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Abstract. Future sea-level change projections with process-
based stand-alone ice sheet models are typically driven with
surface mass balance (SMB) forcing derived from climate
models. In this work we address the problems arising from
a mismatch of the modelled ice sheet geometry with the ge-
ometry used by the climate model. We present a method for
applying SMB forcing from climate models to a wide range
of Greenland ice sheet models with varying and temporally
evolving geometries. In order to achieve that, we translate a
given SMB anomaly field as a function of absolute location
to a function of surface elevation for 25 regional drainage
basins, which can then be applied to different modelled ice
sheet geometries. The key feature of the approach is the non-
locality of this remapping process. The method reproduces
the original forcing data closely when remapped to the origi-
nal geometry. When remapped to different modelled geome-
tries it produces a physically meaningful forcing with smooth
and continuous SMB anomalies across basin divides. The
method considerably reduces non-physical biases that would
arise by applying the SMB anomaly derived for the climate
model geometry directly to a large range of modelled ice
sheet model geometries.

1 Introduction

Process-based ice sheet model projections are an important
tool for estimating future sea-level change in the context of
the Intergovernmental Panel on Climate Change assessment
cycle (IPCC, 2013). For the first time, in the upcoming IPCC
assessment report (AR6), ice sheet model (ISM) projections
are formally embedded in the Coupled Model Intercompar-
ison Project (CMIP; Eyring et al., 2016) in the form of the
CMIP-endorsed Ice Sheet Model Intercomparison Project
ISMIP6 (Nowicki et al., 2016, 2020). ISMIP6 aims to pro-
vide estimates of the future sea-level contribution from the
Greenland and Antarctic ice sheets based on stand-alone
ice sheet model simulations, forced by output from CMIP
atmosphere–ocean global climate models (GCMs) and fully
coupled ISM–GCMs. This paper focuses on stand-alone sim-
ulations of the Greenland ice sheet (GrIS).

The first ISMIP6 activities focused mainly on the prob-
lem of ice sheet model initialization (Goelzer et al., 2018;
Seroussi et al., 2019) but also identified issues that may be
encountered when a large range of ice sheet models is forced
with climate model output. The most important forcing de-
rived from climate models in the context of future sea-level
change projections for the GrIS is the surface mass balance
(SMB), which describes the rate at which mass is added or
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1748 H. Goelzer et al.: Remapping of Greenland ice sheet surface mass balance anomalies

removed at the ice sheet surface. For the ISMIP6 projections
it was decided to apply the SMB forcing as an anomaly, i.e.
as the change in SMB relative to a given reference period.
This approach has the important advantage that it allows par-
ticipating ice sheet modellers to use their own SMB product
during initialization and simply add provided SMB anoma-
lies in a projection experiment.

However, problems were identified when a given surface
mass balance anomaly (aSMB) was applied to the wide
range of Greenland ice sheet models used in the community
(Goelzer et al., 2018). The key issue is a mismatch between
modelled initial and observed ice sheet geometries, the lat-
ter of which underlies the SMB field. These differences are
related to uncertainties in forcing, physical parameters, and
the underlying ice sheet model physics. For instance, a ge-
ometrical mismatch generally means that the modelled ab-
lation zone and the prescribed anomalous ablation are not
co-located, leading to an incorrect mass balance forcing.

With the original intention to apply identical forcing to
all participating models, a forcing data set was prepared for
initMIP-Greenland (Goelzer et al., 2018) that consisted of
an SMB anomaly based on the present-day observed ge-
ometry. The SMB anomaly was extended outside the ob-
served ice sheet mask following a simple parameterization
to accommodate larger-than-observed ice sheet model ex-
tents. In practice, however, ice sheet models with larger-than-
observed initial areas exhibit larger melting under such forc-
ing simply because their ablation areas are extended out-
wards.

To address this problem, we present here a method for
remapping the SMB anomaly as a function of surface ele-
vation and thereby produce physically consistent forcing for
different ice sheet model geometries. The proposed method
was developed for future sea-level change projections made
with a large ensemble of ice sheet models (with possibly
widely differing initial geometries) forced by output of dif-
ferent climate models and scenarios. However, other appli-
cations can be envisioned, for example any other case where
the climate model forcing is generated for an ice sheet geom-
etry differing from that of the ice sheet model itself. Asyn-
chronously coupled climate–ice sheet simulations and exper-
iments with accelerated climatic boundary conditions may
also be improved with the presented method.

In the following we describe our approach and method
(Sect. 2), the resulting forcing (Sect. 3), and time-dependent
applications (Sect. 4) and finally discuss the results (Sect. 5).

