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Abstract: We present a distribution of the geothermal heat flux (GHF) for Greenland, which is an
update of two earlier versions by Greve (2005, Ann. Glaciol. 42) and Greve and Herzfeld (2013, Ann.
Glaciol. 54). The GHF distribution is constructed in two steps. First, the global representation by Pollack
et al. (1993, Rev. Geophys. 31) is scaled for the area of Greenland. Second, by means of a paleoclimatic
simulation carried out with the ice sheet model SICOPOLIS, the GHF values for five deep ice core locations are modified such that observed and simulated basal temperatures match closely. The resulting GHF
distribution generally features low values in the south and the north-west, whereas elevated values prevail in
central North Greenland and towards the north-east. The data are provided as NetCDF files on two different
grids (EPSG:3413 grid, Bamber grid) that have frequently been used in modelling studies of the Greenland
ice sheet, and for the three different resolutions of 5 km, 10 km and 20 km.
1. Background & Summary
The geothermal heat flux (GHF) under the Greenland ice sheet is an important parameter that controls
the ice flow via the thermal conditions at the ice base. Due to the kilometre-thick ice cover, direct measurements in the bedrock are very difficult, and even precise information about the thermal regime of the
ice base is limited to a few sites where deep ice cores have been drilled. Instead, several approaches exist
to infer the GHF distribution under the ice sheet indirectly. Pollack et al.1 provided a compilation of GHF
measurements and derived a spherical-harmonic representation of the global GHF distribution to degree
and order 12. Shapiro and Ritzwoller2 used a global seismic model of the crust and the upper mantle to
extrapolate these data under the ice sheets of Antarctica and Greenland. Fox Maule et al.3 derived the GHF
distribution for Greenland by combining magnetic measurements from satellites and a crustal magnetic field
model. This distribution was later updated by Purucker4 . More recently, Rezvanbehbahani et al.5 combined
geologic, tectonic and GHF data, and trained a machine learning algorithm on these data to provide a GHF
distribution for Greenland.
These models differ greatly in the predicted distribution of the GHF. Rogozhina et al.6 demonstrated
that applying either of the distributions by Pollack et al.1 , Shapiro and Ritzwoller2 or Fox Maule et al.3 for
simulations of the Greenland ice sheet with the SICOPOLIS model (SImulation COde for POLythermal
Ice Sheets; www.sicopolis.net) does not reproduce the observed basal temperatures at the deep ice core
locations. Therefore, there is an evident need for improvement.
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Here, we present an update of the approach pursued by Greve7 and Greve and Herzfeld8 . The underlying idea is first to scale the spherical-harmonic representation by Pollack et al.1 for Greenland, and then
to modify the GHF values at the deep ice core locations such that a paleoclimatic simulation of the Greenland ice sheet with SICOPOLIS produces an optimum agreement between simulated and observed basal
temperatures. A suitable interpolation algorithm combines the background representation of the GHF with
the point data at the ice core sites. Compared to the two previous versions, we conduct an improved paleoclimatic simulation with 5 km horizontal resolution, add the NEEM ice core to the previously used cores
(GRIP, Dye 3, Camp Century, NGRIP) and include GHF measurements from three bedrock boreholes.
2. Location
Our study area is the entire land area of Greenland, encompassing the ice sheet and ice-free land, and
the surrounding oceans. Details on the domain, map projection and spatial resolution will be given below
(Sects. 3, 4, Fig. 3).
3. Methods
