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ABSTRACT

A three-dimensional dynamic downscaling model of the Greenland atmospheric boundary layer is used
to investigate the surface energy balance of the Greenland ice sheet for the summer ablation season of
1998. The model is forced by ECMWF analysis data and has a horizontal resolution of 20 km. The
results show that the turbulent heat fluxes contribute significantly (32%) to the total surface energy flux
in the ablation region. A climate sensitivity experiment is carried out with the model by increasing the
free atmospheric forcing temperature by 1 K. The resulting change, known as climate sensitivity, in
2 m temperature, 2 m wind speed and the surface energy balance components are discussed. The 2 m
temperature is shown to have a climate sensitivity significantly less than unity, as low as 0.3, in regions
where melt prevails for most of the ablation season. The surface energy flux in the ablation region is
found to increase by 21% for a 1 K increase in atmospheric temperature. Wind speeds also increase,
particularly near the margin of the ice sheet, as a result of enhanced katabatic forcing. Enhanced wind
speeds are shown to account for roughly 12% of the climate sensitivity of the sensible heat flux when
averaged over the ablation region. Albedo feedback is also shown to play an important role in the total
climate sensitivity of the surface energy balance.

1. Introduction

The ablation component of the surface mass balance
for the Greenland ice sheet is dependent on the surface
energy flux at the surface. When surface temperatures
reach the melting point the excess energy can be used
to melt the ice or snow surface. Some of this melt
will refreeze in the snow pack, but a large portion will
be lost through drainage. The surface energy balance
(SEB) that determines the net surface energy flux con-
sists of the four components of short- and longwave
radiation, and sensible and latent turbulent heat fluxes.
In general the absorption of shortwave radiation is the
most important term in this energy balance; however,
the other terms are also significant. In fact, changes in
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atmospheric temperature are transmitted to the surface
chiefly via these three other components. As such it is
important to understand their contribution to the SEB.

When one is modelling the mass balance of the
Greenland ice sheet the surface ablation must be de-
termined. This can be done using degree day models,
which are based on empirical relationships that link
integrated temperatures directly to melt using a de-
gree day factor, or by determining the SEB, which is
based on the physical processes that occur at the sur-
face. If physically based processes are to be included,
then use of the SEB is the preffered choice for cal-
culating melt rates. In mass balance models, such as
those employed by van de Wal (1996) and Zuo and
Oerlemans (1996) which are driven by SEB calcula-
tions, simplified forms of the SEB are used. In partic-
ular, the turbulent heat fluxes are parameterised as a
linear expression of near surface temperature, which
itself is based on a climatological parameterisation,
e.g. Ohmura (1987).
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An alternative to prescribing the turbulent heat
fluxes in this fashion is to run large-scale meteoro-
logical models, such as GCMs and weather prediction
models, that calculate directly the SEB and the accu-
mulation rates. These models are in general marred by
a lack of resolution. The ablation zone of the Greenland
ice sheet is, at its widest extent, no greater than 100 km,
and on average around 30 km, so it would require
model resolutions of this order or less to attempt to
model the surface ablation. Thompson and Pollard
(1997) and Glover (1999) have used GCMs with a
horizontal resolution of 2.5◦ (300 km) to simulate pre-
cipitation and melt on the Greenland ice sheet. This is
clearly too coarse a resolution to be used on the abla-
tion zone and they have, through necessity, downscaled
their results using assumed lapse rates and wind fields.
Results from these studies indicate an overestimation
of ablation by a factor of 2–6 when compared to ob-
servational estimates (Warwick et al., 1996). A GCM
simulation by Ohmura et al. (1996) used a model reso-
lution of 1◦ (125 km), which gave improved estimates
of ablation without downscaling in spite of its inability
actually to resolve the ablation zone. ECMWF anal-
ysis data are currently available, with a resolution of
approximately 63 km. Even so, this still does not re-
solve the ablation zone properly, and some form of
downscaling is clearly needed to calculate the SEB in
order to resolve the ablation zone.

In a concurrent paper (Denby et al., 2002), referred
to as DEN1, the Greenland atmospheric boundary
layer model (GABLM) is used to simulate the atmo-
spheric boundary layer (ABL) over Greenland at a
horizontal resolution of 20 km. This model is a dy-
namic downscaling model that takes ‘off line’ free at-
mospheric meteorological fields from an already ex-
isting model, in this case ECMWF analysis data, and
forces the Greenland ABL with them. In this way im-
proved resolution can be obtained and the physical
processes of the ABL can be properly incorporated.

