal during the Eemian summer (Fig. 1b).

Compared with the preindustrial, the impact of Eemian summer
climate on GrIS SMB is very pronounced. Runoff dominates the
response, visible as a substantial widening of the ablation zone
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Table 1| GrlS integrated SMB components (Gtyr").

Experiment Present day Preindustrial Eemian Eem_Temp Eem_Ins
Insolation Present day Preindustrial Eemian Preindustrial Eemian
Climate 1961-1990 Preindustrial Eemian Eemian Preindustrial
Host model ERA-40 ECHO-G ECHO-G ECHO-G ECHO-G
P—suU 701+42 594438 553+37 558 +37 591438
Runoff 222433 148+22 477 £ 67 311+47 261+39
SMB 479453 444+ 44 74+76 246460 329455

The uncertainty in accumulation (precipitation minus sublimation, P—SU) has been determined by comparing results from a present-day simulation with SMB observations following the method outlined
in ref. 9. The uncertainty in runoff is estimated at 15%, on the basis of the standard deviation of recent model estimates (ref. 7, Supplementary Table S1, using updated values for MAR, X. Fettweis, personal

communication).
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Figure 1| Drivers of Eemian climate anomalies in Greenland. a, Annual
cycle (on the basis of daily averages) of zonal average top-of-atmosphere
insolation (W m~2). Eemian insolation (black isolines, 100 W m~2
intervals), preindustrial insolation (grey isolines) and difference (colours).
b, Summer (JJA) differences in 500 hPa temperature (K, thick lines) and
500 hPa geopotential height (m, thin lines) between the Eemian and
preindustrial in ECHO-G.

(Fig. 2a,b). The SMB decreases by typically 500—1,000 kg m™2 yr™!
along the ice-sheet margins in the west, north and northeast
(Fig. 2¢). The equilibrium line moves upward by typically 500 m
and inland by typically 100 km. As a result, the equilibrium line in
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southwest Greenland is situated only 100 km from the ice divide. In
contrast, snowfall rates in coastal southeast Greenland remain high
enough to prevent the formation of a wide ablation zone.

Integrated over the GrlIS, runoff more than triples compared
with the preindustrial, forcing an impressive 83% decrease
in SMB (Table 1). Interestingly, Eemian precipitation is lower
compared with the preindustrial by 6%, challenging the often-
made assumption that snowfall over the large ice sheets increases
in a warmer climate. Weakened zonal circulation during the
Eemian (Fig. 1b), producing less orographic precipitation, is the
likely cause. Assuming, conservatively, an unchanged solid ice
discharge of 479 Gtyr™', the Eemian GrlS mass loss would be
close to 400 Gtyr™!, equivalent to 1.1 m of global sea-level rise per
millennium. This assumes unchanged topography: lowering the
ice sheet would further accelerate melt. These numbers prove that
a multiple-metre contribution of the GrlS to global sea-level rise
during the Eemian is entirely plausible.

Eemian climate anomalies impact GrIS melt in two different
ways: directly through stronger summertime insolation (Fig. 1a)
and indirectly through higher ambient (free-atmosphere) tem-
peratures (Fig. 1b). To isolate these effects, two further 30-year
experiments, Eem_Ins and Eem_Temp, were carried out. In the
Eem_Ins experiment, the insolation effect is quantified by pre-
scribing Eemian insolation conditions at the top of the atmo-
sphere, but retaining preindustrial climate lateral boundary forc-
ings (Table 1, Fig. 2d). The Eem_Temp experiment quantifies the
ambient-temperature effect, by retaining preindustrial insolation
levels but applying the warmer Eemian climate forcing (Fig. 2e).
Table 1 shows that the increase in runoff due to the insolation
effect alone (Eem_Ins, +113 Gtyr™!) is very significant compared
with the increase in runoff due to the ambient-temperature effect
(Eem_Temp, +163 Gtyr™!'). The reason for the pronounced effect
of insolation is the snowmelt-albedo (&) feedback, expressing the
fact that melting snow (a &~ 0.7) absorbs approximately twice as
much solar radiation as dry snow (o = 0.85).