2 Approach and method

Our approach aims to generate an SMB forcing (at a yearly
timescale) applicable to an ensemble of Greenland ice sheet
models that exhibit a wide range of initial present-day ice
sheet geometries. The forcing is based on an existing aSMB
product that is generated at a fixed present-day surface eleva-

Figure 1. (b) Schematic cross section for two different ice sheet
geometries and (a) associated surface mass balance. The two ge-
ometries share the same equilibrium line altitude (ELA) but exhibit
different horizontal equilibrium line positions (ELP1, ELP2).

tion. This aSMB product will typically be the output of a re-
gional climate model (RCM) but could come from any SMB
model or GCM. While the forcing will have to be adapted for
the individual model geometries, it should remain as close as
possible to the original product when applied to the observed
present-day geometry.

The proposed method is based on the strong elevation de-
pendence of the SMB and aSMB and is illustrated for a
schematic flow line of a land-terminating ice sheet margin
(Fig. 1). For a larger ice sheet geometry (dashed red line), the
horizontal equilibrium line position lies farther from the ice
divide than for a smaller ice sheet (black line). It is this effect
that we are trying to capture with our method: a different ice
sheet geometry requires a different forcing to honour physi-
cal consistency. Remapping the SMB anomaly as a function
of surface elevation, as we propose, allows for a “stretching”
of the SMB product to match the larger ice sheet extent while
maintaining its overall shape.

For initMIP-Greenland, the SMB anomaly was parame-
terized as a fixed function of observed surface elevation and
latitude sampled across the entire ice sheet (Goelzer et al.,
2018), which was subsequently used to define a forcing prod-
uct everywhere on the grid. In principle, we could use the
same global approach to generate SMB forcing for a range of
different initial ice sheet geometries. However, regional dif-
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ferences in the height–aSMB relationship can be large and
justify a spatially better-resolved approach.

To capture regional differences, we therefore apply the
remapping separately for a set of drainage basins (Shepherd
et al., 2012; Zwally et al., 2012; Mouginot et al., 2019). In
practice, the following steps are executed to (1) derive and
(2) apply the height–aSMB relationship to different geome-
tries.

1. Defining an elevation–aSMB lookup table:

– Divide the ice sheet into drainage basins.

– For each individual drainage basin, complete the
following steps:

– For each elevation band with central height hc
and range R of heights

– find aSMB values for all heights in R

– calculate the median aSMB of these results
– save result to lookup table aSMB = f (hc).

2. Remap aSMB to a new geometry:

– Use the drainage basin separation in (1).

– For each individual drainage basin take the follow-
ing step:

– For each ISM grid point
– interpolate aSMB linearly as a function of

height using a combination of lookup ta-
bles (1) for this and neighbouring basins (see
Sect. 2.2).

2.1 Defining an elevation–aSMB lookup table

The first step (defining an elevation–aSMB lookup table) is
independent of the ice sheet model characteristics and relies
only on the initial aSMB product, the reference field’s ele-
vation, and a meaningful basin selection. Ideally, the basin
division should separate regions with largely different SMB
characteristics, e.g. wet and dry regions. At the same time,
our method requires each basin to contain a wide elevation
range so that the lookup tables can be completely filled. For
this study we created 25 basins by combining several smaller
basins from a recent drainage delineation (Mouginot et al.,
2019). The basins could consist of individual outlet glaciers
or even flow lines, as long as they cover a sufficiently large
elevation range. The basin delineation is extended outside
the observed ice sheet mask to accommodate different (i.e.
larger) ice sheet geometries than observed (Fig. 2). This was
done once manually using observed topography of ice-free
regions and bathymetry as guidance. In order to test the ro-
bustness of the method to the number of basins, we have con-
structed an alternative basin set that can be subdivided semi-
automatically, albeit not following observed drainage divides
(Fig. S1 in the Supplement).

Figure 2. Basin separation. The basin delineation is based on
Mouginot et al. (2019), combined into a set of 25 regional basins
and extended to the grid margin.

While the method can be applied to any aSMB product,
here we use model output from the regional climate model
MAR (Fettweis et al., 2013) forced by MIROC5 (Watanabe
et al., 2010) as it has been run for the RCP8.5 scenario and
was chosen for ISMIP6. We use output of MAR version 3.9
run at a horizontal resolution of 15 km, which has been down-
scaled to 1 km (Delhasse et al., 2020) and subsequently in-
terpolated to 5 km resolution for our analysis. If needed for
a coarser-resolution climate model output, for example, the
aSMB could be interpolated to a high enough target resolu-
tion to guarantee that sufficient samples are present in each
basin and elevation band. We demonstrate the method here
with aSMB at the end of the century relative to the 1960–
1989 reference period, calculated as the time mean change:

aSMB= SMB
2091–2100

−SMB
1960–1989

. (1)