In DEN1 the model is described and compared to
observations made on the ice sheet by six automatic
weather stations (AWS) during the 1998 ablation sea-
son. The results from DEN1 show quite good agree-
ment between the simulated and observed variables
of wind, temperature and specific humidity and im-
prove significantly on the results taken directly from
ECMWF analysis data. Simulated temperatures tend
to be slightly too high at all sites, with a mean differ-
ence of 0.6 ◦C when averaged over the summer period,
and average wind speeds are within 0.7 m s−1 of their

observed values, with the exception of one site near
the ice margin where simulated wind speeds were sys-
tematically lower, −1.5 m s−1, than those observed.
At this site the 20 km model resolution underestimates
surface slope and hence katabatic forcing. A compar-
ison of the simulated SEB with observed melt also
shows good agreement for one of the sites (S5) but
overestimates the surface ablation by 35% at another
site (S6).

In DEN1 the SEB is calculated for the six AWS
involved in the comparison. In this second study, the
model simulation is used to calculate the SEB of the
entire Greenland ice sheet during the same summer ab-
lation season and to determine the climate sensitivity
of the model to a change in free atmospheric temper-
ature. In this paper the climate sensitivity of any pa-
rameter is defined as being its sensitivity to a change
in free atmospheric temperature. The climate sensitiv-
ity of 2 m temperature, wind and the surface energy
fluxes to a change in atmospheric temperature is in-
vestigated in order to identify the relative importance
of the various energy flux components. In particular,
the climate sensitivity of the turbulent heat fluxes is
analysed as well as the climate sensitivity of the kata-
batically forced winds.

2. Model description

The model used for this study is described in de-
tail in DEN1 but the main points will be summarised
here. As stated in that paper, the GABLM uses me-
teorological fields from an already existing model, in
this case ECMWF analysis data, and forces the ABL
model with these fields. The prescribed fields used are:

1. Geopotential height at 700 hPa to determine
geostrophic winds. These are assumed to be barotropic
and thus constant with height.

2. Free atmospheric temperature specified as a lin-
ear function of height taken by fitting ECMWF data
from above the ABL up to a height of approximately
4 km.

3. Relative humidity field taken from ECMWF
data at a height of approximately 1200 m above the
surface.

4. Cloud cover from ECMWF total cloud cover
analysis. Low, medium or high cloud covers are not
distinguished and cloud height is set at approximately
3500 m above the surface.
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5. Monthly mean sea surface temperatures from
ECMWF analysis.

With the exception of sea surface temperatures,
these fields are updated every 12 h, 00 and 12 GMT,
and linearly interpolated in time. The specific humidity
field is prescribed only at the lateral and top boundaries
of the model whilst the free atmospheric temperature
field and synoptic pressure gradient field is prescribed
directly in the model field itself by splitting them into
synoptic, taken directly from ECMWF analysis, and
perturbation fields.

Attenuation of the incoming shortwave radiation by
atmosphere and clouds is parameterised using schemes
from van de Wal (1994) and Konzelmann et al. (1994),
whilst an emissivity scheme from Garratt and Brost
(1982) is used to calculate the longwave radiation.
Subsurface temperatures are initialised on the basis of
the 2 m temperature parameterisation from Ohmura
(1987), and the subsurface temperature is calculated
using a temperature diffusion model. Surface rough-
ness lengths and subsurface parameters are also spec-
ified on the basis of the temperature parameterisation
from Ohmura (1987). Albedo is determined internally
using a two-layer snow model which calculates albedo
as a function of melt and snow depth. These parame-
terisation schemes and initialisations are described in
detail in DEN1.

The Greenland model topography and land/ice/sea
mask is taken from the EKHOLM 0.02◦ data set
(Ekholm, 1996). All ice regions, including those not
directly associated with the ice sheet, are included in
the calculations.

The ABL simulation is carried out using a 20 km
horizontal grid resolution. 20 vertical layers, up to a
maximum height of 5 km, are used with a lowest level
height of 2 m. The number of vertical levels in the
subsurface temperature diffusion model is 15 and the
lowest level is placed at 10 m below the surface, with
an upper level depth of 5 mm.

The model is run using ECMWF input fields taken
from the 1998 ECMWF analysis data starting on
20 May 1998, day 140, and ending on 28 August 1998,
day 240. A 10 d spin up time is allowed and mean val-
ues for the 90 d summer period, from day 150 to day
240, are derived. This simulation is known as the refer-
ence run and is equivalent to the simulation described
in DEN1. A climate sensitivity run is also made where
the free atmospheric temperature is increased by 1 K
over the entire model domain.