3.1. Paleoclimatic simulation with SICOPOLIS
We use the dynamic/thermodynamic ice sheet model SICOPOLIS to conduct a paleoclimatic simulation
of the Greenland ice sheet over the last glacial/interglacial cycle. The set-up is similar to the spin-up simulation described by Rückamp et al.9 Viscous ice flow is described by the regularized Glen flow law given
by Greve and Blatter10 . The temperature-dependent rate factor for cold ice is by Cuffey and Paterson11 ,
Sect. 3.4.6 and the water-content-dependent rate factor for temperate ice is by Lliboutry and Duval12 . Basal
sliding under grounded ice is described by a Weertman-type sliding law with sub-melt sliding in the form
of Greve and Herzfeld8 (with the reduced sliding parameter by Rückamp et al.9 ). Ice thermodynamics is
modelled by the one-layer melting-CTS enthalpy scheme13 . The main physical parameters are listed in
Table 1.
The model domain for the Greenland ice sheet covers the entire area of Greenland and the surrounding
oceans. We use the EPSG:3413 grid, based on a polar stereographic projection with the WGS 84 reference
ellipsoid, standard parallel 70◦ N and central meridian 45◦ W. The stereographic plane is spanned by the
Cartesian coordinates x and y, and the coordinate z points upward. The bed topography is BedMachine v3
(Ref.14). Glacial isostatic adjustment (GIA) is modelled by the local-lithosphere–relaxing-asthenosphere
(LLRA) approach with a time lag τiso = 3000 a (Ref.15).
The stereographic plane is discretized by a regular grid with 5 or 10 km resolution. In the vertical, we
use terrain-following coordinates (sigma transformation) with 81 layers in the ice domain and 41 layers in
the thermal lithosphere layer below.
For the present-day mean annual and July mean surface temperature, we employ the parameterizations
by Fausto et al.16 These parameterizations express the temperature distributions as linear functions of surface elevation, latitude and longitude. However, the parameterizations are valid for 1996–2006, whereas
our reference year (time t = 0) is 1990. In order to correct for this difference, we apply an offset of −1◦ C
to both parameterizations. This value was estimated based on the data shown by Kobashi et al.17 , Fig. 1
therein.
The main, time-dependent driver for the paleoclimatic simulation is the surface temperature anomaly
∆T (t), assumed to be spatially uniform over the Greenland ice sheet. It is based on the δ18 O record from the
NGRIP ice core18 on the GICC05modelext time scale19 , converted to temperature with the ∆T/δ18 O transfer
factor of 2.4◦ C h−1 by Nielsen et al.20 (based on Huybrechts21 ). Warming during the Eemian is capped at
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∆T = +4.5◦ C (otherwise, the Eemian Greenland ice sheet becomes unrealistically small). The record is
extended into the penultimate glacial by assuming ∆T = −20◦ C at 140 ka b2k and a linear increase since
then. For the most recent 4 ka, the surface temperature anomaly derived for the GISP2 site by Kobashi
et al.17 is used instead of the NGRIP record. The resulting temperature anomaly is shown in Fig. 1. In
addition, we prescribe the sea level history, which is derived from the SPECMAP marine δ18 O record 22 .
For the present-day precipitation, we use monthly means for the period 1958–2001, created with the
regional energy and moisture balance model REMBO23 . The horizontal resolution of the original data is
100 km. For any other time t, we assume a 7.3% change of the precipitation rate for every 1◦ C of surface
temperature (∆T ) change21 . Conversion from precipitation to snowfall rate (solid precipitation) is done
on a monthly-mean basis using the empirical fifth-order polynomial function by Bales et al.24 As in the
study by Greve and Herzfeld8 , surface melting is parameterized by Reeh’s25 positive degree day (PDD)