For each drainage basin we define an elevation–aSMB
lookup table based on the MAR SMB data in that basin. We
define elevation bands with centre hc and range R, find all
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grid points with matching elevation, and register the associ-
ated aSMB values. We calculate the median aSMB value of
all available points for each elevation band (Fig. 3), result-
ing in a lookup table aSMB= f (hc). The median is chosen
rather than the mean for its robustness to outliers. The step
size dh= 100 m between subsequent elevations hc and the
value for the range of R = 100 m was chosen after some ini-
tial testing but was not formally optimized. The main fac-
tors influencing this parameter choice are spatial variability
and smoothness of the original aSMB product, which also
depends on the original resolution of the SMB model (in
this case: 15 km). Given the relatively smooth aSMB field,
the chosen parameters were judged sufficient to describe the
variation in the elevation–aSMB relationships for each basin
(Fig. 3). Other interval sizes may be more appropriate for
other climate forcing products.

For all table entries at 0 m elevation, we have copied the
more robust table entry at 100 m rather than using the 0–50 m
height interval with sparser data. For basins with missing
values for high elevations, we repeated the highest-elevation
aSMB value until 3500 m (circles in Fig. 3).

2.2 Remap aSMB to a new geometry

For the reconstruction of the SMB on an ice sheet model
geometry, we define the aSMB for each grid point using a
combination of lookup tables from the local and neighbour-
ing basins. We weight the aSMB values of the surrounding
neighbour basins by proximity, which results in a gradual de-
crease in influence of the next neighbouring basin away from
the divides (Fig. 4). The aSMB for each point in a specific
basin b0 is calculated as

aSMBb0 (x,y)= aSMBb0 (h)×w0 (x,y)+ aSMBb1 (h)

×w1 (x,y)+ . . .+ aSMBbn (h)×wn (x,y) , (2)

where aSMBbi(h) is the aSMB value found by interpolating
the lookup table for basin bi at the elevation h(x,y).

The weights of the gradients in the current basin b0 are
calculated as

w0 = 1−
p1+p2+ . . .+pn

p0+p1+p2+ . . .+pn

, (3)

which is the residual of the sum of the weights for neighbour-
ing basins b1 through bn defined as

w1 =
p1

p0+p1+p2+ . . .+pn

. . .

wn =
pn

p0+p1+p2+ . . .+pn

. (4)

Here p0 = 1 and p1, p2, . . .pn are proximities of a given
point to the neighbouring basins b1–bn, which are limited to
the interval [0, 1]:

pi = 1−min
(

dsi

dsnorm
,1

)
, (5)

where dsi is the distance from a given point in b0 to the near-
est point in neighbouring basin bi , which is normalized by
a prescribed distance dsnorm = 50 km. This value of dsnorm
was chosen to minimize the mismatch between the original
and reconstructed aSMB (other tested values were 75, 100,
and 125 km), though variations in dsnorm have limited influ-
ence on the results. As an example, near divides with only
one neighbouring basin in the proximity, the local weighting
factor w0 increases from 0.5 at the divide to 1.0 at the centre
of the basin (Fig. 4).

3 Results

Figure 5 shows results for the aSMB at the end of the
MAR RCP8.5 simulation (Eq. 1). The original MAR aSMB
(Fig. 5a) has been used to remap the aSMB at the same sur-
face elevation (Fig. 5b).

The reconstructed aSMB is very similar to the original,
reproducing the overall pattern. Some smaller-scale features
are lost, however, by averaging laterally across the basin and
over elevation bands. The difference map (Fig. 5c) reveals
some along-flow features at the margins (e.g. in basins 2, 3,
9, 15, 16, and 17), suggesting that the local median value
is not a good representation and that refinement of those
basins could further improve the remapping. The absolute
error in the spatially integrated aSMB per region in this case
is on average 2.3 % with extremes of 4 %, 6 %, and 16 % in
basins 5, 8, and 9, respectively (Fig. 6). These three basins
all exhibit detailed and varied topography at the margins,
which may contribute to the errors. The largest signed errors
are found in basin 7, with compensating biases of opposite
signs. We consider these errors acceptable given typical un-
certainties in climate model forcing (e.g. van den Broeke et
al., 2017) and our specific interest in large-scale, ice-sheet-
wide results to be used in ISMIP6. Specifically, the aSMB
error integrated over all basins is 18 km3 yr−1 (Fig. 6) com-
pared to an ensemble range (650 km3 yr−1) and ensemble
standard deviation (240 km3 yr−1) for the six CMIP5 mod-
els used in ISMIP6 (Goelzer et al., 2020). The robustness
of the method to changes in the number of basins has been
evaluated with a schematic basin set that can be subdivided
semi-automatically (Supplement). Within the range of tested
basin numbers (20–100) the remapping error is the lowest
for the largest number of basins (100) but varies non-steadily
and by only up to 15 % across the tested range (Fig. S2).

