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ABSTRACT

Surface mass balance (SMB) variations of the Greenland ice sheet (GrIS) have been identified as an im-

portant contributor to contemporary and projected global mean sea level variations, but their impact on the

regional sea level change pattern is still poorly known. This study proposes estimates of GrIS SMB over 1900–

2100 based on the output of 32 atmosphere–ocean general circulation models and Earth system models in-

volved in phase 5 of the Climate Model Intercomparison Project (CMIP5). It is based on a downscaling

technique calibrated against the Modèle Atmosphérique Régional (MAR) regional climate model and it

provides an ensemble of 32 Greenland SMB estimates for each Greenlandmajor drainage basin. Because the

GrIS SMB does not respond uniformly to greenhouse gas (GHG) emissions, the southern part of the GrIS is

more sensitive to climate warming. This study shows that this part should be in imbalance in the twenty-first

century sooner than the northern part. This regional variability significantly affects the associated relative sea

level pattern over the entire ocean and particularly along the U.S. East Coast and the northern coast of

Europe. This highlights the necessity of taking into account GrIS regional SMB changes to evaluate accu-

rately relative sea level changes in future projections.

1. Introduction

Contemporary sea level is rising in response to current

global warming and is expected to accelerate through

the twenty-first century (Church et al. 2013). Mass

balance variations of the Greenland ice sheet (GrIS)

play an important role in these sea level variations. Over

the last two decades they explain around 18% of the

contemporary sea level rise, and by the end of the

twenty-first century, they are expected to explain 17%6
11% of the total sea level rise (Church et al. 2013).

Increasing temperatures make the GrIS lose mass

both at its surface and on its coastal margins via iceberg

discharges and basal melting. Estimates of ice sheet

mass loss over the last decade indicate that current GrIS

mass loss is equally partitioned between surface loss and

dynamical loss (van den Broeke et al. 2009, 2016; Rignot

Supplemental information related to this paper is avail-

able at the Journals Online website: http://dx.doi.org/10.1175/

JCLI-D-16-0337.s1.
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et al. 2011). At the coastal margins the recent increased

ice loss is caused by acceleration in the flow of outlet

glaciers (Rignot et al. 2011). This acceleration is related

to two processes: 1) a dynamical response to increased

lubrication at the bottom of the ice sheet due to in-

creased surface meltwater reaching the bedrock (Zwally

et al. 2002) and 2) an acceleration in the flow of tide-

water glaciers due to the reduction of buttressing,

caused by thinning or calving of ice (Howat et al. 2007;

Nick et al. 2009; Sundal et al. 2013). Recent observations

suggest that the lubricating effect may actually play a

smaller role than expected because larger amounts of

meltwater may form channels beneath the ice that drain

the water away more efficiently and reduce the lubri-

cating effect (Nick et al. 2009; Rignot et al. 2011;

Shannon et al. 2013; Sundal et al. 2011). In contrast, the

iceberg calving effect is a major effect today, but it is

expected to decline in the future as outlet glaciers re-

treat above sea level (Goelzer et al. 2013), letting surface

mass balance (SMB) dominate GrIS mass loss by the

end of this century.

At the surface, the GrIS surface mass balance can be

approximated accurately by the difference between

ice mass gained through snowfall accumulation and

water mass lost through meltwater runoff in summer.

The other terms of the surface budget, which are the

mass loss from wind erosion, evaporation, and sub-

limation and the mass gain from deposition and con-

densation, are negligible compared to snowfall and

meltwater runoff (Box et al. 2004; Lenaerts et al. 2012).

Under warmer climate, increased atmospheric tem-

peratures should lead to increased atmospheric

moisture content and then to increased precipitation

and increased thickening of the ice sheet at high altitude

inland (Gregory and Huybrechts 2006; Fettweis et al.

2013a). In the periphery, at low altitude, rising tempera-

tures lead to enhanced surface melting and then to a

thinning of the ice sheet. Recent observations (van den

Broeke et al. 2009; Fettweis et al. 2011; Rignot et al. 2011)

and modeling studies based on atmospheric reanalysis

(Fettweis et al. 2008) show that over the last decade in-

creased inland snowfall in winter has not compensated

the increased runoff in the ablation area yielding to a

significant drop in GrIS surface mass balance (Sasgen

et al. 2012; Shepherd et al. 2012; van den Broeke et al.

2016). Modeling studies indicate that in the future, this

mass imbalance at the surface should continue and ac-

celerate as the climate warms (Fettweis et al. 2008, 2013a;

Gregory and Huybrechts 2006; Rae et al. 2012; Vizcaíno
et al. 2014, 2015).

In this context, it is essential to analyze how GrIS

meltwater runoff, precipitation, and SMB change with

global warming. In this study, we focus on theGrIS SMB

over the twentieth and twenty-first centuries. We pro-

vide, for the first time, consistent estimates [i.e., com-

puted with the same models over the past (1900–2015)

and over the future (2015–2100)] of GrIS SMB over

1900–2100 based on the output of 32CMIP5 atmosphere–

ocean general circulation models and Earth system

models (referred to as GCMs herein). We break down

the GrIS SMB estimates into six regional estimates

over the six major drainage basins of Greenland (see

Fig. 1) to account for the diverse response of different

areas of the GrIS to atmosphere and ocean warming

(see section 2), as performed in Lenaerts et al. (2015)

for studying the impact of GrIS runoff on oceanic cir-

culation. In the absence of long-term observations of

GrIS SMB, these estimates are compared to estimates

based on outputs from atmospheric reanalyses over the

recent decades (see section 3). Then we evaluate the

regional sea level changes induced by the GrIS SMB

changes taking into account its regional variability

among the six drainage basins (see section 3). The re-

gional variability in the GrIS SMB yields sizable re-

gional variability in associated sea level changes that was

neglected in previous studies and that are discussed (in

section 3) before the conclusion.