method, supplemented by the semi-analytical solution for the PDD integral by Calov and Greve26 . The
PDD factors are βice = 8 mm w.eq. d−1 ◦ C−1 for ice melt and βsnow = 3 mm w.eq. d−1 ◦ C−1 for snow melt27 .
Furthermore, the standard deviation of short-term, statistical air temperature fluctuations is σ = 5◦ C, and
the saturation factor for the formation of superimposed ice is chosen as Pmax = 0.6 (Ref.25). In order to
account for sub-grid-scale ice discharge into the ocean, we apply the discharge parameterization by Calov
et al.28 , Eq. (3) therein with the discharge parameter c = 370 m3 s−1 for 5 km resolution and 1270 m3 s−1 for
10 km resolution.
We start the paleoclimatic simulation at t = −134 ka, where ∆T = −11.13◦ C, which is close to the mean
anomaly ∆T over the whole period (Fig. 1). In detail, the simulation consists of the following sequence of
four runs:
(1) t = −134 . . . −9 ka, starting from the observed present-day topography, horizontal resolution 10 km,
free evolution of the ice thickness, basal sliding ramped up during the first 5 ka.
(2) t = 0 . . . 100 a, starting from the observed present-day topography, horizontal resolution 5 km, no
basal sliding, isothermal at −10◦ C, ice extent constrained to present-day extent (purpose: to produce
a slightly smoothed present-day topography of the Greenland ice sheet that serves as a target for the
nudging technique of run (3)).
(3) t = −9 . . . 0 ka, horizontal resolution 5 km, reads the resolution-doubled output of run (1) for t =
−9 ka as initial condition, ice thickness continuously nudged towards the output of run (2) (slightly
smoothed present-day topography) with a relaxation time of 100 a. This nudging is equivalent to
applying a surface mass balance (SMB) correction29;30;31 , which is diagnosed by the model.
(4) t = −1 . . . 0 ka, horizontal resolution 5 km, reads the output of run (3) for t = −1 ka, free evolution
of the ice thickness. The diagnosed SMB correction of run (3) for t = 0 is employed as a temporally
constant, prescribed correction.
The dynamic (∆t) and thermodynamic (∆ttemp ) time steps are ∆t = ∆ttemp = 1 a for the 10-km run (1) and
∆t = ∆ttemp = 0.5 a for the 5-km runs (2)–(4).
3.2. Construction of the GHF map
The GHF constitutes the thermodynamic boundary condition at the bottom of the model domain. In
order to account for the thermal inertia of the lithosphere, it is applied 2 km below the ice base32 .
The method to construct the GHF map follows Greve7 closely. We start with the spherical-harmonic
representation to degree and order 12 of the global heat flux by Pollack et al.1 , evaluated for our spatial
domain around Greenland. The resulting distribution shows a general increase from west to east, but the
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overall values are too high33 . Therefore, in the first step, the distribution is scaled by a constant factor such
that the mean heat flux for Greenland’s land area (ice sheet and ice-free land) is reduced from ∼ 78 mW m−2
to 60 mW m−2 . This is equivalent to the scaling applied by Greve and Herzfeld8 .
In the second step, the GHF map is modified as follows. For the Nm (= 1824 on the 5-km EPSG:3413
grid) margin points of the numerical domain, designated by (xn , yn ), n = 1 . . . Nm , the geothermal heat fluxes
qgeo,n of the above procedure are kept. For the Nc = 5 ice-core locations (xn , yn ), n = Nm + 1 . . . Nm + Nc
(GRIP, Dye 3, Camp Century, NGRIP, NEEM), the geothermal heat fluxes qgeo,n are chosen such that
the simulated basal temperatures match the observed ones (see below). For the Nb = 3 bedrock-borehole
measurements at locations (xn , yn ), n = Nm +Nc +1 . . . Nm +Nc +Nb (SASS1, SASS2, GAP), the geothermal
heat fluxes are prescribed as measured (Table 2). With these N = Nm + Nc + Nb reference points, the new
GHF distribution qgeo (x, y) is computed by the weighted interpolation
N
P