The remapped aSMB for an example modelled geometry
with large differences relative to the observed geometry is
shown in Fig. 7c for one member of the initMIP ensemble
(VUB_GISM). The remapped aSMB shows a pattern similar
to the original (Fig. 7a), with a smooth and continuous aSMB
across basin divides. Where the ice sheet extends well be-
yond the observed ice mask (grey contour lines), the aSMB
is naturally extended following the modelled surface eleva-
tion, as is best visible in sector 3. Results from a standard
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Figure 3. SMB anomaly (metres of ice equivalent per year) from the RCM MAR (scatter) and with the elevation interval medians (used for
the mapping) shown with a black line. Different colours indicate the elevation ranges considered for the elevation–aSMB lookup table. The
sub-figure labels indicate the basin identifiers as defined in Fig. 2.

method of extending the SMB outside the observed ice sheet
mask at the observed surface elevation (Franco et al., 2012)
are shown in Fig. 7b for the footprint of the modelled ice
sheet. This method uses the four closest, distance-weighted
SMB values inside the MAR ice mask and applies a correc-
tion based on the elevation difference between the interpo-
lated elevation of the 4 SMB pixels and the local elevation
by using the local vertical SMB gradient computed in this
area. Due to low elevation of the tundra surrounding the ice
sheet, the extension provides a generally low aSMB for re-
gions outside the observed ice sheet mask, which is illus-
trated in Fig. 7d, showing the difference between the orig-
inal (Fig. 7a) and extended (Fig. 7b) aSMB. By definition,
the original and extended aSMB are identical over the com-
mon ice mask, but positive differences can be seen in re-
gions where the modelled ice sheet is smaller (e.g. basin 16,
Fig. 7d). The remapping method notably prevents the occur-
rence of a large-amplitude negative aSMB outside of the ob-
served ice sheet mask, illustrated by the difference between
the two approaches (Fig. 7e).

We quantify the differences between the three aSMB prod-
ucts again by integrating them over the drainage basins
(Fig. 8a). The largest differences between the original and

extended aSMB are found in basins where the modelled ice
sheet extends far beyond the observed ice sheet mask (basins
3, 4 , 6, and 7), or where the aSMB has a large negative am-
plitude (basins 12, 14, and 15). In all these cases, the remap-
ping reduces the bias (in most cases considerably), which is
visualized by showing basin integrals of differences between
the original and extended (blue) and between the remapped
and extended aSMB (yellow) in Fig. 8b. In most cases, biases
in the extended aSMB (blue) are reduced by the remapping,
illustrated by bars of the same sign (yellow).

The biases are reduced but are not expected or supposed to
be entirely removed by the remapping because a physically
larger ice sheet should have a larger accumulation and/or
larger ablation areas. This also illustrates why the method is
not designed to conserve mass when remapping to a different
geometry: it demands a different SMB forcing. The improve-
ment of the aSMB forcing by the remapping is mainly found
in regions where the modelled ice sheet extends beyond the
observed mask and where the remapped aSMB is predomi-
nantly higher than the extended aSMB (Fig. 7e). Differences
between the original and remapped aSMB in the interior of
the ice sheet (Fig. 7e) indicate averaging in the remapping
process as discussed before but more importantly are due to
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1752 H. Goelzer et al.: Remapping of Greenland ice sheet surface mass balance anomalies

Figure 4. Weighting factor of the local basin for remapping. The
local weighting factor increases from the basin divides (black lines)
to 1.0 in the centre over a specified distance (here 50 km), while
the factor for the neighbouring basin decreases proportionally (not
shown). The white contour outlines the ice sheet margin and the red
line the Greenland coast.

differences in the modelled surface elevation compared to the
observed surface elevation. This illustrates a feature of the
remapping method that can be interpreted both as an asset
or as a shortcoming, namely that biases in surface elevation
(Fig. 7f) are propagated to the aSMB forcing.

For ice sheet models with initial states close to observa-
tions, the reconstructed aSMB looks very similar to the orig-
inal, while for models with largely different geometry, the
overall structure of the decreasing aSMB towards lower ele-
vation is well captured. A similar comparison as in Figs. 7c
and 8a for three other modelled geometries from the initMIP-
Greenland ensemble is given in the Supplement (Figs. S3 and
S4).