In the full Eemian experiment, the runoff anomaly increases by
another 53 Gtyr~! compared with the sum of changes in Eem_Temp
and Eem_Ins (Table 1). This difference is caused by nonlinear
feedbacks, notably the snowmelt-albedo feedback. In the full
Eemian experiment, the melting anomaly extends further inland
than in either the Eem_Ins or Eem_Temp simulations, which leads to
activation of the snowmelt—albedo feedback over larger parts of the
interior ice sheet. This effect is partly compensated by the reduced
melt increase in the lower ablation zone due to double counting of
the snowmelt—albedo feedback (Fig. 2f and Supplementary Fig. S3).

Our results suggest that Eemian-based temperature—melt
relations would seriously overestimate melting in a future warmer
climate, in which insolation at the top of the atmosphere remains
approximately constant. To demonstrate this, we compare the
runoff predicted by two commonly used temperature—melt rela-
tions with the runoff calculated by the (physical) regional climate
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Figure 2 | Impact of Eemian climate anomalies on Greenland surface mass balance. a,b, GrIS SMB (kgm~
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2yr~1). a, Preindustrial. b, Eemian. c-f, Changes

compared with preindustrial (kgm~2 yr~1). ¢, Eemian. Note the absence of an accumulation increase in the ice-sheet interior. d, Eem_Ins. e, Eem_Temp.
f, Nonlinear SMB response (preindustrial + Eemian — Eem_Temp — Eem_Ins). Ice-sheet elevation contours are given at 500 m intervals.

model. Temperature—melt relations are based on the fact that both
2m temperature (T ,,) and surface melt rate are governed by the
surface energy balance®. Normally, temperature—melt relations
are forced by simple, spatially uniform perturbations of T5,, and
prescribed snow/ice distributions, but here we force them with the
more realistic T, ,, and snow/ice distributions from the regional cli-
mate model. Consequently, their performance is highly optimized.

The first temperature—melt relation directly couples average
summer (June-July—August, JJA) T,, to runoff. Applying this
method to our model results confirms that GrIS runoff anomalies,
relative to preindustrial values, are correlated with JJA T,
anomalies (Fig. 3a). However, this relation is not unique: the
two experiments with present-day insolation (preindustrial and
Eem_Temp) show significantly lower summer runoff rates than
the two simulations with Eemian insolation conditions (Eem_Ins
and full Eemian). Note that JJA T,,, is about 1K higher in the
Eem_Ins than in the preindustrial run. This temperature increase
reflects the near-surface atmospheric response to the increased
insolation, mainly in non-melting areas. In the regional climate
model, these higher temperatures do not constitute a significant
further forcing for melt (Supplementary Fig. S4a): nearly all the
extra melt energy in Eem_Ins is provided by enhanced absorption
of solar radiation. This result confirms that using an Eemian JJA
temperature—runoff relation would significantly overestimate GrIS
runoff sensitivity to near-future temperature changes under current
insolation conditions.
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The second temperature—melt relation couples the sum of
positive degree-days to melt. We applied a full positive degree-day
(PDD) calculation to daily model fields of T, ;,, and melt, including
the derivation of optimized PDD factors for snow and ice to match
the melt in the regional climate model (see Methods section).
These PDD factors, tuned for preindustrial conditions, were used
to estimate GrIS melt for the Eem_Temp, Eem_Ins and full Eemian
experiments (Fig. 3b). Given the different PDD factors for snow and
ice, an assumption must be made about the snow/ice distribution.
Here we used the snow/ice distributions from the regional climate
model: the preindustrial snow/ice distribution serves to generate
a low melt estimate (blue symbols in Fig. 3b) and the snow/ice
distribution from the full Eemian experiment represents the most
realistic alternative (red symbols in Fig. 3b). The melt amount from
the regional climate model is represented by the black symbols.
Despite correctly predicting Eem_Temp melt rate, the PDD method
significantly underestimates melt for the experiments with Eemian
insolation conditions, Eem_Ins and the full Eemian experiment.
Conversely, overestimations of similar magnitude were found for
the preindustrial and Eem_Temp experiments using PDD factors
tuned for Eemian conditions. Moreover, the PDD method fails to
correctly capture the north—south melt gradient, which is driven by
insolation gradients (Supplementary Fig. S5).