qgeo (x, y) =

wn (x, y) qgeo,n
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The additional factors 1/Nm and 1/(Nc + Nb ), respectively, have been introduced in order to provide a
balance between the influence of the large number of margin points and the small number of ice-core and
bedrock-borehole locations.
The GHF values at the five ice-core locations are unknown. First, we run the simulation sequence described in Sect. 3.1 with the GHF map by Greve and Herzfeld8 . The five values are then iteratively adjusted,
depending on the misfit between measured and modelled basal temperatures at the ice-core locations, and
the simulation sequence is re-run with the updated GHF map. Only integer GHF values are tested, and we
stop the iteration when the optimum agreement is reached. For NGRIP and NEEM, this procedure does
not produce unique GHF values because these sites are both warm-based (basal temperature at the pressure
melting point). For NGRIP, we keep the value 135 mW m−2 already determined by Greve7 and Greve and
Herzfeld8 , which leads to a large basal melting rate, in line with the estimate by Dahl-Jensen et al.34 For
NEEM, we determine a GHF value just sufficient to raise the basal temperature to the pressure melting
point. The resulting GHF values and basal temperatures are listed in Table 2. They will be discussed further
below (Sect. 5).

4. Data Records
We provide the GHF distribution for Greenland that results from the iterative procedure explained above
(Sect. 3.2) as gridded NetCDF (Network Common Data Form; www.unidata.ucar.edu/software/netcdf) files
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on two different grids:
• EPSG:3413 grid:
polar stereographic projection, WGS84 ellipsoid, standard parallel 70◦ N, central meridian 45◦ W,
projection x coordinate −720 km . . . +960 km, projection y coordinate −3450 km . . . −570 km (e.g.,
Morlighem et al.14 );
• Bamber grid:
polar stereographic projection, WGS84 ellipsoid, standard parallel 71◦ N, central meridian 39◦ W,
projection x coordinate −800 km . . . +700 km, projection y coordinate −3400 km . . . −600 km (e.g.,
Bamber et al.35 ).
On each grid, we provide the data in the three different resolutions (grid spacings) of 5 km, 10 km and
20 km. The data set therefore consists of six NetCDF files named
GHF_Greenland_Ver2.0_Gridxxx_yykm.nc,
where xxx ∈ {EPSG3413, Bamber} and yy ∈ {05, 10, 20}.
In addition to the geothermal heat flux (variable ‘GHF’, 2D array), each file contains the x coordinate
(variable ‘x’, vector), the y coordinate (variable ‘y’, vector), the geographical latitude (variable ‘lat’, 2D
array) and the geographical longitude (variable ‘lon’, 2D array). The data set is hosted by the Arctic
Data archive System (ADS) of the National Institute of Polar Research (NIPR) in Tokyo, Japan (see “Data
Citation” below).
If the GHF data are required on different resolutions or an unstructured mesh, we recommend resampling the data by bilinear interpolation.