4 Time-dependent forcing

The same method can be used to define elevation–aSMB
lookup tables and calculate the remapped aSMB for climate
change scenarios, generating a time-dependent forcing. We
have done this as a pilot application for MARv3.9 forced
by MIROC5 (Watanabe et al., 2010) under scenario RCP8.5
(Fig. 9) with available SMB data from 1950 to 2100 (Fet-

tweis et al., 2013; Delhasse et al., 2020) computed for IS-
MIP6. We have calculated the aSMB for the period 2015–
2100 against a reference SMB as an average of the period
1960–1989. The resulting lookup tables (Fig. 9) show the
decrease in the aSMB for the lower parts of each basin as
expected.

4.1 Future sea-level change projections

The initial goal of the proposed method was to apply it to
future sea-level change projections with a large ensemble of
ice sheet models (with possibly widely different initial ge-
ometries) and forced by output of different climate models
and scenarios, e.g. in the framework of the Ice Sheet Model
Intercomparison Project ISMIP6 (Nowicki et al., 2016, 2020;
Goelzer et al., 2020). For such applications, the basin sepa-
ration can be defined, and the lookup tables can be calcu-
lated for specific climate models and scenarios ahead of time.
Basin separation and weighting functions can be calculated
for each specific ice sheet grid in advance. To apply a specific
forcing scenario, the information transmitted to an individual
ice sheet modeller consists of aSMB values for L elevation
bands for M basins at N time steps. When the initial ice sheet
geometries are known in advance, the remapping can also
be done offline, and the aSMB(x,y, t) can be distributed di-
rectly, avoiding the need to implement the remapping in each
individual ice sheet model (see Sect. 2.2).

To test the feasibility of our method, we have applied it
to a projection using only a modelled and remapped aSMB
to infer changes in ice sheet geometry. By ignoring any ice
dynamic adjustment (i.e. no ice sheet model is used) and
assuming the ice sheet to be in a steady state with an un-
known reference SMB, the time evolution of the ice sheet
is fully determined by the initial geometry (surface eleva-
tion and mask) and the given aSMB. This set-up does not
consider any ice dynamic effects, such as the adjustment of
ice flow to the SMB change itself and variations in marine-
terminating outlet glaciers. We emphasize that this experi-
mental set-up serves to illustrate the use of the remapping
method and should not be interpreted as a full ice sheet pro-
jection including the dynamic response.

We first compare two different representations of the cu-
mulative (time-integrated) SMB anomaly as a measurement
of the spatially resolved ice thickness change at the end of
the scenario.

1. The first representation is the original time-integrated
aSMB of the climate model, which is by definition at a
fixed surface elevation (MOD).

2. The second representation is the time-integrated aSMB
calculated by remapping to the same fixed surface ele-
vation (MAP).

In both cases, the resulting thickness change for an aSMB
less than 0 is limited by the available ice thickness at each
grid point.

The Cryosphere, 14, 1747–1762, 2020 https://doi.org/10.5194/tc-14-1747-2020
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Figure 5. (a) SMB anomaly from the RCM MAR for the observed geometry, (b) remapped to the same observed geometry. The differences
between (b) and (a) are shown in (c).

Figure 6. Integrated aSMB per basin from original MAR model
output (blue) and for reconstruction on the same geometry (yellow).
Greenland-wide total values are given in the legend.

The two cases MOD and MAP show similar results
(Fig. 10a, b), indicating that the remapping effectively cap-
tures the general pattern of SMB change in this time-
dependent application as well. Direct comparison between
MOD and MAP (Fig. 10c) reveals limitations in the remap-
ping, mainly arising from localized melt and precipitation
anomalies that are not resolved with 25 basins or where
the relationship between surface elevation and aSMB breaks
down (see also Fig. 5c). The difference map (Fig. 10c) shows
some along-flow features on a larger spatial scale, suggesting

that further refinement of the regions could improve the rep-
resentation.

4.2 SMB–height feedback

In general the SMB anomaly that should be applied at any
point on the evolving ice sheet surface h depends both explic-
itly on time t because the climate is changing and implicitly
on time because the ice sheet surface h(t) is changing. The
aim of this sub-section is to derive a method including both
effects for estimating the SMB anomaly from regional cli-
mate model output and to determine how this method can be
applied in an ensemble of ice sheet models. In all other parts
of this paper we have used “aSMB” for the SMB anomaly
both in the RCM and as applied to the ice sheet model. In
this section (and Appendix A) alone, where the distinction is
crucial, we reserve “SMB” and “aSMB” for quantities on the
RCM grid, while by “ASMB” we mean the SMB anomaly to
be applied to the ice sheet on its own surface h(t).

