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Elaboration of a modern Earth system model (ESM) requires incorporation of ice sheet dynamics.
Coupling of an ice sheet model (ICM) to an AOGCM is complicated by essential diﬀerences in spatial and
temporal scales of cryospheric, atmospheric and oceanic components. To overcome this diﬃculty, we apply
two diﬀerent approaches for the incorporation of ice sheets into an ESM. Coupling of the Antarctic ice
sheet model (AISM) to the AOGCM is accomplished via using procedures of resampling, interpolation
and assigning to the AISM grid points annually averaged meanings of air surface temperature and
precipitation ﬁelds generated by the AOGCM. Surface melting, which takes place mainly on the margins
of the Antarctic peninsula and on ice shelves fringing the continent, is currently ignored. AISM returns
anomalies of surface topography back to the AOGCM. To couple the Greenland ice sheet model (GrISM)
to the AOGCM, we use a simple buﬀer energy- and water-balance model (EWBM-G) to account for
orographically-driven precipitation and other sub-grid AOGCM-generated quantities. The output of
the EWBM-G consists of surface mass balance and air surface temperature to force the GrISM, and
freshwater run-oﬀ to force thermohaline circulation in the oceanic block of the AOGCM. Because of a
rather complex coupling procedure of GrIS compared to AIS, the paper mostly focuses on Greenland.
Keywords. Earth system model; Greenland; Antarctica; ice sheet; climate dynamics; surface mass
balance.

1. Introduction
Studying the past climate changes and making
projections into remote future by modelling methods is hardly possible without incorporation of ice
sheets into mathematical models of the climate
system. This issue was well understood decades
ago. The ﬁrst attempt to link a general circulation model (GCM) with ice sheets was perhaps
made by Gates (1976). In this pioneering study,
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he employed a two-layer GCM with ice sheets just
imposing speciﬁc ice-age boundary conditions corresponding to 18,000 years before present (kyr BP).
Adem (1981a, b) studied the Last Glacial Maximum climate with a rather simple thermodynamic
model using the similar approach, i.e., by introducing ice-age surface boundary conditions for the
atmosphere dynamics equations. His thermodynamic climate model (Adem 1964, 1979) could be
thought of as a kind of a preﬁguration of what was
1
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later called ‘models of intermediate complexity’
(MICs). Though in Adem (1981a, b), ice sheets
were accepted as ‘passive’ components of the Earth
system, his studies constituted the basis for modern simulations with fully coupled Earth system
models (ESMs). Ice sheet models (ISMs) at that
time were at the stage of principal formulation
and testing of numerical methods (e.g., Mahaﬀy
1976; Jenssen 1977) and more than one decade was
required to develop a real dynamic ice sheet model
(e.g., Huybrechts 1992).
One of the ﬁrst real couplings of a GCM and
an ISM was carried out by Gallée et al. (1992).
They asynchronously coupled a simpliﬁed model of
the three main Northern Hemisphere ice sheets and
their underlying bedrock to a 2-D climate model,
which linked together the atmosphere, ocean mixed
layer, sea ice, and continents. Further on, the
Louvain-la-Neuve climate model (LLN 2-D model)
has been extensively used to simulate the Northern
Hemisphere ice volume under both the insolation
and CO2 forcing (Berger et al. 1998).
Impressive improvement of computing facilities
gave start to development of ESMs. In the ESMs,
processes in all planetary subsystems are supposed
to be dynamically coupled. ESMs performance has
strikingly evolved during the last decade. Still,
elaboration of a fully coupled ESM remains a tantalizing challenge for model developers because
of the dramatic diﬀerence in spatial and temporal scales for integration of the atmospheric and
oceanic parts on the one hand, and ice-sheet part
on the other. Characteristic spatial resolution of
a GCM is equivalent to 100–500 km (in case of
an MIC is even lower). Approximately, this is one
order of magnitude higher than that of an ice sheet
model, ICM (5–40 km). The diﬀerence in integration time steps is even bigger (minutes for GCMs
and from a month to 1 year for ICMs).
Several methodological approaches exist for temporal and spatial coupling of AOGCMs (or MICs)
and ICMs (Vizcaı́no et al. 2008, 2010; Robinson
et al. 2010; Fyke et al. 2011; Roche et al. 2014;
Thoma et al. 2015). Reviewing them is out of
scope for this paper. We focus on the description
of our own approach used to couple the climate
model of the Institute of Numerical Mathematics of RAS, INMCM, and ice sheet models of the
Greenland and the Antarctic ice sheets (GrISM and
AISM, respectively). INMCM can be considered
as a prototype of an ESM, because besides ocean
and climate dynamics, it includes biogeochemical cycle in the ocean, land hydrology, etc. The
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obvious shortcoming of the INMCM was the lack of
dynamically coupled evolving ice sheets. To ﬁll this
gap, we elaborated an approach aiming at coupling
of the GrISM and AISM (modiﬁed versions of the
models described by Huybrechts and Wolde 1999
and Huybrechts 2002) to INMCM by means of a
relatively simple buﬀer model. The latter serves a
mediator for assimilation of INMCM-generated low
resolution climate ﬁelds to high resolution domains
enclosing Antarctica and Greenland. On the earlier stage of the research reported in Rybak and
Volodin (2015), we formulated basic algorithms
of a buﬀer model for the Greenland ice sheet
and collated model generated ﬁelds of surface air
temperature to direct measurements on the automatic weather stations (AMS) and reconstructions.
Later, Rybak et al. (2016) presented the way of
calculating surface mass balance in a buﬀer model.
In this paper, we proceed with previous research
and expand the study on Antarctica. We do not
consider response of the GrISM and AISM on modelled climate forcing and concentrate mainly on the
procedure of coupling. Its strategy is considered
in section 2. Because of certain fundamental distinctions between GrIS and AIS, two substantially
diﬀerent coupling approaches are implemented.
While direct transfer of the INMCM-generated surface temperature and precipitation anomalies to
AISM is used, a buﬀer energy- and water-balance
model (EWBM-G) is applied to accurately calculate daily air surface temperature and precipitation
(section 3). Numerical experiments are carried out
to validate calculation of GrIS’ surface mass balance (SMB) components (section 4). Summary and
further work are presented in section 5.