3. Surface energy balance

The surface energy balance (SEB) can be written
as:

GFL = NSW + NLW + HFL + EFL (1)

where GFL is the total surface energy flux, NSW is
the net shortwave radiation flux, NLW is the net long-
wave radiation flux, HFL is the turbulent sensible heat
flux and EFL is the turbulent latent heat flux. These
are defined as positive downwards and expressions for
these fluxes can be found in DEN1.

The SEB from the 1998 GABLM simulation is pre-
sented in this section for the entire Greenland ice sheet.
The four SEB components and the total surface energy
flux averaged over the summer period are shown for
all points on the ice sheet in Fig. 1. The SEB is pre-
sented as a function of the surface extrapolated free
atmospheric temperature Ta. This parameter is used
since it is an independent forcing parameter of the
model, taken from the ECMWF analysis data. The
mean value of Ta over the summer period can be well
approximated by the following parameterisation, indi-
cating its dependence on height above sea level (a.s.l.),
h, and latitude, φ:

Ta(φ, h) = 8.8 − 0.0052h − 0.11(φ − 72). (2)

To help summarise the results presented here and
in Section 4 two regions are defined that are repre-
sentative of the ablation and accumulation zones. The
areal distribution of these regions is determined us-
ing Ta isotherms. The ablation region is defined as the
region where the summer mean Ta > 3 ◦C, which cov-
ers 10.2% of the total model ice sheet area of 1.76 ×
106 km2 and includes 66.0% of the simulated melt.
The accumulation region is defined where the sum-
mer mean Ta < −3 ◦C, covering 49.0% of the ice
sheet. These regions correspond to heights of 1115
and 2270 m, respectively, at a latitude of 72◦N. The
four energy balance components of the Greenland ice
sheet, averaged over the summer season for the ab-
lation and accumulation regions, are summarised in
Fig. 2.

In the accumulation region the NSW contributes
53 W m−2 to the SEB. As discussed in DEN1, the
simulated incoming radiation fluxes tend to be over-
estimated by the model when compared to observa-
tions made at three AWS sites in this region, namely
Humboldt, Tunu-N and Summit (Steffen et al., 1996).
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Fig. 1. (a) Mean surface energy balance components and (b) total surface energy flux as a function of the surface extrapolated
free atmospheric temperature Ta. NSW is the net shortwave radiation, NLW the net longwave radiation, HFL the sensible
heat flux, EFL the latent heat flux and GFL the total energy flux, all in W m−2.

Fig. 2. Arealy averaged surface energy balance for the ablation and accumulation regions during the summer season. NSW
is the net shortwave radiation, NLW the net longwave radiation, HFL the sensible heat flux, EFL the latent heat flux and GFL
the total heat flux, all in W m−2.

In the ablation region, where melting snow and ice
surfaces lead to a lower albedo, NSW increases. Ob-
servations made at sites S5 and S6 indicate that these
values are realistic.

In general NLW reflects the cloud cover distribution
over most of the ice sheet. As the margin is approached,
however, incoming longwave radiation will increase
with increasing temperatures and the fixed surface melt
temperature will keep the outgoing longwave radiation
constant, leading to an increase in NLW towards the
margin.

In the accumulation region the sensible and latent
heat fluxes will tend to balance the radiation fluxes.
Sensible and latent heat fluxes are both negative in
the upper regions of the ice sheet, indicating a con-
vective ABL which cools the surface. The presence of

a convective ABL has been observed during summer
by Box (2001) using AWS from the PARCA network.
Because the SEB is almost balanced in this region the
turbulent heat and outgoing longwave radiation fluxes,
which are directly influenced by surface temperature,
will adapt to the incoming radiation fluxes. Since the
incoming radiation fluxes appear to be overestimated
in the accumulation region it is likely that the turbulent
heat fluxes will be in error in this region.

Near the ice margin both the sensible and latent heat
fluxes can be seen to increase. The increase in sensi-
ble heat flux in the accumulation region is the direct
result of the dominant downslope katabatic winds that
advect stratified potentially warmer air down the slop-
ing ice surface, increasing the temperature difference
between ice and atmosphere. In regions where melt
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occurs the limiting surface temperature will enhance
this difference. Latent heat flux is negative over al-
most all of the ice sheet but starts to increase near the
margin. Katabatic winds will tend to advect dryer air
downslope, leading to more evaporation and a lower
latent heat flux. However, as the surface vapour pres-
sure becomes limited by the melting point in the ab-
lation region, evaporation from the surface will also
decrease.