Supplementary Fig. S6 illustrates the fundamental problem of
temperature—melt relations, that is the weak relation between melt
rate and T, ,, for both snow and ice surfaces. For example, if T, ,

681

© 2011 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/doifinder/10.1038/ngeo1245
http://www.nature.com/naturegeoscience

LETTERS NATURE GEOSCIENCE poi:10.1038/NGE01245

a 500
Quadratic fit present-day insolation
Quadratic fit Eemian insolation
200 - Eem_Temp
Eem_Ins
Preindustrial
Eemian
300 -
T
s
)
= 200
kS
C
3
o
<
100 -
ok
_‘] I I L L L L
OQZ -1 0 1 2 3 4 5
AT, A (K)
b 500
400 I
> 300f ¢
e
E 2 —4-
S £ c
< E\ k | ©
g = : +
£ -+ o
k7 = §
L = 2
100 - o |
B IS
2 &
E ok
&
oF &
L L L L L L
-10 0 10 20 30 40 50 60

Mean APDD sum (K day)

Figure 3 | Evaluation of temperature-melt methods. a, Anomalies of GrIS
runoff as a function of anomaly in 2 m temperature (T, ), relative to the
preindustrial values. The small dots represent individual years; the larger
symbols represent period averages. Error bars signify the standard error
due to interannual variability. b, GrIS melt anomalies using the PDD method
tuned for preindustrial climate. Shown are means with standard error, using
the preindustrial snow/ice distribution (blue symbols) and the snow/ice
distribution from the experiment (red symbols). Black symbols represent
melt from the full model.

exceeds 0°C, melt does not necessarily occur. Temperature—melt
relations assume that the shared dependence of T, ,,, and melt rate
on the surface energy balance enables the use of a fixed relation
between the two, but ignore that this relation depends, among
other factors, on insolation, hence orbital parameters and latitude
(Supplementary Fig. S5). For the two temperature—melt relations
investigated here, for the Eemian the systematic bias amounts to
at least 25% of the total melt/runoff change (Fig. 3). Given the
elaborate optimization process that is based on information that
normally is not available, this must be regarded as alower limit.

In summary, our results support previous findings that rapid
melting of the GrIS did occur during the Eemian. However,
enhanced summer insolation caused an important part of this
strong sensitivity. We show that fixed temperature—melt relations,
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like the PDD method, are unable to predict melt correctly once
insolation has changed. This is why the Eemian melt-temperature
relation provides a poor analogue of a future warmer climate,
in which insolation at the top of the atmosphere remains
approximately constant compared with today.

Methods

Regional Atmospheric Climate Model. In this study the Regional Atmospheric
Climate Model version 2.1 (RACMO?2) of the Royal Netherlands Meteorological
Institute (KNMI) is used to simulate the climate and SMB of the GrIS. RACMO?2 is
in fact a combination of two numerical weather prediction models: the atmospheric
dynamics originate from the High Resolution Limited Area Model (HIRLAM,
version 5.0.6; ref. 26), whereas the description of the physical processes is adopted
from the global model of the European Centre for Medium-Range Weather
Forecasts (ECMWEF, updated cycle 23r4; ref. 27). At the lateral boundaries,
prognostic atmospheric fields from ECHO-G force the model every 6 h, whereas
the interior of the domain is allowed to evolve freely. No observations are
assimilated within the domain during the simulations with RACMO?2. General
adjustments to the original formulas of the dynamical and physical schemes in
RACMO?2 are described in detail in ref. 28 The adjustments to the original model
formulation that have been made to better represent the conditions in the Arctic
region (RACMO2/GR) are described in Supplementary Information.