2. Architecture of the ESM and
formulation of the coupling strategy
The ESM consists of four main mega-blocks. Each
of the mega-blocks has its own block architecture, which in a simpliﬁed way is indicated in
ﬁgure 1. Mega-block ‘INMCM’ (or, conventionally,
‘climatic’ mega-block) consists of blocks responsible for the ocean and atmosphere dynamics.
◦
◦
Spatial resolution is 4 (latitude) × 5 (longitude)
◦
◦
in the atmospheric block and 1.5 (latitude) × 2
(longitude) in the oceanic block. It should be
kept in mind that the structure of the ‘climatic’
mega-block is much more complicated than what
is shown in ﬁgure 1. It also includes blocks for
sea ice, oceanic biogeochemistry, stratosphere and
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considered unchanged prescribing forcing for ice
sheets. The latter are not necessary to be equilibrated with climate because of huge inertia.
Contemporary computer performance establishes
certain restrictions on the experimental set-up and
leads to following modes of coupling (Barbi et al.
2014):

Figure 1. ESM architecture.

thermosphere dynamics, land hydrology, etc. (For
further details of the ‘climatic’ mega-block structure and for description of component blocks, see
Volodin et al. 2010, 2016; Volodin 2013 and references therein.) Skill of the INMCM was veriﬁed
in reproduction of the modern climate (Volodin
et al. 2010, 2013). INMCM has been widely used
during recent years for studying interactions and
feedbacks within the Earth’s climate system; for
instance, for elucidation of roles of greenhouse
gases (Volodin 2014, 2015), vegetation (Yurova
and Volodin 2011) and aerosoles (Volodin and
Kostrykin 2016).
Response times in the ‘climatic’ mega-block
(subsystem) and in the ice-sheet subsystem (megablocs GrISM and AISM) of an ESM diﬀer dramatically. It naturally leads to separation of time scales
in corresponding sub-models, which makes it possible to couple them iteratively within the ESM. It
means that at the ﬁrst stage the atmosphere–ocean
sub-model is run with given ice-sheet boundary
conditions. At this stage, ice sheets are considered unchanged, and evolving model ‘climate’ is
equilibrated with them. At the subsequent stage,
sub-models alternate and equilibrated climate is

• Synchronous coupling is applicable for relatively
short numerical experiments. Atmosphere–ocean
and ice sheet sub-models alternate after certain
ﬁxed period of integration, say, one year. In case
seasonal variations in ice sheet dynamics are
neglected, this period corresponds to one time
step in integration of an ice-sheet sub-model.
After this step is completed, changes in ice geometry and freshwater ﬂuxes are transferred back
to the atmosphere–ocean sub-model. The point
is that in the synchronous mode, the sub-models
do not reach equilibrium at each time step.
• Asynchronous coupling is normally used for
the numerical experiments of rather long duration to study slow evolving ice sheets. In this
mode, ice sheets are integrated for the period,
say, 1000 years with prescribed atmosphere–
ocean boundary conditions, and after alternation, atmosphere–ocean subsystem adapts to the
new ice topography and freshwater ﬂuxes during much smaller period of the order of model
decades.
To couple the AISM and the GrISM to INMCM,
we adhere two diﬀerent strategies described below.
2.1 Antarctica
Coupling of the AIS to the INMCM is rather
straightforward. Firstly, Antarctica is covered by
the INMCM grid points less scaresly in the longitudinal direction compared to Greenland, especially
close to the South Pole (ﬁgure 2). Secondly, standard AISM (e.g., model of Hyubrechts mentioned
in Introduction) uses annual average surface air
temperature and precipitation rate as a climatic
input. Of course, seasonality in observed precipitation rate (Cazenave et al. 2000) as well. It is
predicted in all surface mass balance components
simulated by a regional climate model (Lenaerts
et al. 2012). But this factor has only minor eﬀect
on the computation of annual SMB.
Obvious lack of meteorological observations in
Antarctica compared to Greenland makes air temperature reconstructions less reliable. Comparison
of the INMCM-generated air temperature ﬁeld
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◦