FIG. 1. Map of the Greenland drainage basins as defined in

Tedesco and Fettweis (2012). Numbers in parentheses indicate the

area of the basin in 103 km2.

Fig(s). 1 live 4/C
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2. Method

GCMs have a spatial resolution (;300km) that is too

coarse to resolve the SMB in the narrow ablation zone of

the GrIS (which is a few tens of kilometers wide). In

addition, their representation of the snow, ice, and firn

processes is not realistic in the upper layer of the

snowpack. These shortcomings prevent making any di-

rect estimates of the GrIS SMB from GCM outputs.

That is why we use here the high-resolution (25 km)

regional climate model Modèle Atmosphérique Ré-
gional (MAR), which has been developed to simulate

the GrIS SMB and which has been extensively validated

against observations (Fettweis 2007; Fettweis et al. 2005;

Franco et al. 2012; Lefebre et al. 2003, 2005). Version 3.5

of MAR (MARv3.5; Colgan et al. 2015) has been used

here. We consider simulations of MAR forced at its

boundaries by GCM outputs. As explained in Fettweis

et al. (2013a),MAR is forced every 6h by temperature (at

each MAR vertical level), wind, humidity, and surface

pressure from the GCM. The sea surface temperature

and the sea ice cover from the GCM are also prescribed

every 6h on the oceanic pixel of MAR. The integration

domain is described in Fettweis (2007).We used the same

GCMoutputs as in Fettweis et al. (2013a), but version 3.5

of MAR is used here while version 2 of MAR (MARv2)

was used in Fettweis et al. (2013a). The improvements

of MARv3.5 with respect to MARv2 are described in

Colgan et al. (2015) and Alexander et al. (2016).

The most straightforward approach to estimate

Greenland major drainage basins’ SMB from an en-

semble of 32 GCMs (see Table 1) is to run 32 MAR

simulations of the GrIS SMB forced at boundaries by

the 32 GCMs. Unfortunately this is impossible because

each MAR simulation with its high resolution and en-

hanced physics is too computationally expensive. Here

we take an alternative approach similar to the down-

scaling approach of Fettweis et al. (2013a, section 5.3)

TABLE 1. Ensemble of 32 CMIP5GCM simulations used to force Eq. (3) to get an ensemble of 32GrIS SMB estimates. The simulations

used are the CMIP5 historical runs over 1900–2005 extended until 2100 withRCP8.5 runs. (Expansions of acronyms are available online at

http://www.ametsoc.org/PubsAcronymList.)

Model ID Institution, country

ACCESS1.0 Centre for Australian Weather and Climate Research, Australia

ACCESS1.3

BCC_CSM1.1 Beijing Climate Center, China

BCC_CSM1.1(m)

CanESM2 Canadian Centre for Climate Modelling and Analysis, Canada

CCSM4 National Center for Atmospheric Research, United States

CESM1(BGC)

CESM1(CAM5)

CNRM-CM5 Météo-France/Centre National de Recherches Météorologiques, France
FIO-ESM First Institute of Oceanography, China

FGOALS-g2 National Key Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid

Dynamics, China

GFDL-ESM2M National Oceanic and Atmospheric Administration/Geophysical Fluid Dynamics Laboratory, United States

GFDL-ESM2G

GFDL CM3

GISS-E2-H National Aeronautics and Space Administration Goddard Institute for Space Studies, United States

GISS-E2-H-CC

GISS-E2-R-CC

GISS-E2-R

HadGEM2-CC Met Office Hadley Centre for Climate Prediction and Research, United Kingdom

HadGEM2-ES

IPSL-CM5A-LR L’Institut Pierre-Simon Laplace, France

IPSL-CM5A-MR

IPSL-CM5B-LR

MIROC5 University of Tokyo, Japan

MIROC-ESM

MIROC-ESM-CHEM

MPI-ESM-LR Max Planck Institute for Meteorology, Germany

MPI-ESM-MR

MRI-CGCM3 Meteorological Research Institute, Japan

MRI-ESM1

NorESM1-M Norwegian Climate Centre, Norway

NorESM1-ME
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but at basin scale as in Lenaerts et al. (2015). We use four

reference MAR simulations forced by four different

CMIP5 GCM simulations (see Table 2). From these ref-

erence simulations, we derive two empirical equations that

approximate MAR-based meltwater runoff and snowfall

anomalies from the output of the GCM simulations. On

the basis of these empirical relations we estimate and an-

alyze regional GrIS meltwater runoff, precipitation, and

SMBover 1900–2100with the outputs of an ensemble of 32

CMIP5 GCMs.

For the four reference simulations we have chosen the

climate simulations from the CanESM2, NorESM1-M,

andMIROC5GCMs because they give the best estimate

of the current climate over Greenland [in terms of June,

July, and August (JJA) mean temperature at 700hPa, an-

nual mean wind speed at 500hPa, and annual mean wind

direction at 500hPa over 1980–99 in comparison with

ERA-Interim; see Fettweis et al. (2013a) for more details].

For 1900–2005, we use the historical scenarios from the

CMIP5 project (historical simulations refer to experiments

simulating climate change since themid-nineteenth century

by prescribing time-dependent atmospheric composition

including anthropogenic GHG and aerosols; Taylor et al.