The total surface heat flux is small over the accumu-
lation region, just 1.9 W m−2 on average. As surface
temperatures increase with decreasing elevation, the
limiting melting point temperature directly affects
the SEB components. The excess energy is used to
melt the surface in this region. This transition occurs
at around Ta = 0 ◦C, where GFL can be seen to in-
crease significantly (Fig. 1b).

In the defined ablation region, Fig. 2, the net ra-
diation balance accounts for 68% of the total surface
flux which is largely converted to melt. The turbulent
heat fluxes account for the remaining 32%. This is a
significant portion of the total melt, and indicates the
importance of correctly simulating these fluxes in mass
balance studies.

The average simulated melt over the entire ice sheet
is 307 mm water equivalent (w.e.), which is roughly
85% of the climatological accumulation determined
by Ohmura and Reeh (1991). The simulated melt must
be considered an upper limit for the ablation since the
model does not account for subsurface processes such
as refreezing, so a large amount of the melt which
occurs in snow covered areas will not contribute to the
total ablation.

In a previous study of ablation on the Greenland
ice sheet, van de Wal (1994) used a simplified energy
balance model driven by the 2 m temperature param-
eterisation from Ohmura (1987). He found an average
ablation of 189 mm w.e. with a parameterised descrip-
tion of refreezing in the snow and ice pack. Ohmura
et al. (1996) also estimated the total ablation to be
200 mm w.e. based on the same temperature param-
eterisation and an observational relationship between
temperature and ablation. However, it should be noted
that the average 2 m temperature in the ablation region
determined by GABLM for 1998 is roughly 1.2 ◦C
higher than the temperature parameterisations used in
those papers. Reeh (1991) also determined the mean
ablation rate of the Greenland ice sheet to be 168 mm
w.e. using a degree day model which incorporated re-
freezing in the snow pack and a similar temperature
parameterisation.

4. Climate sensitivity

In this section a climate sensitivity experiment is
carried out in order to determine the models sensi-
tivity to an increase in free atmospheric temperature.
The aim of this experiment is to quantify the sensitivity
of the SEB as a result of an atmospheric temperature
change. Particular attention is given to the turbulent
heat fluxes as well as the 2 m meteorological vari-
ables that directly affect them. The sensitivity tests are
carried out simply by increasing the ECMWF atmo-
spheric temperature over the entire model domain by
1 K whilst keeping the relative humidity constant. The
initial subsurface temperatures are also increased by
the same amount. All other input parameters, such as
cloud cover and sea surface temperature, are held con-
stant. This method of testing the model sensitivity does
not take into account changes in circulation that result
from a global temperature change, but it does allow a
less complicated investigation of the role temperature
plays in determining the sensitivity of the SEB and
near surface meteorological variables.

In the following discussion the climate sensitivity of
some quantity, �, to a change in surface-extrapolated
atmospheric temperature, Ta, is defined as

d� = ∂�

∂Ta
. (3)

This quantity is calculated from the model results by
determining the difference between the sensitivity run
and the reference run, resulting in a climate sensitivity
per kelvin (K−1).

Before discussing the climate sensitivity of 2 m me-
teorological variables and surface energy fluxes, it is
informative to recap on the SEB as discussed in Sec-
tion 3. The SEB components can be written in the
following form:

NSW = Ss(1 − α) (4)

NLW = L ↓s − L ↑s = εaσ T 4
a − σ T 4

s (5)

HFL = ρacpCHU2m
T2m (6)

EFL = ρa LeCEU2m
Q2m (7)

where the energy fluxes are described in terms of
the surface-extrapolated free atmospheric temperature
(Ta), the ABL temperature and specific humidity at
2 m (T2m and Q2m), and the surface temperature and
humidity (Ts and Qs). The difference between the 2 m
and surface levels is written as 
T2m and 
Q2m. In
the above equation L ↓s and L ↑s are the incoming
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and outgoing longwave radiation fluxes, εa is the ef-
fective emissivity of the atmosphere for the surface-
extrapolated atmospheric temperature and the surface
emissivity is assumed to be unity. The sensible (HFL)
and latent (EFL) heat fluxes are described using the
exchange coefficients CH and CE, which are related to
surface roughness lengths, height and stability by

CH,E = κ2(Pr ln(z/zh,q) − �h,q)−1(ln (z/zo) − �m)−1

(8)

in which z is the height above the surface, in this case
2 m, and the other terms are described in Eqs. (12) and
(13) in DEN1. In these equations ρa is the density of
air, cp is the specific heat of air and Le is the latent heat
of vaporisation of water.