◦

Figure 2. Spatial grid 5 × 4 employed by the INMCM superimposed on the standard 20 × 20 km grid employed by
(a) the Antarctic and (b) the Greenland ice sheet models. Shown in the background is the surface elevation (isolines every
500 m). In this and following ﬁgures, side ticks numbering corresponds to the numbers of the gridpoints of 20 × 20 km spatial
grid.

with reconstruction of Huybrechts (1993) reveals
no signiﬁcant diﬀerences (ﬁgure 3). In contrast to
GrIS, in this study, we neglect ablation in Antarctica. Hence, there is no need to calculate surface
energy balance. Though ablation really happens
in some coastal regions, especially on the coast of
the Antarctic peninsula and on ice shelves fringing Antarctica (van de Berg et al. 2005), for the
rest of the continent, it may not be taken into
account (at least until ice dynamic on the margins
is not the focus of the research). Assumed absence
of ablation makes AISM less sensitive to the surface air temperature precision. Inconsistencies in
modelled and reconstructed air surface temperature are not really essential. Surface temperature
is used as an upper boundary condition for the calculation of a 3-D temperature ﬁeld in the body
of an ice sheet. It aﬀects ice sheet dynamics via
thermomechanical coupling – warmer ice deforms
easier. Systematic temperature deviations are easily mitigated by tuning parameters in respective
expressions parameterizing ice rheology. What is

really important is temperature anomalies caused
by any external reason, which are prescribed by
the INMCM. In these circumstances, we found it
reasonable to directly impose INMCM-generated
air surface temperature as an upper boundary
condition for ice temperature calculation in the
AISM.
Imposing precipitation is more complicated.
Though the INMCM overestimates annual precipitation rates over Antarctica, approximately by
factor of two, it keeps its pattern (ﬁgure 4). Compared to Greenland, sublimation/deposition plays
an essential role in Antarctic SMB. Neglecting
sublimation/deposition would be perhaps more
inﬂuential for surface mass balance than neglecting ablation. van de Berg et al. (2005) estimated
fraction of deposition in the vast areas of East
Antarctica as high as 10–20% of total solid precipitation. Characteristic sublimation in the marginal
areas also reaches 10–20%, but in the areas with
steep slopes (e.g., Transantarctic Mountains) may
exceed 50%. Again, as in case with air surface

Figure 4. Annual average precipitation amounts in Antarctica (mm yr−1 ): (a) modelled by the INMCM, (b) reconstruction (Giovinetto and Zwally 2000 and Huybrechts
et al. 2000), and (c) diﬀerence between them.

Figure 3. Annual average air surface temperature in Antarctica (◦ C) :, (a) modelled by the INMCM, (b) reconstruction (Huybrechts 1993), and (c) diﬀerence between
them.
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temperature, there are not enough reliable controls
on sublimation/deposition because the net of weather stations in the interior of Antarctica is dramatically sparse. At the current stage of the research,
we ﬁnd it expedient to deal with anomalies generated by the INMCM, i.e., diﬀerences between
precipitation in the given year and a chosen conventional INMCM ‘climatic’ mean. Anomalies are
further imposed on the reconstructed accumulation
rate ﬁeld. In our study, we use reconstruction of
Huybrechts et al. (2000), which in turn, is based
on the Giovinetto and Zwally (2000) accumulation map. Of course, in the context of the current
study, with the pre-industrial climate, anomalies
are essentially low. It will not be the case in the
experiments with future climate or palaeo-climates.

2.2 Greenland
Direct downscaling (e.g., by statistical method) of
INMCM-generated ‘climate’ to GrISM is not eﬀective because of several reasons considered by Rybak
and Volodin (2015). Instead, we use a simple buﬀer
model – an Energy and Water Balance Model for
Greenland (EWBM-G). It was specially designed
as a mean of dynamic downscaling. At the moment,
to test eﬃciency of the EWBM-G, we consider only
one-way coupling of the GrISM to the AOGCM,
i.e., without feed-back of the changing ice sheet
topography and run-oﬀ on the atmospheric and
the oceanic blocks of the INMCM. In this reduced
coupling mode, daily output of ﬁve climatic variables (air surface temperature, surface speciﬁc
humidity, surface wind speed, sea-level air pressure,
and total cloudiness) generated by the INMCM
are interpolated from ‘climate’ mega-block grid
(see above) to the GrISM grid 20 × 20 km (ﬁgure 2). Bi-cubic splines are used as an interpolation
method.