2012). For 2006–2100weuse bothmidrange [representative

concentration pathway 4.5 (RCP4.5); seeMoss et al. (2010)

for a description of the RCP scenarios] and high-end

(RCP8.5) GHG emission scenarios to ensure that we

cover the whole range of temperature that could be expe-

rienced by the GrIS until 2100. From the four reference

MAR simulations (listed in Table 2) we derive for each of

the six Greenland basins 1) a downscaling function of the

annual snowfall anomalies based on the GCM annual pre-

cipitation anomalies and 2) a downscaling function of the

annual meltwater runoff anomalies based on the GCM

mean summer temperature anomalies at 600hPa (T600JJA).

Anomalies are computed with respect to the 1970–89 pe-

riod. Then from these relations, we deduce an empirical

estimate ofGreenland basins SMBbased onGCMT600JJA
and precipitation anomalies (see next subsections). As the

GCM does not project general circulation changes over

Greenland (Belleflamme et al. 2013), we assume that

this empirical GCM-based SMB estimate, which re-

produces well the MAR estimates using four GCM simu-

lation outputs as forcing, can be run for all climate model

simulations from our ensemble.

a. Empirical estimate of snowfall anomalies

Figure 2 shows the scatterplots for each Greenland

basin of annual snowfall anomalies from MAR against

annual precipitation anomalies from the GCM used to

force MAR at boundaries. The scatterplots include the

four reference MAR simulations forced by GCM sim-

ulation outputs (each simulation in a different color; see

Fig. 2). They show that the snowfall variability in the

northern Greenland basins (basins 1, 2, 3, and 6) as

simulated byMAR is mostly driven by the forcing GCM

precipitation variability. This is also true for the

southern basins (basins 4 and 5) but to a lesser extent

as the topography is more rugged in this area. Therefore,

the local topography (e.g., inducing Foehn effect) not

resolved by the large resolution of the GCMs has only

little impact on the interannual precipitation variability

simulated byMARat basin scale. This result suggests that

interannual snowfall anomalies over Greenland are

rather driven by the large-scale general atmospheric cir-

culation (simulated by the forcing GCM) than by the

local circulation (simulated by MAR). It confirms earlier

results fromSchuenemann andCassano (2010) and shows

that at basin scale MAR annual snowfall anomalies can be

directly estimated by the forcing GCMannual precipitation

anomalies. Figure 2 also shows that snowfall anomalies es-

timated by MAR seem to be independent from the GCM

used to force MAR except for basin 5 where snowfall

anomalies estimated by MAR forced by CanESM2 are

slightly smaller than snowfall anomalies estimated byMAR

forcedwith the otherGCMs. This result (which is consistent

with Fettweis et al. 2013a) confirms that a common empir-

ical relationship between MAR snowfall anomalies and

GCM precipitation can be extracted from the MAR esti-

mates using fourGCMsimulationoutputs as forcing.As this

TABLE 2. CMIP5 GCM simulations and atmospheric reanalyses used to force MAR at its boundaries in MAR simulations. MAR

simulations forced with GCMs are the four MAR reference simulations. (MAR simulations forced with atmospheric reanalyses are used

for validation in Fig. 5.)

Model used to force

MAR at boundaries Simulation Institution, country

Period of the

simulation

ERA-40 Reanalysis ECMWF, United Kingdom 1958–78

ERA-Interim Reanalysis ECMWF, United Kingdom 1979–2014

CanESM2 Historical 1 RCP8.5 Canadian Centre for Climate Modelling

and Analysis, Canada

1960–2100

NorESM1-M Historical 1 RCP8.5 Norwegian Climate Centre, Norway 1950–2100

MIROC5 Historical 1 RCP4.5 University of Tokyo, Japan 1900–2100

MIROC5 Historical 1 RCP8.5 University of Tokyo, Japan 1900–2060
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relationship is independent from the GCM used to force

MAR it can be applied to the 32 climate model simulations

of our ensemble.

We test polynomial regressions of increasing order of

the scatterplots of Fig. 2. Linear regressions are sufficient

to explain more than 70% of the total variance in the

scatterplots of Fig. 2 (regression coefficients are given in

Table 3). Higher-order polynomials explain only a few

additional percentage points of extra variance over linear

regressions and were discarded (see Fig. S1 in the supple-

mentalmaterial). In accordance with the linear regressions

[also used by Fettweis et al. (2013a) at the Greenland

scale], we approximate the MAR-based snowfall anoma-

lies of each Greenland basin with the following equation:

DSF5 kDPR
GCM

1 l , (1)

where DPRGCM is the annual precipitation anomalies

estimated by GCMs and k and l are constants that de-

pend on Greenland basins (see Table 3). This simple

relationship gives a good approximation of MAR-

based snowfall anomalies for all basins from forcing

FIG. 2. Annual snowfall anomalies (Gt yr21) simulated by MAR vs annual precipitation anomalies (Gt yr21)

from the GCMs (different colors) used to force MAR over the MAR simulation periods (see Table 3) for basins 1,

2, 3, 4, 5, and 6. Anomalies are computed with respect to the 1970–89 mean.