5. Technical Validation
The evolution of the ice volume and area for the 134 ka paleoclimatic simulation (Sect. 3.1) with the
optimized GHF distribution (Sect. 3.2) is shown in Fig. 2. The results are very similar to those obtained by
Rückamp et al.9 During the Eemian, a pronounced minimum occurs with an ice volume ∼ 2 m SLE less than
today’s. During most of the last (Weichselian) glacial period, the entire available land area is glaciated, and
on average ∼ 1 m SLE more ice than today is stored in the ice sheet. After t = −9 ka, both the volume and
the area drop rapidly, which is due to the nudging towards the (slightly smoothed) present-day topography
that starts at this time with run (3) (see Sect. 3.1). For the final time t = 0 (corresponding to the year 1990),
the simulation produces a Greenland ice sheet with a volume of Vsim = 3.007 × 106 km3 (7.44 m SLE)
and an area of Asim = 1.855 × 106 km2 . These numbers agree very well with their observed counterparts,
Vobs = 2.96 × 106 km3 (7.36 m SLE)35 and Aobs = 1.801 × 106 km2 (Ref.36). The good agreement is mainly
a consequence of the applied SMB correction in run (4) of the simulation sequence, and it is an essential
prerequisite for adequately representing the dynamic and thermodynamic state of the present-day ice sheet.
Figure 3 shows the GHF distribution on the EPSG:3413 grid for the 5 km resolution. The underlying
global representation by Pollack et al.1 leads to, by trend, increasing GHF values from west to east. However, for the actual ice sheet, this trend is strongly superposed by the structure that results from the ice-core
and bedrock-borehole data. GHF values are generally low in South Greenland and the north-western sector
around and downstream of Camp Century. By contrast, the area around NGRIP and towards the north-east
features elevated GHF values. These are likely related to Greenland’s passage over the Icelandic mantle
plume tens of millions of years ago37 . The area encompasses the entire North-East Greenland Ice Stream
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(NEGIS), for which Fahnestock et al.38 inferred locally very high basal melt rates (and thus GHF values)
by analysing the internal layering detected by radar measurements. The general structure of the GHF distribution is quite similar to that inferred by Rezvanbehbahani et al.5 , but differs greatly from the earlier
reconstructions by Shapiro and Ritzwoller2 , Fox Maule et al.3 and Purucker4 .
Due to the scarcity of the supporting points (five ice cores, three bedrock boreholes), the GHF distribution is strongly affected by their location. This is particularly pronounced for NGRIP, which is in the
centre of a distinctive regional GHF maximum, whereas GRIP, Dye 3, Camp Century and GAP are in the
centres of regional GHF minima. It is extremely unlikely that the real GHF distribution has its regional
extrema exactly at these sites. Therefore, the strong imprint of the supporting points on the obtained GHF
distribution is an artefact of the interpolation procedure that puts large weights on the GHF values at these
sites (Eq. (2)). In general, we expect the real GHF distribution to feature more structure than the one shown
in Fig. 3.
The basal temperatures that result from the paleoclimatic simulation are shown in Table 2. Comparing
them (column T bsim05 ) to their observed counterparts (column T bobs ) reveals that the iterative optimization
produces a very good agreement, the residual mismatches being in the range of ∼ 0.2◦ C. Figure 4 displays
the simulated distribution of the basal temperature for the entire area of Greenland. The large GHF values
around NGRIP and in the entire northeastern sector of Greenland lead to widespread temperate conditions
at the ice base. Temperate conditions also prevail in a large drainage system in central West Greenland,
bounded approximately by Jakobshavn Ice Stream in the south and Rink Glacier in the north. In central
East Greenland, cold conditions dominate the interior ice sheet, while temperate conditions occur directly
under the fast-flowing ice streams and outlet glaciers (Kangerdlugssuaq Glacier etc.). The generally low
GHF values in South Greenland entail a cold-based interior ice sheet with temperatures of −10◦ C and less,
whereas a discontinuous ring of temperate-based ice is found near the ice margin that, again, coincides with
areas of fast ice flow.
We test the influence of horizontal resolution on the results by re-running steps (2) to (4) of the paleoclimatic simulation with 10 km instead of 5 km resolution, using the GHF distribution that results from the
optimization done with the 5 km simulations. The obtained basal temperatures are also shown in Table 2
(column T bsim10 ). Evidently, the influence of the resolution on the agreement is negligible. In other words,
the optimized GHF distribution is the same (within integer accuracy for the five ice-core sites) for the two
different resolutions.

6. Usage Notes
The GHF data product presented here has already been used in the study by Rückamp et al.9 These
authors conducted a paleoclimatic simulation with the SICOPOLIS model similar to the one described here
(Sect. 3.1). Then, they used the result as an initial condition for comparative future-climate simulations with
the two models SICOPOLIS and ISSM. They employed two different future-climate scenarios based on
RCP2.6 projections from climate models, which are approximately in line with the limit of global warming
negotiated for the Paris Agreement. The focus of their study was not so much on the actual results, but
rather on the similarities and differences produced by the two models.
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8. Figures

5
0

T (C)

-5
-10
-15
-20
-25
-30
-140

-120

-100

-80

-60

-40

-20

0

Time (ka)

9
8.5
8
7.5
7
6.5
6
5.5
5

2.6
2.4
2.2
2
1.8
1.6
1.4

Area (106 km2)

Volume (m SLE)

Figure 1: Surface temperature anomaly ∆T (t) that results from the combination of the NGRIP record and
that by Kobashi et al.17 See main text for details (Sect. 3.1).
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Figure 2: Ice volume (in m SLE = metres of sea-level equivalent) and area for the paleoclimatic simulation
with SICOPOLIS: Run (1) before t = −9 ka, run (3) between t = −9 and −1 ka, run (4) after t = −1 ka
(Sect. 3.1). Dashed lines indicate present-day values.