Simulation set-up. RACMO2/GR was nested into the 3.75° ECHO-G model
data. The lateral boundary condition fields from ECHO-G comprise temperature,
humidity, wind and surface pressure; lower boundary conditions are sea surface
temperature and sea-ice fraction. A description of the ECHO-G model is given
in Supplementary Information. Sea-ice fraction and sea surface temperature
were interpolated from ECHO-G output. Ideally, glaciated grid box surfaces
are initialized either with a developed snow pack in the accumulation zone, or
with bare ice in the ablation zone. As the equilibrium line is unknown before a
simulation, such initial preconditioning is not allowed. Therefore, all glaciated
grid boxes were initialized with 1 m of snow and firn on top of a thick ice layer.
Although 1 m of snow over ice already captures most of the thermal characteristics
of a fully developed snow pack, it can also easily melt away if the grid point belongs
to the ablation zone. The snow/ice-pack temperature was initialized using the
parameterization of ref. 29, including a correction for refreezing. However, the
effect of deep ice temperature on the final SMB is very small. To avoid spin-up
effects, only the last 25 years of the 30 year simulations were used.

In Supplementary Information further testing of the simulation set-up
is discussed. Furthermore, the SMB estimate of preindustrial climate using
ECHO-G boundaries is evaluated compared with the RACMO2/GR estimate
of present-day SMB.

Uncertainty interval in quadratic fits. The 95% confidence intervals (thin lines)
of the quadratic fits in Fig. 3a were calculated using

5 « 1 1 (Ti=Ta)’ (Ti— Tw)*
R|]}:a+ﬁTf+ny2itn73\/mZef<;+ ST T ST T

in which fl\n is the confidence interval for temperature Ty; «, 8 and y are fit
parameters; T; and T, are the individual and average T ,, values, respectively; e; is
the difference of an individual melt value from the fit; 7 is the number of data points
(n=50); t* is the Student ¢ -statistic for n— 3 degrees of freedom (t*=2.01).

The PDD method. We applied a full PDD calculation to daily model fields of

T, r» and melt (that is 4,610,700 daily values covering 25 years using the 360 day
model calendar). First, we derived optimal preindustrial PDD factors for snow
and ice by matching GrIS integrated melt with PDD sums. For many ice-sheet
locations, melt occurs only during part of the day, so that using a threshold of
273.15K for daily mean T, ,, misses melt events and reduces the predictive strength
of the PDD method™®. A threshold of 269.5K for daily mean T, , provided the
best melt prediction for both interannual variability (r = 0.93, root mean squared
error, RMSE = 16 Gtyr™') and the spatial melt distribution (RMSE = 85 mmyr™,
average error 39 mmyr ). These PDD factors were used to estimate GrIS melt for
the Eem_Temp, Eem_Ins and full Eemian experiments (Fig. 3b). The assumptions
made about the snow/ice distribution are described in the main text. Figure 3b
shows that the PPD method successfully predicts GrIS melt in the Eem_Temp
experiment, which uses present-day insolation. From this we could conclude that
the PDD method is capable of predicting GrIS melt amounts for a wide range of
2 m temperature perturbations, provided that (1) PDD factors are optimized to
match the current GrIS melt amounts, (2) insolation remains constant and (3)
the snow/ice distribution is always known. However, this interpretation overlooks
the fact that an important latitudinal insolation gradient exists over the GrIS: the
use of constant PDD factors leads to significantly overestimated (underestimated)
melt amounts in the northern (southern) parts of the ice sheet (Supplementary
Fig. S5). This further stresses the importance of using a realistic spatial-temporal
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distribution of insolation to calculate GrIS melt. Moreover, the PDD method
only predicts melt, so further assumptions must be made about the refreezing of
meltwater to obtain runoff.
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