Fig(s). 2 live 4/C
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precipitation anomalies (see Figs. S3–S6 in the supple-

mental material). The correlation coefficients are higher

than 0.7, and the root-mean-square error (RMSE) is

below the interannual variability (the RMSE is

;8Gt yr21 for basins 1, 2, 3, and 6 and ;20Gt yr21 for

basins 4 and 5, while the interannual variability is

;618Gt yr21 for basins 1, 2, 3, and 6 and;633Gt yr21

for basins 4 and 5; see Table 3). However Eq. (1) shows

in general a signal of smaller amplitude than the MAR-

based signal, in particular for basins 4 and 5 (see Figs. S3–

S6). In basin 4 the signal fromEq. (1) is alsomarkedly less

correlated (correlation of 0.70) to the MAR-based signal

than in other basins (correlation. 0.84; seeTable 3). This

is because in basin 4 (and to a lesser extent in basin 5) the

precipitation signal variability is driven in part by the

rugged-topography-induced local circulation not resolved

at the scale of the GCM resolutions (see Figs. S3–S6).

b. Empirical estimate of meltwater runoff anomalies

Figure 3 shows the scatterplots of annual runoff

anomalies from MAR against mean summer tempera-

ture anomalies in the free atmosphere from the GCM

used to force MAR at its boundaries. Here we choose

summer air temperature from GCMs as a predictor of

the MAR-based runoff because Fettweis et al. (2013b)

showed that summer temperature at 700hPa over

Greenland could be used as a proxy for surface melt.

However, as in Fettweis et al. (2013a), we prefer to use

T600JJA rather than 700 hPa because in many GCMs,

Greenland topography exceeds the 700-hPa vertical

level leading to gaps in temperature data at 700 hPa. The

scatterplots in Fig. 3 confirms the results of Fettweis

et al. (2013b) at regional scale. They show that for all

Greenland basins, runoff dependsmostly on the summer

temperature at the base of the free atmosphere over the

basins and that this dependence is nonlinear; as tem-

perature increases the runoff tends to increase but at a

faster rate. Part of this nonlinear behavior is the result of

the surface albedo positive feedback (Franco et al. 2013)

due to the extension of the ablation zone (where bare ice

appears) as air temperature increases (other feedbacks

like the extension of the melting season may also play a

role). This result suggests that the runoff variability at

basin scale is essentially driven by the large-scale at-

mospheric temperature rather than by local processes as

for Greenland basins snowfall. Another important point

in Fig. 3 is that runoff anomalies estimated by MAR

seem to be independent from the GCM used to force

MAR (as for snowfall anomalies). First, this is because

GCMs show essentially a warming of the free atmo-

sphere over Greenland and no significant change in the

general atmospheric circulation patterns over Green-

land. Second, the fourMAR reference simulations show

the same melt rate over the present climate, and there-

fore, for a same temperature anomaly, themelt response

is the same. This result confirms that for runoff

TABLE 3. Mean and standard deviation (Gt yr21), regression coefficients [see Eqs. (1)–(3)], RMSE (Gt yr21), and correlation (corr) of

regressions of scatterplots in Figs. 2–4.

Basin Mean 6 std dev (Gt yr21) RMSE (Gt yr21) Corr Regression coefficients

Snowfall anomaly k, l

1 3.5 6 11.8 4.7 0.92 0.60845, 21.8457

2 7.5 6 18.7 6.3 0.94 0.70217, 21.4559

3 5.5 6 24.4 10.0 0.91 0.86382, 21.3352

4 21.7 6 35.1 19.0 0.84 0.88445, 26.6944

5 7.2 6 31.4 22.5 0.70 0.44406, 22.9894

6 5.0 6 20.0 8.5 0.90 0.82635, 22.3868

Meltwater runoff anomaly m, n, p

1 23.1 6 43.5 12.0 0.96 2.5796, 4.7547, 22.7978

2 23.7 6 41.5 11.7 0.96 2.598, 4.1822, 20.8324

3 17.4 6 30.1 6.4 0.98 1.61, 5.5976, 20.71187

4 36.3 6 64.8 17.2 0.96 2.96787, 14.815, 22.9734

5 91.8 6 173.3 44.6 0.97 10.0289, 29.3104, 29.777

6 21.0 6 41.4 9.9 0.97 2.2192, 6.392, 23.4825

SMB anomaly

1 216.7 6 35.8 9.6 0.85

2 214.2 6 32.7 11.0 0.84

3 29.1 6 31.1 12.0 0.94

4 231.0 6 63.3 20.7 0.90

5 268.3 6 145.9 39.6 0.84

6 213.3 6 40.5 11.7 0.90
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anomalies (as for snowfall anomalies) a common em-

pirical relationship betweenMAR runoff anomalies and

GCM T600JJA can be extracted from Fig. 3 and applied

to the 32 climate model simulations of our ensemble.

We test polynomial regressions of increasing order of

the scatterplots in Fig. 3. Polynomials of order 2 are

necessary to explainmore than 95%of the total variance

of the scatterplots in Fig. 3 (regression coefficients are

given in Table 3). However, polynomials of order 3 and

higher do not explain substantial extra variance (see

Fig. S2 in the supplemental material), so we choose a

second-order polynomial to approximate MAR-based

runoff anomalies from GCM T600JJA as in Gregory and

Huybrechts (2006). [Note that Fettweis et al. (2013a)

found that at the scale of the whole GrIS, a third-order

polynomial is a better fit for the MAR-based runoff.]

The coefficients of the polynomial have been chosen to

best fit (with a least squares procedure) the scatterplots

of Fig. 3 and lead to the following relation:

DRU5m(DT600
JJA,GCM

)2 1 nDT600
JJA,GCM

1 p , (2)

where DT600JJA,GCM represents anomalies in T600JJA
estimated by GCMs and m, n, and p are constants that

depend on the six GrIS basins (see Table 3). Equation

(2) gives a very good approximation of MAR-based

FIG. 3. As in Fig. 2, but for meltwater runoff anomalies (Gt yr21) vs annual T600JJA anomalies (8C).
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meltwater runoff anomalies for all basins (see Figs. S7–

S10 in the supplemental material). The correlation co-

efficients are higher than 0.9 and the RMSE is below the

interannual variability (the RMSE is ;12Gt yr21 for

basins 1, 2, 3, 4, and 6 and;45Gt yr21 for basin 5, while

the interannual variability is ;645Gt yr21 for basins 1,

2, 3, 4, and 6 and;6173Gt yr21 for basin 5; see Table 3).