28

R. Greve

Figure 3: GHF map (in mW m−2 ) on the 5-km EPSG:3413 grid constructed by iteratively matching observed
and simulated basal temperatures at the five ice core locations GRIP, Dye 3, Camp Century, NGRIP and
NEEM. The bedrock-borehole sites SASS1, SASS2 and GAP are also shown. See main text for details
(Sect. 3.2). Solid black line: land margin; dotted black line: ice margin.
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Figure 4: Basal temperature (relative to the pressure melting point, in ◦ C) computed by the paleoclimatic
simulation (Sect. 3.1) with the optimized GHF distribution (Fig. 3) on the 5-km EPSG:3413 grid. Solid
black line: land margin; dotted black line: ice margin.
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9. Tables
Quantity
Density of ice, ρ
Gravitational acceleration, g
Length of year, 1 a
Power law exponent, n
Residual stress, σ0
Flow enhancement factor, E
Melting temperature
at low pressure, T 0
Clausius-Clapeyron gradient, β
Universal gas constant, R
Heat conductivity of ice, κ
Specific heat of ice, c
Latent heat of ice, L
Sliding coefficient, Cb
Sliding exponents, (p, q)
Sub-melt-sliding parameter, γ
Asthenosphere density, ρa
Density × specific heat of the
lithosphere, ρr cr
Heat conductivity of the
lithosphere, κr

Value
910 kg m−3
9.81 m s−2
31 556 926 s
3
10 kPa
1 / 3?
273.16 K
8.7 × 10−4 K m−1
8.314 J mol−1 K−1
9.828 e−0.0057 T [K] W m−1 K−1
(146.3 + 7.253 T [K]) J kg−1 K−1
3.35 × 105 J kg−1
6.72 m a−1 Pa−1
(3, 2)
1◦ C
3300 kg m−3
2000 kJ m−3 K−1
3 W m−1 K−1

Table 1: Physical parameters used for the simulations with SICOPOLIS (largely following ISMIP6 InitMIPGreenland; Goelzer et al.39 ).
?
: E = 1 for Holocene or Eemian ice (deposited between 11 ka BP and the present, or between 132 and
114 ka BP), E = 3 for Weichselian or pre-Eemian ice (deposited during other times).
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Site
GRIP
Dye 3
Camp Century
NGRIP
NEEM
SASS1
SASS2
GAP

Position
(◦ N, ◦ W)
72.57, 37.63
65.19, 43.83
77.17, 61.13
75.10, 42.32
77.50, 50.90
61.40, 48.17
60.97, 45.99
67.15, 50.07

T bobs
(◦ C)
−8.56
−13.22
−13.00
−2.4?
− ? ?a
—
—
—

T bsim05
(◦ C)
−8.71
−13.04
−13.10
−2.65?
−2.18?
—
—
—

T bsim10
(◦ C)
−8.71
−13.18
−13.12
−2.65?
−2.18?
—
—
—

GHF
(mW m−2 )
51
32
47
135
70
43
36
31b

Table 2: Observed and simulated (for 5 and 10 km resolution, respectively) basal temperatures, T b , and
inferred GHF at the five ice-core locations; measured GHF at the three bedrock-borehole locations.
References: GRIP: Dahl-Jensen et al.40 ; Dansgaard et al.41 ; NGRIP: North Greenland Ice Core Project
members18 ; Dahl-Jensen et al.34 ; Camp Century: Dansgaard et al.42 ; Gundestrup et al.43;44 ; Dye 3: Gundestrup and Hansen45 ; NEEM: NEEM community members46 ; Goossens et al.47 ; SASS1, SASS2: Sass
et al.48 ; GAP: Claesson Liljedahl et al.49
?
: Pressure melting point.
a
: Precise value not yet published.
b
: Mean of the values from two boreholes.
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