3. EWBM-G
From the conceptual point of view, EWBM-G can
be considered as a logical continuation and development of ideas and approaches elaborated earlier
(Budyko 1969; Adem 1981a, b; North et al. 1981;
Dobrovolski and Rybak 1992; Rybak 1992; Fanning
and Weaver 1996; Petoukhov et al. 2000; Robinson
et al. 2010). The model presented in this paper is
the development of the version described by Rybak
and Volodin (2015) and Rybak et al. (2016).
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Similarly to the model REMBO (Robinson et al.
2010), EWBM-G was formulated for much
more limited spatial area. The fundamental diﬀerence between REMBO and EWBM-G is that the
REMBO was developed as a buﬀer between the
ice sheet model and the climatic MIC CLIMBER2 (Petoukhov et al. 2000), which had much lower
◦
spatial resolution compared to INMCM (51 lon◦
gitude × 10 latitude). Thus, keeping the general
approach implemented in REMBO, we developed
our own model, which takes into account pitfalls
of REMBO. We have also taken into account the
experience of application of a regional climate
model RACMO2/GR for the simulation of modern climate of Greenland (Ettema et al. 2010a, b).
Spatial resolution of RACMO2/GR is 11 km. This
is quite enough for coupling of a climate model
with an ice sheet model and to take into account
small-scale eﬀects (e.g., inﬂuence of relief on precipitation rate). Nevertheless, RACMO2/GR is
overcomplicated for our purpose since it requires
small temporal resolution comparable to that of a
GCM (6 min). Therefore, essential computational
cost makes it hardly applicable for long numerical
experiments.
EWBM-G consists of three main blocks: climatic
block, energy balance block and surface mass balance block (ﬁgure 1). The list of variables, except
those explicitly explained in the text, and constants
of the EWBM-G is given in table 1. Since exhaustive description of the EWBM-G can be found
in Rybak and Volodin (2015) and Rybak et al.
(2016), in the following sections, we provide only
details necessary to understand the essence of the
experimental studies.
3.1 Climatic block
Climatic block (CB) of the EWBM-G must not
be confused with the ‘climatic’ mega-block of the
INMCM. Two diﬀusion equations constitute the
basis of the CB – for heat and water vapour, both
formulated for unit atmospheric columns:
∂TSL
= ∇2 (DT TSL )
∂t
+ (1 − αp ) S − (A + BTA )
+Lw Pw + (Lw + LS ) MS , (1)
∂Q
ρa he
(2)
= ∇2 (Dq Q) − P.
∂t

cpa ρa ha

The second term on the right side of equation
(1) is responsible for absorbed solar radiation, the
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Table 1. List of variables in EWBM-G.
Deﬁnition
Variables
DT
DQ
n
p
P
Q
S
SU
S0
t
TA
TSL
v
αp
ϕ
ρ
Parameters
A
B
cpa
Ha
He
LM
ε
γ
γ̃
σ
ρa

Unit

Name

Value

W K−1
kg s−1
–
N m−2
kg M−2 s−1
–
W m−2
kg m−2 day−1
W m−2
s
K
K
m s−1
–
rad
kg m−3

Large-scale heat diﬀusion coeﬃcient
Large-scale water diﬀusion coeﬃcient
Total cloudiness (in ﬁgure 1)
Atmospheric pressure (in ﬁgure 1)
Precipitation rate
Speciﬁc humidity of the surface air
Surface insolation
Daily sublimation amount
Insolation at the upper boundary of the atmosphere
Time
Surface air temperature
Sea-level temperature
Surface wind velocity module (in ﬁgure 1)
Planetary albedo
Geographical latitude
Air density

W m−2
W K−1 m−2
J kg−1 K−1
m
m
J kg−1
–
K km−1
K m−1
W m−2 K−4
kg m−3

Parameter in equation (1)
Parameter in equation (1)
Air heat capacity
Conventional thickness of atmospheric layer
Conventional thickness of wet atmospheric layer
Speciﬁc heat of fusion
Parameter in equation (3)
Vertical lapse rate
Vertical lapse rate of free atmosphere
Stefan–Boltzman constant
Surface air density

third term – for the long-wave energy balance, the
fourth and the ﬁfth – for latent heat of condensation and snow formation. Water vapour discharge
in the right part of equation (2) is described by
precipitation rate, which is parameterized according to Petoukhov et al. (2000) and Robinson et al.
(2010). Daily mean surface air temperature TA is
calculated using a spatially-uniform vertical lapse
rate
TA = TSL + γ̃z.

(3)

In the numerical experiments, we distinguish lapse
rate in the free atmosphere γ̃ and instrumentally
derived near-surface vertical lapse rate γ used for
surface mass balance (SMB) calculations.
3.2 Energy balance block
Energy balance on the surface of ice sheet E is
formulated for the so-called skin layer:

222.3
1.97
1000
8600
2000
3.35×105
0.98
See table 2
− 0.007
5.67×10−8
1.2754

E = SW↓ (1 − α) − ε σ TS4
+LW↓ + SHF + LHF,

(4)

where the ﬁrst term on the right-hand side is
absorbed solar radiation, the second one is surface
emission of radiation, the third one – back emission of the atmosphere, the fourth – turbulent heat
ﬂux, and the ﬁfth – latent heat ﬂux. Surface temperature TS is assumed to be equal to air surface
temperature TA , but cannot exceed temperature of
fusion
TS = TA

TA ≤ 273.15 K

TS = 273.15K

TA > 273.15 K.