Note, however, that Eq. (2) tends to underestimate

slightly the amplitude of the meltwater runoff in-

terannual variability compared to the MAR-based es-

timate (see Figs. S7–S10). This is because Eq. (2)

smooths the extreme melt events resulting from a non-

linear combination of positive feedback amplifying or

significantly reducing the melt. The role of rainfall

(amplifying the melt) or snowfall (increasing temporally

the albedo and thus decreasing the melt) events in

summer is not taken into account in Eq. (2) (Noel et al.

2015). The melt rate also depends on the snowpack

history (i.e., the warmer the previous summer has been,

the higher the melt is when the previous melting snow-

pack appears at surface), which is not taken into account

in Eq. (2).

c. Empirical estimate of SMB anomalies

From the empirical estimate of snowfall anomalies

and meltwater runoff anomalies over the Greenland

basins we derive an estimate of the SMB. We sum Eqs.

(1) and (2) to get the following SMB empirical estimate:

DSMB5kDPR
GCM 2m(DT600

JJA,GCM
)2

2 nDT600
JJA,GCM

1 l2 p , (3)

where k, l, m, n, and p are constants that depend on the

Greenland basins (see Table 3). Both snowfall anoma-

lies and runoff anomalies play an important role in

the Greenland basins SMB temporal variability (cf. the

range of the y axis in Figs. 2 and 3). However, as the

climate warms the runoff contribution tends to signifi-

cantly exceed the snowfall contribution for all basins

(cf. the meltwater runoff rates under high temperature

in Fig. 3 with snowfall rates of Fig. 2). This effect is

particularly intense in basin 5 because basin 5 is affected

by warm air advection from the southwest in response to

the general atmospheric circulation flowing from

southwest to northeast over Greenland (Fettweis et al.

2013a) and because the summer surface temperature in

this basin is already near the melting point under the

current climate (see sections 3 and 4).

To check the ability of Eq. (3) to reproduce Green-

land basins SMB, we plot in Fig. 4 the SMB calculated

with Eq. (3) against the MAR-based SMB. Figure 4

shows the results for Eq. (3) and the MAR reference

simulation forced by MIROC5 historical and RCP4.5

scenario. Similar plots with Eq. (3) and MAR forced

with the other GCM reference simulations are given in

the supplementary material (Figs. S11–S13 in the sup-

plemental material). For all reference simulations, Eq.

(3)’s SMB estimate is very close to the MAR-based

SMB estimate. This is true for all basins, including basins

4 and 5, for which the snowfall estimate from Eq. (1)

underestimates the variability of the MAR-based esti-

mate (see Figs. S3–S6 and Table 3). The reason for this is

that in basins 4 and 5 runoff anomalies are large and

dominate the local SMB signal, in particular in the

twenty-first century. For all basins the RMSE of the

SMB estimate is below 40Gt yr21 (which is smaller than

the interannual variability) and the correlation co-

efficients are higher than 0.84 (see Table 3). Most of the

RMSE is coming from differences at interannual time

scales. Such agreement gives confidence in the Green-

land basins SMB estimate with Eq. (3). However, note

that Eq. (3) can only be used to estimate Greenland

SMB at basin scale, and it should not be used to estimate

Greenland SMB at finer spatial scales.

3. Results and discussion

a. Greenland basins SMB in the twentieth century

We now estimate an ensemble of 32 Greenland ba-

sins’ SMB over 1900–2100 by forcing Eq. (3) with

Greenland precipitation anomalies and T600JJA from an

ensemble of 32 GCM simulations (Fig. 5; see Table 1

for a list of GCMs). The GCM simulations are CMIP5

twentieth-century climate simulations extended over

the twenty-first century with scenario RCP8.5 simula-

tions. Over 1958–2014 we compare the ensemble of

Greenland SMB estimates with an estimate based on

MAR forced with ERA-40 (for the period 1958–78;

Uppala et al. 2005) and forced with ERA-Interim (for

the period 1979–2014; Dee et al. 2011; see Table 2).

Estimates based on MAR forced with ERA-40 and

ERA-Interim are expressed in anomalies with respect

to the mean over the reference period 1970–89 as for

the GCM-based estimates.

Over the twentieth century, the ensemble mean of

Greenland SMB estimates is stable in all basins except in

basin 5 where it has decreased continuously since 1958

at a small rate of20.516 0.11Gt yr22 (see Table 4). For

all basins the spread in SMB around the ensemble mean

is small in the twentieth century and below the interannual

to multidecadal variability in SMB (see Table 4),

which suggests that the internal climate variability ex-

plains most of this spread across models. The continu-

ous decrease in SMB of basin 5 over 1950–2014 is due to

increasing runoff anomalies that exceed the increasing
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snowfall anomalies throughout the second half of the

century (see Figs. S14 and S15 in the supplemental

material). The fact that the ensemble mean of SMB

estimates shows this decrease suggests that it is an early

forced response to greenhouse gases or other external

forcing. However, this signal is small and could possibly

be caused by some multidecadal internal climate vari-

ability in GCMs. More investigation is needed to an-

swer this question.

The comparison of the ensemble of Greenland SMB

estimates with the estimate based on MAR forced with

ERA-40 and ERA-Interim shows that the recent

Greenland SMB variations lie within the spread of the

ensemble estimates for all basins except basin 1. For

basin 1, GCM-based estimates fail to reproduce the

large interannual to decadal variability in SMB since

1958 (see Table 4) and particularly after 1997. This is

partly because they underestimate the runoff increase

resulting from the general circulation changes in sum-

mer (not properly projected by GCMs; Belleflamme

et al. 2013) favoring advection of warm air from the

south (Fettweis et al. 2013b).