Differentiating the above equations with respect to
a change in free atmospheric temperature Ta, assum-
ing a constant relative humidity (R2m), gives the fol-
lowing climate sensitivities for the surface energy flux
components:

dNSW = dSs(1 − α) − Ss dα (9)

dNLW = dL ↓s − dL ↑s = L ↓s

(
4

Ta
+ dεa

εa

)

− L ↑s
4

Ts
dTs (10)

dHFL = ρacp{(dCH)U2m
T2m + CH(dU2m)
T2m

+ CHU2m(d
T2m)} (11)

dEFL = ρa Le{(dCE)U2m
Q2m + CE(dU2m)
Q2m

+ CEU2m(d
Q2m)} (12)

= Le

RvT 2
s

(
EFL dTs + R2m Qs

Le

cp
dHFL

)
. (13)

In the above equations use is made of the Clausius–
Clapeyron equation in deriving Eq. (13) with the added
assumption that 
T2m 
 T2m, where T2m is in K.

4.1. Temperature sensitivity

In many energy balance and degree day models used
to calculate ablation, climate sensitivity experiments
are carried out by increasing a predefined near surface
temperature field, usually at 2 m, by a fixed value.
However, air temperatures in the ABL are affected
by both surface and free atmospheric conditions and
the change in 2 m temperature will not correspond
directly to a change in free atmospheric temperature.
The calculated average climate sensitivity of 2 m and

surface temperature, dT2m and dTs, for the summer
season is shown in Fig. 3a as a function of Ta.

Let us firstly look at dT2m in the non-melt areas of
the ice sheet. Over most of the accumulation region
dT2m = 0.93 except for Northern Greenland, where
cloud cover is lowest, this can be greater than unity.
The 2 m temperature sensitivity in non-melt areas
is determined largely by the sensitivity of the long-
wave radiation flux. If a purely radiative change in en-
ergy balance is assumed, i.e. that changes in incoming
longwave radiation are balanced by changes in outgo-
ing radiation, then the surface temperature sensitivity
will be given by dTs = εa(Ts/T2m)3 if dεa = 0. Typ-
ical values for εa in the non-melt region would then
give dTs = 0.80. An increase in water vapour content
will also lead to an increase in the effective emissivity
which, using typical values derived from the model,
would increase the surface temperature sensitivity by
0.15. In addition to these terms the latent heat flux,
which has typical values of around −8 W m−2 in the
accumulation region, will increase in magnitude with
warming [Eq. (13)] leading to a slight decrease in the
surface temperature sensitivity.

In regions where melt does take place, energy is
transferred to the surface, and the surface temperature
is limited for all or part of the ablation season by the
melting point. Analysis of the SEB in this region will
not give insight into temperature sensitivity, since this
is the result of ABL dynamics, in which the balance be-
tween the turbulent diffusion and horizontal advection
of heat are the dominant processes. The consequence
of a fixed surface temperature is that 2 m temperatures
will increase only fractionally as a result of a free at-
mospheric temperature increase. The transition seen
in Fig. 3a from sensitivities close to unity in the ac-
cumulation region down to sensitivities of 0.3 in the
ablation region is due mainly to the length of time the
surface is limited by the melting point.

4.2. Wind sensitivity

In Fig. 3b the climate sensitivity of 2 m wind speed
(dU2m) is shown as a function of Ta, where there is a
general trend for increasing dU2m with increasing Ta.
As will be discussed, the driving mechanism for dU2m

is enhanced katabatic forcing, which is determined by
surface slope and temperature inversion strength. Both
these factors tend to increase with increasing Ta.