(5)

TA is calculated in EWBM-G using boundary conditions generated by the INMCM. Hourly values of
TA are deﬁned as follows:


t̂
TA = T̄A − T̃A cos 2π
,
(6)
24

28
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where T̃A is the daily amplitude (tuned parameter),
t̂ = 0, . . ., 23 – time in hours, and T̄A is the daily
average air surface temperature.
3.3 Surface mass balance block
Annual mass balance on the surface of GrIS (SMB)
is the key variable linking the INMCM and the
GrISM (ﬁgure 1). SMB is expressed as a diﬀerence
between daily accumulation AC in kg m−2 day−1
and daily run-oﬀ RO (same units):
SM B =

365


AC − RO =

1

365


[(P S + P L − SU )

1

− (M − RF )] .

(7)

Accumulation AC consists of the sum of solid and
liquid precipitation, PS and PL, from which the
amount of surface evaporation SU is subtracted.
Run-oﬀ consists of melted snow and ice M and liquid precipitation, from which refrozen water RF
is subtracted. The latter is estimated based on the
approach suggested by Oerlemans (1991) and modiﬁed by Reijmer et al. (2012). Shares of PS and PL
in total precipitation daily sum depend on daily
mean of surface air temperature T̄A . M is determined via energy available for melting of snow/ice
E (from equation 4):
M = max (E, 0)/LM

TS ≥ 273.15 K

M =0

TS < 273.15 K.

(8)

3.4 Algorithm of coupling
Daily means of air surface temperature and speciﬁc humidity, used as boundary conditions for
equations (1 and 2) (as well as other ‘climatic variables’ – surface wind speed, air pressure at the
sea level and total cloudiness, which are used for
parameterization of energy-exchange processes in
the whole domain in ﬁgure 2b) are stored on the
hard disk of the computer during one model year.
Further, the data are transferred from the INMCM
to EWBM-G (see ﬁgure 1) in the end of the model
year. Data assimilation happens only once during
model year and therefore the data exchange procedure is not computationally expensive. Further
on, air surface temperature and speciﬁc humidity
are remapped from the initial INMCM geographical mesh to the boundaries of a rectangular domain
(ﬁgure 2b) with 20 km resolution and serve as
boundary conditions to solve equations (1 and 2)
in ﬁnite diﬀerences. Other variables are remapped

not only on the boundaries, but also to the domain
interior on 20 × 20 km grid. Cubic splines are
utilized as a remapping mean. Explicit numerical scheme is used for numerical integration of
equations (1 and 2). Integration is carried out
until steady state is reached for every day of the
model year. According to our estimates, spline
interpolation is the most computationally expensive segment of the model run. As a geometrical
input, we use surface elevation ﬁeld of Greenland
compiled by Bamber et al. (2001).
Final results of calculations are surface
temperature (upper boundary condition for ice
temperature calculations), SMB (added value for
calculation of ice thickness) and melt water run-oﬀ
(aﬀecting thermohaline circulation in the oceanic
block of the INMCM).
4. Simulation of SMB
4.1 Experimental set-up
A 30-yr INMCM experiment simulating preindustrial conditions was run with data ﬂow into
EWBM-G as described in section 3.4. As shown in
ﬁgure 5, EWBM-G satisfactorily reproduces annual
and July average air surface temperatures. The
ﬁeld of modelled ﬁeld of annual precipitation sum
diﬀers in details with respect to reconstruction of
Ohmura and Reeh (1991) (ﬁgure 6). In particular, EWBM-G underestimates precipitation in the
southwest of Greenland and overestimates precipitation on the eastern coast. Enhanced precipitation
on the eastern coast is in line with the modelling
study of Ettema et al. (2010a), though the latter
predicts less precipitation in the interior area of
northern Greenland.
With this climatic input, annual SMB components in the last model year were calculated using
EWBM-G for slightly diverse experimental set-ups.
Preliminary tests revealed that the daily air surface temperature amplitude T̃A in equation (6) was
the main poorly constrained variable determining
annual melting and run-oﬀ (Rybak et al. 2016).
Rogozhina and Rau (2014) pointed that daily temperature variability was the key source of uncertainties in the calculation of ablation rate using
positive degree-day method. Though we employ an
alternative (energy balance) approach, we still face
similar diﬃculties. In order to properly account
for parameterization of T̃A , we analyzed records
from 21 automatic weather stations in Greenland from GC-Net (Steﬀen and Box 2001). It was

J. Earth Syst. Sci. (2018) 127:28

Page 9 of 18

28

Figure 5. Annual average air surface temperature in Greenland (◦ C): (a) modelled by the INMCM and (b) by the EWBM-G;
(c) reconstruction by Fausto et al. (2009); and (d–f) same for July.