We denote the height by three symbols for different cir-
cumstances: h for the SMB anomaly and other quantities cal-
culated from the RCM output at a fixed surface elevation,
h0 = h(0) when remapping to the initial surface elevation
that the ice sheet has at t = 0, and h= h(t) when remap-
ping to a time-evolving geometry. The SMB anomaly in the
RCM (at a fixed surface elevation h) can then be expressed
as aSMB(t)= SMB(t)−SMB(0).

In order to perform the remapping, we first need to esti-
mate a 3D field (including height dependence) from the 2D
field (at h) given by the RCM. To do this, we need to estimate
the local variation of the SMB and aSMB with surface ele-
vation, i.e. d(SMB(t))/dz and d(aSMB(t))/dz, respectively.

https://doi.org/10.5194/tc-14-1747-2020 The Cryosphere, 14, 1747–1762, 2020
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Figure 7. (a) SMB anomaly from the RCM MAR (same as Fig. 5a), (b) extended to the VUB_GISM initial geometry using the method of
Franco at al. (2012) and (c) remapped with weighting between neighbouring basins for the same geometry. The differences between (b) and
(a) are shown in (d) and the differences between (c) and (b) in (e). The model bias in surface elevation is shown in (f). The grey lines mark
the observed ice sheet margin.

The latter can be written as

d(aSMB(t))/dz= d(SMB(t))/dz− d(SMB(0))/dz, (6)

where the term d(SMB)/dz(t) can be approximated from the
RCM output, typically by analysing spatial SMB gradients in
close proximity of the point of interest (Franco et al., 2012;
Noël et al., 2016; Le clec’h et al., 2019) or by parameterising

the effect (e.g. Edwards et al., 2014a, b; Goelzer et al., 2013).
Here, we derive d(SMB)/dz(t) using MAR output (Franco et
al., 2012).

The remapping of a time-dependent quantity X from the
fixed RCM grid and fixed surface elevation h to some other
ice sheet surface Z may be formally written as an operator
R

(
X

(
t,h

)
,Z

)
. Since the RCM surface h is fixed we will
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Figure 8. Remapping results for a model state far from the observed geometry. (a) Integrated aSMB per basin from MAR model output on
the observed ice mask (blue) for extension of the VUB_GISM model ice mask (green) and remapped to the VUB_GISM model geometry
(yellow). (b) Extended− original (blue) and extended− remapped (yellow).

Figure 9. Elevation–aSMB lookup tables for climate change scenario MAR MIROC5 RCP8.5. Time is colour-coded to indicate years since
2015, with lines given every 5 years until the year 2100. The sub-figure titles indicate the basins as defined in Fig. 2.

write the operator more simply as R(X(t) ,Z) in the follow-
ing. With this notation, the quantity used in the test procedure
of Sect. 4.1 is R(aSMB(t) ,h0), the time-evolving aSMB(t)

remapped from the fixed RCM topography to the initial ice
sheet topography. This is not the SMB anomaly which should
be applied to the time-evolving ice sheet because it includes

only the climate dependence of the aSMB (its explicit de-
pendence on time) and omits the effect of changing surface
elevation (the implicit dependence on time via h(t)).

At first sight it may be surprising that the elevation effect
is still not properly taken into account by the time-evolving
aSMB(t) remapped to the evolving h(t), R(aSMB(t) ,h(t)).

https://doi.org/10.5194/tc-14-1747-2020 The Cryosphere, 14, 1747–1762, 2020
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Figure 10. (a) Time-integrated aSMB for MOD, (b) MAP, and (c) MAP–MOD differences, representing the error of the remapping. The
zero line is given in (a) and (b) as a grey contour.

This quantity involves a dependence on the modelled eleva-
tion change dh(t)= h(t)−h0 and can be approximated as

R(aSMB(t) ,h)≈ R(aSMB(t) ,h0)

+R(d(aSMB(t))/dz,h0)× dh(t). (7)

By using Eq. (6), we get

R(aSMB(t) ,h)≈ R(aSMB(t) ,h0)

+ [R(d(SMB(t))/dz,h0)−R(d(SMB(0))/dz,h0)]

× dh(t) (8)

(shown in Fig. 11c). This quantity however includes only the
elevation dependence of the time dependence of the aSMB,
which is a second-order effect, and it omits the first-order
effect of the height feedback on the SMB.