The reanalysis-based estimates show positive anoma-

lies of the SMB in the 1970s and the 1980s for basins 1, 2,

and 6 and to a smaller extent for basin 4. These

anomalies are due to the combination of anomalous

cold summers and wet years during these periods

(Fettweis et al. 2008; Hanna et al. 2008) not reproduced

by the GCM ensemble estimate. Note that the anom-

alous warm summers and dry years of the 1930s, which

resulted in large SMB loss rates in Greenland (Chylek

et al. 2006; Fettweis et al. 2008; Hanna et al. 2008), are

not reproduced here by the GCM ensemble estimate

either, suggesting that this major event may have been

generated by the internal climate variability as well.

After 1990, the reanalysis-based estimate shows a de-

crease of the SMB in all basins. The GCM ensemble

estimate also shows a decrease of the SMB in all basins

after 1990, suggesting that the external forcing of the

climate systemmay play a role in the observed decrease

of the SMB. It is probably the GHG emissions forcing

that is responsible here because the SMB decreasing

signal persists and accelerates through the twenty-first

century in the GCM ensemble estimate. After 2005, the

ERA-based SMB estimate decreases further and de-

parts notably from the GCM ensemble mean estimate

in basins 1, 4, 5, and 6. Part of this increased SMB loss

is generated by the internal climate variability as a

FIG. 4. Annual SMB anomalies (Gt yr21) simulated by Eq. (3) (red line) and byMAR (blue line) for basins 1, 2, 3, 4,

5, and 6. Both Eq. (3) andMAR have been forced byMIROC5 historical and RCP4.5 simulations over 1900–2100.

Fig(s). 4 live 4/C
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response to the recent sequence of negative phases of

the North Atlantic Oscillation in 2007–12, which fa-

vored warmer atmospheric conditions than normal

over the GrIS (Fettweis et al. 2013b).

b. Greenland basins SMB in the twenty-first century

For the twenty-first century the picture is different

than for the twentieth century. The ensemble mean of

the Greenland SMB estimate is decreasing significantly

over all basins. The spread around the ensemble mean is

larger in the twenty-first century than in the twentieth

century, and it grows larger toward the end of the

twenty-first century [one standard deviation (1s) ’
30Gt yr21 for basins 1, 2, 3, 4, 6, and 1s5 137Gt yr21 for

basin 5 in 2001–2100, assuming a Gaussian distribution

around the mean; see Table 4]. In general over 2000–

2100 the spread across GCM-based SMB estimates is

larger than the interannual tomultidecadal variability of

any SMB estimate based on individual GCM simulation.

It means that the spread in twenty-first-century SMB

FIG. 5. Annual SMB anomalies (Gt yr21) simulated by Eq. (3) forced with an ensemble of 32 GCM simulations

(individualmodel simulations are in gray and the ensemblemean is the red line) for basins 1, 2, 3, 4, 5, and 6.Annual

SMB anomalies from MAR forced with ERA-40 and ERA-Interim are in black. Anomalies are calculated w.r.t

the mean over 1970–89.

Fig(s). 5 live 4/C
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estimates is dominated by the spread in Greenland cli-

mate sensitivity to greenhouse gases across GCMs

rather than the spread due to internal climate variability.

The increased SMB loss projected in the twenty-first

century is the result of increased runoff anomalies that

largely exceed the increased snowfall anomalies as the

climate warms (see Figs. S14 and S15). The GCMs that

project the warmest climate over Greenland also project

the highest runoff anomalies and the largest Greenland

SMB loss rates. Basin 5 is the basin that shows the

highest SMB loss rates in Greenland, confirming earlier

results from Tedesco and Fettweis (2012). In 2081–2100,

the SMB loss rate in basin 5 is expected to be much

higher than in other basins (see Table 4) and should

reach 2364.9 6 159Gt yr21 (the uncertainty represents

the spread around the ensemble mean at 1s, assuming a

Gaussian distribution), explaining up to 47% of the

Greenland total SMB anomaly. This is because basin 5 is

exposed to warm air advection from the ocean trans-

ported by the mean circulation flowing from southwest

to northeast of Greenland. Basin 4 shows the second-

highest SMB loss rates in the twenty-first century (see

Table 4). In this basin the increase in SMB loss rate is

essentially caused by an increase in runoff anomalies

with a significant contribution from rainfall while the

snowfall anomalies are small. Basins 1, 2, and 6 tend to

show similar SMB loss rates, while basin 3 shows the

smallest SMB loss rates (see Table 4), confirming the

results from Tedesco and Fettweis (2012). In basins 1, 2,

3, and 6 increased snowfall anomalies play an important

role in dampening the increased runoff anomalies and

attenuate the SMB loss rates (see Figs. S14 and S15).

c. Regional sea level changes in response to
Greenland SMB changes

As Greenland surface ice melts, water mass is trans-

ferred from GrIS drainage basins to the ocean. This

mass redistribution 1) perturbs the gravitational field of

Earth, 2) deforms Earth’s crust and the solid sea bottom

(also perturbing the gravitational field), and 3) changes

the orientation and rate of Earth’s rotation (Mitrovica

et al. 2001). These three processes affect relative sea

level (RSL; defined as the elevation of the sea surface

above the sea bottom) and make it deviate substantially

from the global mean RSL (Gomez et al. 2010; Milne

et al. 2009;Mitrovica et al. 2009; Tamisiea andMitrovica

2011). The regional departures of RSL from the global

mean depend on the location of the ice melt and thus

depend on the regional variability of the GrIS SMB.