◦

established that T̃A varies within the range 1–18 C,
◦
though T̃A > 12 C is observed mostly at surface
elevation exceeding 2500 m (ﬁgure 7). There is
obvious annual cycle of T̃A with minimum in late
summer and (less visible) in the mid-winter in
all elevation segments, which yields following optimum polynomial parameterization expression with
linear dependency on surface elevation (Nevecherja
and Rybak, submitted):

T̃A = c1 m+c2 m2 +c3 m3
+c4 m4 + c5 m5 +l0 +l1 z,

(9)

where m is the number of the day m = 1, . . . , 365,
z is the absolute height above sea level, c1 − c5 , l0
and l1 are the ﬁtting coeﬃcients.
In numerical experiments and only for the purpose of SMB calculations, air surface temperature in equation (3) was computed using monthly

28
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Figure 6. Annual average precipitation amounts in Greenland (mm yr−1 ) modelled by (a) the EWBM-G, (b) reconstruction
by Ohmura and Reeh (1991), and (c) modelled by Ettema et al. (2010a).

Figure 7. Average daily amplitude of surface air temperature (◦ C), calculated from measurements at 21 automatic weather
stations of GC-Net (Steﬀen and Box 2001).

lapse rates γ established by Fausto et al. (2009)
(see table 2). As mentioned above, these empirically derived ‘lapse rates’ at the ice surface of
the ice sheet are not equivalent with the lapse
rate at free atmosphere (Hanna et al. 2005).
Standard deviations of daily amplitudes can be
expressed as a simple linear function of surface
elevation:
σT̃A = f0 + f1 z,

(10)

◦

where f0=0.86 (June), 0.63 (July), 0.77 C (August)
◦
and f1 = 1.03 × 10−4 (June), and 2.47 × 10−4 C
m−1 (July) and 1.67 × 10−4 (August). Typical σT̃A
for elevation range 0–2500 m will, therefore, equal
to 1.18–1.25. Allowing possible maximum of T̃A
exceed average by 2 σT̃A , we introduce in equation
(9) an additional term ΔT̃A , which varies from 0
◦
◦
to 2.5 C with the step 0.5 C. In total, 18 numerical experiments were performed with settings, as
shown in table 3.
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Table 2. Monthly vertical lapse rates in Greenland (mean and mean minus one standard deviation
for April–October (Min) and plus one standard deviation (Max)) from Fausto et al. (2009), K
km−1 ; ‘–’ in the lower rows means accepted identity of Min, Max and Mean.
Month

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Mean
Min
Max

− 7.9
–
–

− 8.9
–
–

− 7.9
–
–

− 7.3
− 5.0
− 9.6

− 5.9
− 3.2
− 8.6

− 4.7
− 4.1
− 5.3

− 4.6
− 4.0
− 5.2

− 5.7
− 5.1
− 6.5

− 6.9
− 4.7
− 9.1

− 7.3
–
–

− 6.5
–
–

− 7.6
–
–

Table 3. Experimental set-up.
Experiment
no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Vertical lapse
rate from table 2
Mean
Mean
Mean
Mean
Mean
Mean
Min
Min
Min
Min
Min
Min
Max
Max
Max
Max
Max
Max

Additional
term ΔT̃A ,◦ C
0
+ 0.5
+ 1.0
+ 1.5
+ 2.0
+ 2.5
0
+ 0.5
+ 1.0
+ 1.5
+ 2.0
+ 2.5
0
+ 0.5
+ 1.0
+ 1.5
+ 2.0
+ 2.5

4.2 Results and discussion
Results of experiments 1–18 were collated with the
results of similar studies (table 4). It is notable
that model mass balance components are highly
variable. Slight diﬀerences in GrIS geometries and
in periods of simulations are partially responsible
for variance from model to model. But diﬀerences
are much higher than that. For instance, average annual melting calculated in RACMO2/GR
for 1958–2007 is 70% lower than in MAR5 and
60% higher than in POLAR MM5 for the same
period. Same variance is obvious in refrozen water
and in run-oﬀ estimates. At the same time, diﬀerence in solid precipitation for these three models
is approximately 20%. In other words, variation
in surface mass input to GrISM is not dramatically large. The same applies for the EWBM-G
with total solid precipitation 577–611 Gt yr−1 .
Since liquid precipitation sum is only 5–8% of solid

precipitation and sublimation is even lower,
scatter between models in annual accumulation
rate is also about 20%. It reﬂects diﬀerences in
source of precipitation (reanalysis, ‘parent’ climate models). But diverse results in discharge
part of SMB are totally attributed to diﬀerences
in general modelling concepts, approaches and
numerical methods. Due to the lack of appropriate observational data for constraining results
of simulations, it is not possible to objectively
judge, which model is better than the others
(ﬁgure 8).
We have already focused on high dependency
of modelled melting rate on imposed T̃A (Rybak
et al. 2016). This result is supported by ﬁndings of
Rogozhina and Rau (2014). In our 18 experiments,
we obtained linear dependency of run-oﬀ on SMB
(ﬁgure 8). This result is, in general, in line with
other modelling exercises, though the latter are not
numerous. This result is not surprising because all
models, at the end, employ approaches based on
the same basic physical principles.
One of the possible constraints (but by no
means a universal one) is the satellite-measured
extent of surface melting area and number of
days with melting events (Abdalati 2008). Melting area varies essentially from year to year (ﬁgure 9a). We have chosen the years of minimum
and of maximum areas (ﬁgure 9b) for qualitative comparison with our modelling results. Since
the patterns of observed and modelled melting
do not coincide exactly, quantitative comparison
also will not be precise. Modelled melting areas
(ﬁgure 10) correspond to extreme experimental setup with zero additional term to daily amplitude
(T̃A in equation 6) on the left panels and max◦
imum (+ 2.5 C) term on the right. Experimental
results in the upper row of ﬁgure 10 were obtained
assuming average monthly lapse rates. Minimum
lapse rates (average minus one standard deviation) were used for experiments in the middle row.
Maximum lapse rates (average plus one standard
deviation) were assumed for the experiments in the