The dynamic structure of the ABL and its response
to atmospheric warming can best be seen in the verti-
cal profiles of wind and temperature and in the budget
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Fig. 3. (a) Climate sensitivity of 2 m and surface temperature as a function of Ta for the simulated summer period. (b) Climate
sensitivity of 2 m wind speed as a function of Ta for the simulated summer period.

for momentum. In Figs. 4a–4c the summer average
vertical profiles of wind speed, wind direction and
temperature perturbation at site S6, which are typi-
cal of profiles along the Western margin, are shown.
At this site a downslope flow corresponds to a nega-
tive U component. Clearly visible is the wind speed
maximum at around 90 m, compared to the depth of
the ABL of around 650 m. The wind turns from a
South-Eastern direction of 134◦ near the surface to a
Southern direction of 180◦, perpendicular to the slope,
at a height of 300 m. The downslope angle at site S6 is
Eastern at 90◦. Katabatic forcing in the lower part of
the ABL drives the wind downslope, and Coriolis forc-
ing turns the wind clockwise away from the downslope
direction. The average geostrophic wind speed for this
period is 5.3 m s−1 at 190◦, which explains the large
cross-slope component (V) in the upper ABL.

In Figs. 4d–4f the climate sensitivities of these vari-
ables are shown. When the climate sensitivity of tem-
perature is less than unity, as in Fig. 4f, the temperature
inversion strength will increase when free atmospheric
temperature increases, with the resulting enhanced
katabatic forcing. As expected wind speeds in the
downslope direction U, Fig. 4d, are the most sensi-
tive to enhanced katabatic forcing. Due to the large
cross-slope component, V, the absolute change in wind
speed, d|U |, is less than the change in the downs-
lope component dU . The maximum wind speed sen-
sitivity in the ABL at this site is 0.35 m s−1 K−1, at
around 40 m, whilst 2 m wind speed sensitivity is just
0.16 m s−1 K−1. Similar results by van den Broeke

(1997) have been found using a bulk model of the
Greenland ABL with little synoptic forcing. He simu-
lated a 6 m wind speed sensitivity near the margin of
0.3 m s−1 K−1.

The momentum budget components in the ABL are
shown, for the same site, in Fig. 5a. The momentum
budget equation describing each component can be
found in DEN1. In the lower part of the ABL, below
50 m, katabatic forcing (KAT) dominates and accel-
erates the wind in the downslope direction, which is
retarded by the flux divergence (FLU) of horizontal
momentum. Above 50 m both katabatic forcing and
horizontal perturbation pressure gradient (PGR) are
important terms. At this height, flux divergence be-
comes small and so the downslope acceleration is bal-
anced almost completely by Coriolis forcing. Horizon-
tal perturbation pressure gradients directed downslope
will thus lead to cross-slope winds, as seen in Fig. 4a.

The climate sensitivity of the along-slope momen-
tum budget at site S6 is also shown in Fig. 5b. Through-
out the ABL the only major change in forcing with
increased temperature comes from the katabatic term
which is compensated for by the flux divergence of
horizontal momentum.

4.3. Surface energy balance sensitivity

The climate sensitivity of the four SEB components
averaged over the summer period are presented, as in
Fig. 1, as a function of Ta in Fig. 6. These results are
summarised for the ablation region in Fig. 7 along
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Fig. 4. Summer average vertical profiles of wind, wind direction and perturbation temperature at site S6 for the reference
run. (a) Along-slope (U), cross-slope (V) and absolute (|U |) wind speeds where the downslope component U is negative.
(b) Wind direction where the downslope direction is 90◦ at this site. (c) Temperature perturbation or temperature inversion
strength �. (d)–(f) As in (a)–(c) but showing the climate sensitivity of these variables.

with the individual climate sensitivities for the three
ablation sites S5, S6 and Swiss Camp. See DEN1 for
a description of these three sites.

4.3.1. Radiation flux sensitivity. In the ablation re-
gion NSW radiation is the largest single contributor to
the increase in surface energy flux. This is due to the
albedo feedback mechanism [second term in Eq. (9)].
The increased melt that results from an increase in the
turbulent heat and longwave radiation fluxes reduces
the snow albedo and leads to enhanced melting through
shortwave radiation absorption. In the model, incom-
ing shortwave radiation attenuation is parameterised
in terms of cloud cover and height, see DEN1. Since
cloud cover is kept constant in the climate sensitivity

run, incoming shortwave radiation will not be affected
and dSs = 0 [Eq. (9)].