To preserve the full effect of elevation change on the SMB,
the quantity ASMB(h, t) that we need is the anomaly in
the remapped SMB rather than the remapped SMB anomaly
R(aSMB(t) ,h(t)). The desired quantity is

ASMB(t,h)≡ R(SMB(t),h)−R(SMB(0) ,h0)

≈ R(SMB(t) ,h0)−R(SMB(0) ,h0)+R(SMB(t),h)

−R(SMB(t) ,h0) (9)

ASMB(t,h)≈ R(aSMB(t) ,h0)

+R(d (SMB(t))/dz,h0)× dh(t). (10)

Comparing Eqs. (8) and (10), we can appreciate that
Eq. (8) is incomplete because the first term in square brack-
ets, which also appears in Eq. (10), is mostly cancelled by the

second term in square brackets; indeed, if the vertical gradi-
ent of the SMB is the same in the two climates, there is no
effect of elevation change in Eq. (8).

To enable the calculation of Eq. (10) in ISMIP6, we remap
the time-dependent aSMB

(
t,h

)
and d(SMB

(
t,h

)
)/dz to the

initial ice sheet topography h0. We have chosen this ap-
proach because the remapping can be done offline for a
given initial ice sheet geometry. The format of data to be ex-
changed for an ensemble projection is then the same with and
without remapping: the modeller receives time-dependent
R(aSMB(x,y, t),h0) and R(d(SMB)/dz(x,y, t),h0) and has
to implement a mechanism to calculate the additional term
due to elevation change from the latter. An alternative online
formulation, where the remapping would have to be imple-
mented in each ice sheet model, is given in Appendix A.

4.3 Application to a large ice sheet model ensemble

To illustrate the use of the proposed method (Eq. 10) for a
larger group of models, we have applied the transient aSMB
calculation for the modelled initial states of the initMIP-
Greenland ensemble (Goelzer et al., 2018). We use the pub-
licly available output of the initial model states, which are
provided on a common diagnostic grid (Goelzer, 2018). The
time-dependent aSMB of MIROC5-forced MAR (RCP8.5) is
remapped to the surface elevation of the initial state of each
model. The geometry is then propagated (similar to Sect. 4.1)
over the period 2015–2100 as a function of the applied SMB
anomaly (no ice sheet model is used), taking the height–SMB
feedback into account as described in the last section. The re-
sulting sea-level contribution (Fig. 12a) is calculated by time
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Figure 11. (a) Total elevation change between 2015 and 2100 due to local time integration of the aSMB with remapping to the evolving
geometry. (b) Elevation change due to d(SMB)/dz(t) and (c) due to remapping only. The zero line in (a) is given as a grey contour. Note the
different colour scale in (b) and (c) compared to (a).

integration of the aSMB assuming an ocean surface area of
361.8× 106 km2 (Charette and Smith, 2010) and an ice den-
sity of 917 kg m−3. Differences between models are due to
differences in (initial) ice sheet extent and surface elevation.
We compare this result to a control experiment, with surface
elevation changes considered as above, but here the original
MAR aSMB is applied without remapping (Fig. 12b).

Comparison between the two cases shows that (unphysi-
cal) biases in the estimated sea-level contribution are consid-
erably reduced, especially for the models that show an initial
ice sheet extent – and consequently a sea-level contribution –
that is too large. However, some (physical) biases remain as
expected, e.g. because a larger ice sheet has a larger ablation
area.

5 Discussion and conclusions

The described method allows the application of SMB
anomaly forcing for a large range of different ice sheet mod-
els and addresses problems arising from differences in ini-
tial ice sheet geometry. Remapping to the same geometry
closely reproduces the original aSMB, while remapping to
other modelled geometries shows patterns similar to the orig-
inal, with a smooth and continuous aSMB across basin di-
vides. This shows that the method is indeed suited to record
and remap the aSMB for a wide range of ice sheet geometries
while retaining the physical patterns originally represented
by the data.

Because the method produces a physically motivated
aSMB forcing for a given ice sheet geometry, it also prop-

Figure 12. Sea-level contribution in 2100 derived by integrating a
transient aSMB over the initial ice mask of each initMIP-Greenland
model (a) without remapping but with extension to the modelled ice
sheet extent and (b) with remapping to the initial surface elevation
of each individual model. The differences between (a) and (b) are
shown in (c).

agates biases in surface elevation to the SMB. This implies
that for a given ice sheet geometry, biases due to a differ-
ent ice sheet mask or due to elevation differences have to
be accepted. In cases where the ice sheet mask is quite well
matched, it may be preferred to apply the aSMB without
remapping to prevent propagation of small biases in surface
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1758 H. Goelzer et al.: Remapping of Greenland ice sheet surface mass balance anomalies

elevation to the SMB forcing. In the initMIP-Greenland en-
semble as a whole, biases due to differences in the ice sheet
mask were dominant, but this is not necessarily the case for
each individual model. Therefore, we propose to evaluate the
magnitude of the implied aSMB biases in offline calculations
to decide whether remapping should be applied or not. This
“diagnostic mode” of the method can also be envisioned for
other applications, such as quantifying unphysical model bi-
ases for coupled and stand-alone ice sheet simulations.