[1]
[2]
[1]
[3]
[1]
[2]
[2]
[4]
[2]
[5]
[5]
[5]
[1]
[6]
[7]
[8]
Exp1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

RACMO2/GR
MAR
MAR
Polar MM5
Polar MM5
ECHAM4
MIT
PDD
ECMWF
ECMWF
ECMWF
ECMWF
ERA-40
Microwave**
Review
Review
EWBM-G
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

1958–2007
1979–2005
1958–2007
1988–2004
1958–2006
1990’s
1990’s
1953–1983
1958–2003
1961–1990
1993–1998
1998–2003
1958–2007
1988–1999
1990’s
1990’s
Pre-industrial
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

Period
46
24 ± 5
22
24 ± 7
18

28
25

46
–
–
–
–
–
68
–
–
–
–
–
34
–
–
–
–
–

582
620

599
–
–
–
–
–
577
–
–
–
–
–
611
–
–
–
–
–

PL

697
594 ± 53
578
617 ± 59
678
585
649

PS
717*
612 ± 55
595*
543 ± 141
588
540
554
542
573 ± 70
562
586
614
572*
539
602
520 ± 26
645
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

AC
248
304 ± 96
307
373 ± 66
232
122
162
281
280 ± 69
264
324
372
285
278
304
297 ± 32
89
113
140
170
202
238
166
213
266
326
396
476
59
75
92
112
133
156

RO

126
169
223
286
363
456
291
406
550
721
913
1120
78
105
135
173
218
271

341

295

580
494 ± 173
249

83
103
129
163
202
264
193
262
352
463
586
712
53
64
76
96
119
149

84

35

202

RF

404

M

0.346
0.497
0.516
0.687
0.395
0.226
0.292
0.518
0.489
0.470
0.553
0.606
0.473
0.516
0.505
0.571
0.138
0.175
0.217
0.264
0.313
0.369
0.257
0.330
0.412
0.505
0.614
0.738
0.091
0.116
0.143
0.174
0.206
0.242

469 ± 41
308 ± 125
288
170 ± 152
365

262 ± 39
293 ± 104
298
262
241
287
261
298
225 ± 41
556
532
505
475
442
406
479
432
379
318
248
167
586
570
553
533
512
489

RO/SMB

SMB
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*Calculated as PS +PL-SU; **combination of satellite observations and modelling.

Ref.

Model

Table 4. GrIS model SMB components (km3 yr−1 or Gt yr−1 ). Source: 1. Ettema et al. (2009); 2. Fettweis (2007); 3. Box et al. (2006); 4. Janssens and Huybrechts
(2000); 6. Mote (2003); Reeh et al. (1999); 8. Church et al. (2001).
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Figure 8. Modelled run-oﬀ plotted against SMB (both in Gt
yr−1 ). Red circles denote model results from table 4 except
those contained with the EWBM-G, black triangles – modelled by the EWBM-G. Lower (SMB) axis is cut oﬀ at 500
Gt yr−1 .

Page 13 of 18

28

lower row. Experimental set-ups are summarized in
table 3.
Obviously, exp1 and exp13 provide melting areas,
which are the most close to the observed 1992
satellite measured area (minimum melting area in
the record). The apparent diﬀerence is the lack
of observed melting in the northwest of Greenland and in the mountainous region in the east
compared to the modelled distribution. Maximum observed area (in 2005) is better reproduced
in exp6. Exp7 already overestimated maximum
observed melting area for the period 1979–2007.
But the modelled melting area looks realistic in
case of extreme warm conditions, for instance, like
in 2012, when melting area for the short period of
time covered 97% of the GrIS (Nghiem et al. 2012).
In general, modelled melting area covers the whole
GrIS in experiments 8–12. A tendency of gradual
melting area growth was traced by Tedesco et al.
(2013) for the whole period after 2007. So the