Note that dynamical ice discharge also causes water

mass transfers from GrIS to the ocean and affects sea

level regional variability, but this term is not considered

here. In addition, the freshwater fluxes into the oceanT
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associated with Greenland ice loss change the ocean

circulation (Luo et al. 2016; Lenaerts et al. 2015) and

generate regional variability in RSL as well (Kopp et al.

2010; Stammer 2008), but this aspect is not addressed in

this study either.

For each member of the ensemble of 32 Greenland

SMB estimates based on GCM outputs, we estimate the

regional sea level change pattern induced by the GrIS

SMB by solving the sea level equation (SLE), originally

proposed by Farrell and Clark (1976) to describe the sea

level changes induced by the melting of the ice sheets.

The SLE is solved numerically using an updated version

(Spada et al. 2012) of the sea level equation solver

(SELEN; Spada and Stocchi 2007). Since here we study

the Greenland SMB on time scales much shorter than

theMaxwell relaxation time of the mantle (a few 103 yr),

SELEN is run assuming a layered elastic Earth model,

taking into account Earth’s compressibility. The elastic

model and the density profile are consistent with the

preliminary reference Earth model of Dziewonski and

Anderson (1981). The effects of Earth rotation on sea

level change are modeled following the theory illus-

trated in Milne and Mitrovica (1998). In solving the

SLE, the fixed-shorelines approximation has been

adopted, and we have assumed that the ice mass loss is

uniformly distributed over each drainage basin.

Figures 6a,b show the ensemble mean and the en-

semble spread of the RSL change pattern in 2080–99

with respect to 1900–19 of the ensemble of 32 GCM-

based Greenland SMB estimates (the RSL change

pattern of each member is shown in Fig. S16 of the

supplemental material). In 2080–99, all members of the

ensemble show a substantial increase in sea level of a

few centimeters inmost of the ocean far fromGreenland

and a large decrease in sea level of a few tens of centi-

meters to one meter close to the coast of Greenland (see

Fig. 6a and Fig. S16). The increase in sea level far from

Greenland is essentially due to the redistribution of the

water loss from Greenland into the ocean. In contrast,

the large decrease in sea level close to the coast of

Greenland is essentially a response of the decrease in

the local geoid due to the mass removal fromGreenland

(with a small contribution as well from the elastic re-

bound of Greenland). Figure 6b shows that the spread in

RSL pattern is not negligible compared to the ensemble

mean signal even in regions far from the GrIS. Indeed,

ensemble members generally agree on showing a drop in

sea level close to the GrIS and sea level rise far from the

GrIS, but they differ substantially in the details. Most

members show a drop in sea level centered around the

south of Greenland and sea level rise off the northern

coast of Greenland while members with the highest total

GrIS SMB decrease over 1900–2100 tend to show a large

drop in sea level occurring all around Greenland (see

Fig. 6b and Fig. S16). Some members (like the members

forcedwith theACCESS,HadGEM2, IPSL, andMIROC

GCMs; see Fig. S16) also show a significant sea level rise

pattern of 10–20cm around South America and in the

North Pacific. This pattern is characteristic of changes of

degree 2 order 1of the gravity field and is due to changes

in Earth axis orientation.

To evaluate to what extent the regional variability in

GrIS SMB over the twentieth and twenty-first centuries

affects the RSL patterns we compare our RSL patterns

with RSL patterns obtained assuming a uniform distri-

bution over the GrIS of the total Greenland SMB

changes. This shows the same RSL pattern but with

different amplitudes [as in the IPCC Fifth Assessment

Report (AR5); Church et al. 2013]. This is because the

response of the solid Earth to Greenland ice melt is

elastic at the centennial time scales, and thus the sea

level pattern does not change with the amplitude in ice

mass loss (only differences in the distribution of ice mass

loss can cause differences in the sea level pattern when

Earth response is elastic). Figures 7a,b show the en-

semble mean and spread of the difference between our

RSL patterns and the RSL patterns obtained with the

assumption of a uniform distribution of the total SMB

over the whole GrIS. They indicate the amplitude in the

sea level signal that depends on the geographical dis-

tribution of GrIS mass loss. Figure 7a shows that the

regional differences between both ensemble mean RSL

patterns are large close to the GrIS. In this region the

regional variability in the GrIS SMB explains between

20% and 60% of the RSL signal. Far from the GrIS the

differences are smaller but still sizable, and the regional

variability in the GrIS SMB accounts for 10%–20% (in

all oceanic regions located more than 3000km from

Greenland) of the total RSL signal. The differences are

important in the near field, like along the east coast of

North America and the north coast of Europe. In this

region, the total RSL changes are small (a few centi-

meters; see Fig. 6a) but the regional variability in GrIS

SMB plays a significant role in the RSL (Fig. 7a). For the

ensemble mean, the inclusion of the regional variability

in GrIS SMB changes the RSL in 2080–2100 along the

U.S. East Coast and the north coast of Europe by up to

40% (Fig. 7a).

The previous results show that it is important to take

into account the regional variability in GrIS SMB to

estimate the RSL, but they give no information on the

level of resolution in Greenland SMB regional vari-

ability that is needed to get accurate RSL estimates. To

answer this question, we use the reference MAR simu-

lation forced with the MIROC5 RCP4.5 simulation,

which covers the whole period 1900–2100. The MAR
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simulation estimate of the Greenland SMB is in-

terpolated at three different resolutions: 1) the SMB is

interpolated at 18 resolution, 2) the SMB is averaged

over each drainage basin and then uniformly distributed

over the same drainage basin (like in the downscaling

technique), and 3) the SMB is averaged over the GrIS

and then uniformly distributed over the GrIS. Figure 8a

shows the difference in RSL pattern in 2080–2100 (with

respect to 1900–19) between the RSL obtained with a

regional SMB averaged at basin scale and the RSL

FIG. 6. (a) Ensemblemean and (b) standard deviation of the regional relative sea level changes over 2080–99 (w.r.t.