The main difference between our method and existing ap-
proaches of transforming the SMB to a different geometry
(Franco et al., 2012; Helsen et al., 2013) is the non-locality
of the remapping process, which may be described as its key
feature. Like Helsen et al. (2013) and Franco et al. (2012),
we assume a linear relationship between elevation and SMB
for a given time and location, but that relationship is not ge-
ographically uniform or constant in time. This means, how-
ever, that the original aSMB field is not exactly reproduced
when the remapping is applied to an ice sheet with identical
surface elevation, at least not for the basin delineation cur-
rently used. However, in the limit of reducing the width of the
basins to individual flow lines, the reproduction of the aSMB
at the original geometry should converge to the original field.
Using a basin separation based on flow lines is preferable be-
cause they mostly follow the surface elevation gradient so the
aSMB can be sampled in a continuous method that largely
maintains the spatial structure. While this would increase the
number of parameters that have to be fitted for each individ-
ual model geometry, it would also allow further improvement
of the aSMB representation. We have based our delineation
on an existing basin separation, but considerable handwork is
required as long as automatic methods for generating mean-
ingful basin separations of chosen detail for a complex geom-
etry and flow like the GrIS are unavailable. We have tested
the performance of the method for a schematic set of basins
that can be more easily extended, albeit not following ob-
served basin divides.

The ice sheet integrated mass anomaly is not conserved
when remapping to a different geometry given that a differ-
ent geometry demands a different SMB forcing. It would in
principle be possible to impose mass conservation on the ice
sheet or even on the basin scale by comparing spatial aver-
ages of the original and remapped forcing and subtracting
the difference. This would lead, however, to a spatial shift
of regions where positive and negative anomalies are applied
and, in the latter case, to discontinuities between neighbour-
ing basins. Similar problems would arise for rescaling of the
aSMB.

We have shown how to apply the method for different ice
sheet geometries but so far have circumvented the problem
of different model grids. While for ISMIP6 we have chosen
to interpolate the already remapped aSMB to the native ice
sheet model grids, the method could also be applied directly
after interpolating the basin division and weighting to the in-
dividual ice sheet model grid. If the remapping were to be
implemented in the ice sheet model itself, it could even be
applied for adaptive grids that change over time.

On the input side, the aSMB is provided in the present
application at 5 km resolution, which was statistically down-
scaled from the regional climate model MAR run at 15 km.
A similar grid resolution of the input data set should be
envisioned when the aSMB comes instead from a coarse-
resolution GCM because sufficient grid resolution is required
to derive the lookup table for a chosen number of elevation
bands. However, since remapping with a lookup table acts
locally as a spatial linear interpolator over the observed ice
sheet, it propagates shortcomings of the input data set. The
limiting factor for applying remapping to an aSMB derived
from GCMs or other coarse-resolution models lies therefore
in the quality of the original aSMB itself rather than in tech-
nical aspects of the remapping.

The remapping is illustrated here with MAR v3.9 forced
by MIROC5 as one of the data sets used in ISMIP6 pro-
jections (Goelzer et al., 2020). We have also successfully
applied the remapping to output of the same MAR model
forced by five other CMIP5 GCMs and four CMIP6 GCMs
and to output from an older MAR model version forced by
four different GCMs. We therefore consider the remapping
to be robust for a number of different forcing products.
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Appendix A: Alternative formulation for the
SMB–height feedback

An alternative method of calculating the dependence of the
ASMB on surface elevation (Sect. 4.2) is described in the
following.

We can replace Eqs. (9) and (10) by writing

ASMB(t,h)≡ R(SMB(t),h)−R(SMB(0) ,h0)

= R(SMB(t),h)−R(SMB(0),h)+R(SMB(0),h)

−R(SMB(0) ,h0) (A1)

ASMB(t,h)≈ R(aSMB(t),h)

+R(d(SMB(0))/dz,h0)× dh(t). (A2)

To calculate Eq. (A2), we would have to remap the time-
dependent aSMB

(
t,h

)
and the initial d(SMB(0))/dz to the

time-evolving ice sheet topography h. This implies that the
remapping has to be implemented in the ice sheet model so
that the lookup tables for both quantities can be applied on-
line as a function of the changing geometry. From a practical
point of view, the option described in the main text (remap
to a fixed initial elevation and apply d(SMB)/dz(t); Eq. 10)
is much easier to achieve and has been chosen for the IS-
MIP6 projections (Nowicki et al., 2016, 2020; Goelzer et al.,
2020). We have implemented and compared both methods in
one ice sheet model and find nearly identical results for both
of them.
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