Figure 9. Number of days with melting events in 1992 and 2005 (Abdalati 2008).
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Figure 10. Number of days with melting events in the numerical experiments performed on the EWBM-G (see text for
explanation).
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experimental results strongly depend on setting of
the key tuned parameter T̃A in equation (6). Since
the boundary conditions for our numerical experiments are imposed for conventional pre-industrial
climate, spread of the melting area on the whole
ice sheet seems hardly possible. Therefore, application of minimum ‘lapse rates’ from table 2 leads
to apparent overestimation of melting and runoﬀ. At the same time, using maximum lapse rates
(exp13–exp18) leads to underestimation of the
above-mentioned SMB components.
Comparing results of experiments 7 and 1 (ﬁgure 11) reveals the role of refreezing in the formation of SMB. Melting amount in exp6 is more
than twice higher than in exp1, but the mass balance in exp7 is only 14% lower than in exp1. Mass
balance in both experiments (ﬁgure 11c, g) are
quite alike. It is explained by outrunning refreezing
(ﬁgure 11b, f). Similar relations between melting amounts and mass balances are kept when
comparing exp7 and exp13. Therefore, within the
frameworks of our approach, simulated mass balance is rather a conservative feature, which is less
sensitive to setting of T̃A than ablation and run-oﬀ.
The latter is less sensitive to surface temperature
compared to melting, but still much more sensitive
compared to SMB. Relatively high sensitivity of
the run-oﬀ to parameterization scheme may complicate realistic quantiﬁcation of GrIS contribution
to sea level rise in warming climate. This is well
illustrated by a 30% scatter of run-oﬀ averages
estimated by four models for the time period 1958–
2006/2007 (RACMO2/GR, Polar MM5, ERA40, –
see table 4). Run-oﬀ to accumulation ratio for these
four models is even higher – approximately 50%. In
our experiments 1–2 and 13–17, the RO/ACC ratio
is substantially lower than predicted by all other
models.
Rest of the experiments predict the ratios, which
ﬁt in the range of other models’ predictions. From
the point of view of this intercomparison, maximum ‘lapse rates’ should be negated as they lead
to underestimation of melting and run-oﬀ. The
same applies to free atmosphere lapse rate, which
is closer to maximum surface lapse rates or even
exceeds them. The only exception is exp18. In
◦
this case, adding an extra + 2.5 C term to T̃A
compensates high lapse rate value. This is really
at the limit of observed statistics. Using of minimum ‘lapse rates’ (except perhaps in exp7) is
also questionable, because in exp8–12 melting area
is extremely large for conventional pre-industrial
boundary conditions. As a result of this qualitative
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Figure 11. Modelled on the EWBM-G annual meanings of
SMB and SMB components on the surface of GrIS (mm
yr−1 ), (a) ablation rate, (b) refrozen ice, (c) run-oﬀ, (d)
SMB, in numerical experiments 1 (left panels) and 7 (right
panels).
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overview, we can point to exp3–7 as the best ﬁtting
to the range of predictions by other models.
5. Summary and outlook
The focus of the current study is the methodological aspects of the coupling of GrISM and AISM
to an AOGCM. Fundamental diﬀerences between
the Greenland and Antarctic ice sheets dictate
diﬀerent approaches for coupling. Surface melting
plays a negligible role in Antarctica (except Antarctic peninsula and ice shelves). Besides, there is
stronger similarity between observed and INMCMgenerated temperature ﬁelds and precipitation patterns in Antarctica compared to Greenland. Therefore, it was much more convenient to apply direct
transfer of the INMCM climatic output to the
AISM. This transfer requires, of course, application of resampling and interpolation procedures to
◦
◦
remap climatic output from the grid 5 × 4 into
the grid 20 × 20 km, which is a standard input
format in ice sheet models. Since model annual
precipitation sum averaged over the continent is
as twice as higher than the reconstructed one,
we impose model-based anomalies on the reconstruction; thus emulating year-to-year changes in
precipitation. In our approach, accumulation simply equals to precipitation. In future, we plan to
apply more sophisticated approach and to implement for Antarctica a simple buﬀer model similar
to that used for Greenland.
The latter, an energy- and water-balance model
(EWBM-G), was developed for the purpose of
dynamical coupling of the GrISM to the climate
model. Testing of EWBM-G for pre-industrial
climatic conditions reconstructed by the climate
model INMCM and comparison with observations
and reconstructed data allows to conclude that
the EWBM-G in general satisfactorily reproduces
ﬁelds of annual average air surface temperature
and annual precipitation. The latter are the key
variables for calculation of surface mass balance in
the model of the GrIS dynamics. Simplicity of the
EWBM-G and low computational demand makes
it very eﬀective for application as an interface for
data exchange between the climate model INMCM
and the ice sheet model. Modelled SMB and run-oﬀ
are rather sensitive to parameterization of amplitudes of air surface temperature. Lack of reliable
constraints is really a problem. Sensitivity analysis and model intercomparison enabled to establish
the suitable range of parameters. The next step
in developing of a coupled INMCM-EWBM-GrISM

J. Earth Syst. Sci. (2018) 127:28
system is to use surface run-oﬀ and basal melting
water ﬂuxes as an input to the oceanic block to
force thermohaline circulation.
Full coupling of the GrISM and the AISM to the
INMCM ﬁnalizes elaboration of an Earth system
model. In forthcoming papers, we plan to focus on
transient runs of the model. The coupling procedure developed in this study is applicable mainly
for simulation of rather moderate climatic change,
for instance, future change under the inﬂuence of
growth of greenhouse gases’ concentration. Simulating of palaeoclimates will require certain revision
of the coupling methodology, because some key
model parameters (i.e, daily amplitudes of surface
air temperatures (in case of Greenland) or climatic
precipitation ﬁelds (in case of Antarctica)) are
basically unknown.
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