1900–19) in response toGreenland SMBas estimated by the regional downscaling technique forced byGCMs outputs

(see text): (left) northern and (right) southern hemisphere. The regional sea level patterns of (a),(b) include the effect

of the regional variability in Greenland SMB changes.

Fig(s). 6 live 4/C
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obtained with a SMB uniformly distributed over the

GrIS. In Fig. 8b the difference in RSL between the RSL

obtained with a regional SMB interpolated at 18 reso-
lution and the RSL obtained with a regional SMB av-

eraged at basin scale is significantly smaller than in

Fig. 8a. For most of the ocean and the coast, taking into

account the regional variability in Greenland SMB at 18
resolution only changes the RSL by 5% compared to the

solution with basin-scale regional variability. Only the

Arctic Ocean shows high differences. Some differences

can be seen as well in a small band that crosses the

United States and European northern coast in the near

field, but in this region theRSL values are very small and

the differences only amount to a few millimeters.

4. Conclusions

We have developed a downscaling technique cali-

brated against the MAR regional climate model in order

to calculate an ensemble of 32 Greenland SMB estimates

FIG. 7. As in Fig. 6, but due to the regional variability in the Greenland SMB changes only.

Fig(s). 7 live 4/C
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at regional scale over the twentieth and twenty-first

centuries on the basis of 32 CMIP5 GCM simulations.

This ensemble of SMB estimates compares well at de-

cadal andmultidecadal time scales with aMARestimate

based on the ERA-40 and ERA-Interim reanalyses over

1958–2014. However, the amplitude of the interannual

variability of each ensemble member appears too small,

particularly in basin 1 during the 2000s. Over the twen-

tieth and twenty-first centuries the ensemble of SMB

estimates shows a significant decrease in SMB in all

basins as the climate warms. The projected Greenland

SMB contribution to global mean sea level rise in

FIG. 8. As in Fig. 6, but for (a) differences between theRSL pattern estimatedwithGreenland SMBaveraged and

distributed uniformly over each drainage basin and the RSL pattern estimated with an equivalent total Greenland

SMB distributed uniformly over the GrIS. (b) Differences between the RSL pattern estimated with a regional

distribution of GrIS SMB changes at 18 resolution and the RSL pattern estimated with Greenland SMB averaged

and distributed uniformly over each drainage basin. In (a),(b), relative sea level patterns are computed as means of

the RSL in 2080–99 (w.r.t. 1900–19) from the MAR reference simulation forced by the MIROC5 RCP4.5

simulation.

Fig(s). 8 live 4/C
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2081–2100 is 19.2 6 4.5 cm for the RCP8.5 scenario,

which is within the range of the IPCC projections

(3–16 cm in 2080–2100; see Church et al. 2013). This

increase in SMB loss rates is marked by a substantial

regional variability, confirming the importance of

studying Greenland SMB at regional scale.

During the twentieth century, Greenland SMB is

fairly stable except in basin 5 where it starts decreasing

after 1950 because of increasing runoff anomalies

exceeding the increasing snowfall anomalies. In the

twenty-first century all basins show a decrease in SMB.

It is particularly intense in basins 5 and 4 where snowfall

increases remain small during the twenty-first century

and do not compensate for the large increase in runoff

anomalies. By the end of the twenty-first century, basin 5

SMB loss rate alone explains about 47% of the total

GrIS SMB loss rate while both basin 4 and 5 SMB loss

rates explain about 65%as they aremore sensitive to the

advection of warm air from the south. Basins 1, 2, 3, and

6 also show an increase in SMB loss rates, but they are

smaller than in basins 4 and 5 because the increase in

runoff anomalies is smaller and is partly compensated

by a larger increase in snowfall anomalies.

Our results show that the GrIS SMB does not respond

uniformly to GHG emissions. The southern part of the

GrIS is more sensitive to climate warming and is in im-

balance sooner than the northern part. This regional

variability is important to take into account because it

significantly affects the ice sheet dynamics and topog-

raphy as well as the induced sea level fingerprints.

Using a sea level equation model we show that the re-

gional variability in projected GrIS SMB induces sig-

nificant regional variability in projected sea level

changes in large regions of the world. In most of the

global ocean the RSL induced by the regional variability

in Greenland SMB explains up to 10%–20% of the total

local RSL associated withGrIS SMB changes. Along the

U.S. East Coast and the north coast of Europe it explains

up to 40% of the total local RSL. For this reason, we

argue that the regional variability in Greenland SMB

plays an important role in the regional variability in sea

level rise and should be taken into account in sea level

projections. A sensitivity study on the resolution of the

Greenland SMB regional variability suggests that the

basin-scale resolution is enough to resolve the associ-

ated RSL pattern with an accuracy of 5% in most of the

ocean except in the Arctic and in small regions on the

U.S. and European coasts.

Note that our results are probably conservative be-

cause the effects of ice sheet dynamics, ice sheet to-

pography changes, the routing of surface water, and

freshwater inputs on the ocean circulation are not taken

into account. To go a step further and take these effects

into account, we would need to couple the MAR re-

gional climate model with an ice sheet model and dy-

namics model as well as with an ocean model.
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