In regions where the surface is bare ice for most of
the melt season, e.g. close to the margin at site S5, the
albedo feedback mechanism will not play an impor-
tant role. The albedo feedback mechanism has thus a
maximum effect in the region nearer to the snow line,
e.g. S6 and Swiss Camp, where melt is generally low
to begin with. The strength of the feedback will de-
pend on the albedo parameterisation used. The form
used here, see Eq. (28) in DEN1, allows snow albedo
to decrease exponentially as a function of melt using a
characteristic melt scale M∗ and a limiting firn albedo.
The value of M∗ is not well defined and adjusting this
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Fig. 5. (a) Summer average vertical profiles of the along-slope component of the momentum budget at site S6 in m s−1 K−1.
KAT is the katabatic forcing, COR the Coriolis forcing, ADV advection, PGR the horizontal perturbation pressure gradient
and FLU the turbulent flux divergence of horizontal momentum. (b) As in (a) but showing the climate sensitivity of these
components in m s−2 K−1.

factor will alter the strength of the simulated albedo
feedback. As such, some caution should be aired when
attaching a quantitative value to the increase in surface
energy flux as a result of albedo feedback, but the re-
sults from this study show that it can strongly enhance,
by a factor of 1.7, the effect of the other energy flux
components. This agrees with results from van de Wal
(1996), for the Greenland ice sheet, and from Greuell
and Böhm (1998), for an Alpine glacier, who found
that the albedo feedback could double the total simu-
lated melt, with a maximum just below the equilibrium
line.

The climate sensitivity of the net longwave radi-
ation flux, dNLW, is small in the accumulation re-
gion due to the response of the surface temperature
to the changed forcing. In the ablation region, where
L ↑s remains fixed due to the limiting surface melt
temperature, dNLW is greatest. In this region dNLW
reflects the climate sensitivity of L ↓s, which results
from the increase in atmospheric temperature and wa-
ter vapour content. The climate sensitivity of the in-
coming longwave radiation flux, dL ↓s, is given by
Eq. (10) and is dependent on L ↓s, Ta and on the sen-
sitivity of the effective emissivity, dεa, which is deter-
mined by the change in water vapour content, by the
cloud cover and height, and by any variation in the
ABL temperature profile as a result of a temperature

change. One of the most important factors affecting
dεa is the cloud cover. With a totally overcast sky, the
emitted longwave radiation from clouds can be ap-
proximated by a black body with a temperature equal
to the cloud temperature. Because of this dεa will be
small when clouds are present. In Northern Green-
land cloud cover is at a minimum of around 0.4, and
it is in this region that dεa and thus also dL ↓s are
greatest.

The other factor that will affect dεa is the alteration
of the temperature profile. Because the climate sensi-
tivity of ABL temperature in melt regions is less than
unity (Fig. 4f ), the effective emissivity will change as a
result of the change in temperature profiles. This effect
tends to reduce dεa. However, to a first approximation
dL ↓s can be expressed in terms of Eq. (10), assuming
dεa to be zero. This results in an underestimation of
dL ↓s by, on average, 1.0 W m−2 when compared with
the simulated values.

4.3.2. Turbulent heat flux sensitivity. The climate
sensitivity of sensible and latent heat flux as a function
of Ta is shown in Figs. 6c and 6d, respectively. In
non-melt regions the sum of these two components
is close to zero, since the balance between incoming
and outgoing longwave radiation accounts for most of
the surface temperature increase. As the duration of
surface melt increases with increasing temperature on
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Fig. 6. Climate sensitivity of (a) the net shortwave radiation flux (dNSW), (b) the net longwave radiation flux (dNLW),
(c) the sensible heat flux (dHFL), (d) the latent heat flux (dEFL), (e) the total surface heat flux (dGFL) and (f ) the surface
melt (dMELT). All are shown as a function of Ta for the simulated summer period.

the ice sheet the climate sensitivity of both turbulent
flux components will be enhanced.

In the ablation region sensible heat flux is enhanced
by an increase in both temperature and wind speed.
However, the climate sensitivity of temperature is sig-
nificantly larger than that for wind and will dominate
dHFL. This increase is reflected in the climate sensitiv-
ity of the near surface temperature difference d
T2m

(Fig. 3a), which increases towards the margin as a re-
sult of increasing atmospheric temperature, of ABL
dynamics and of the limiting surface melt tempera-
ture.

As discussed in Section 4.1, evaporation will be en-
hanced in the non-melt regions as a result of temper-
ature increases. This is not the case in the ablation
region due to the fixed surface temperature. When the
climate sensitivity of the surface temperature, dTs, is
small or zero, i.e. melting, then dEFL will be directly
proportional to the sensitivity of dHFL, if R2m is un-
changed, according to Eq. (13). dEFL is thus directly
related to dHFL under these conditions by

dEFL ∼= R2m Qs L2
e

cp RvT 2
s

dHFL (14)
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Fig. 7. Arealy averaged surface energy balance climate sensitivities for the predefined ablation region (a) and for the individual
sites S5, S6 and Swiss Camp (b) during the summer season. Positions for these sites are listed in DEN1. NSW is the net
shortwave radiation, NLW the net longwave radiation, HFL the sensible heat flux, EFL the latent heat flux and GFL the total
heat flux. All climate sensitivities are given in W m−2 K−1.

which means that the ratio dEFL/dHFL ∼= 0.7R2m for
conditions near the margin. Using a relative humidity
of 80%, which is the average 2 m value calculated by
the model in the ablation region, the relative sensitivity
of dEFL and dHFL using Eq. (14) is very close to that
determined by the model (Fig. 7a).

4.3.3. Components of the turbulent heat flux
sensitivity. In Eqs. (11) and (12) the turbulent heat
flux climate sensitivities are rewritten in terms of an
exchange coefficient (CH,E), 2 m wind speed (U2m),
and the difference between 2 m and surface values
for temperature and water vapour (
T2m and 
Q2m).
Writing the equations for dHFL and dEFL in this form
allows us to differentiate between the climate sensitiv-
ities of the various components involved. These are:
changes in scalar roughness lengths dCH,E, changes
in wind speeds dU2m, and changes in temperature and
water vapour content d
T2m and d
Q2m.

In Fig. 8 these three components are set out against
the climate sensitivity of HFL and EFL as presented in
Figs. 6c and 6d. The sensible heat flux climate sensitiv-
ity is clearly dominated by the change in temperature
difference between the ABL and the surface. However,
the enhanced wind speeds due to katabatic forcing,
which are strongest near the margins, are responsible
in some areas for up to 35% of the total climate sen-
sitivity. As previously mentioned, geostrophic wind
fields remain unchanged in the climate runs, so this will
not affect the simulated wind speeds. The exchange co-
efficient is dependent on the surface roughness lengths
for momentum, temperature and water vapour. Even

though the surface roughness length for momentum
is held fixed in all the simulations, the surface rough-
ness length for temperature (zh) can vary with wind
speed. This is due to its dependence on the rough-
ness Reynolds number, see Eq. (24) in DEN1, used to
calculate zh with surface renewal theories (Andreas,
1987). Increased wind speeds will lead to a decrease
in the scalar surface roughness lengths according to
this formulation.

For the latent heat flux, the dominant change is the
result of an increase in specific humidity difference
between the ABL and the surface, 
Q2m. The effects
of wind speed and roughness lengths are small in com-
parison; however, enhanced wind speeds will tend to
increase exchange with the surface and, since EFL is
negative over almost all of the ice sheet, this will reduce
the the climate sensitivity of EFL to a small extent.

4.3.4. Total surface energy flux sensitivity. The cli-
mate sensitivity of the total energy flux, dGFL, in the
ablation region (Fig. 6e) is thus the sum of only pos-
itive effects, all components leading to an increase in
GFL of 21% in the defined ablation region for a 1 K
increase in atmospheric temperature. Because a sig-
nificant increase in melt occurs outside the defined
ablation region, due mostly to the albedo feedback
mechanism, the total change in melt for the entire ice
sheet is somewhat larger at 35%, see Fig. 6f. This is
almost exactly the same value for the relative melt
increase as arrived at by van de Wal (1994) using a
simple parameterised form for the turbulent heat flux
and longwave radiation.

Tellus 54A (2002), 5



540 B. DENBY ET AL.

Fig. 8. The three components of the climate sensitivity for the sensible heat flux (a) and the latent heat flux (b) taken from
Eqs. (11) and (12) and plotted against dHFL and dEFL. For dHFL these are roughness length sensitivity [(dCH)U2m
T2m],
wind sensitivity [CH(dU2m)
T2m] and temperature sensitivity [CHU2m(d
T2m)] and for dEFL these are roughness length
sensitivity [(dCE)U2m
Q2m], wind sensitivity [CE(dU2m)
Q2m] and water vapour sensitivity [CEU2m(d
Q2m]. The rela-
tionship between the exchange coefficients and surface roughness lengths is given in Eq. (8). All points on the ice sheet are
used and the 1 : 1 line is also shown.

5. Summary and conclusion

Using an atmospheric boundary layer model,
ECMWF analysis data is dynamically downscaled to
a resolution of 20 km and the ABL of the Greenland
ice sheet is simulated. The SEB of the ice sheet is de-
termined and the various components of the SEB are
discussed. In the defined ablation region, the radiation
balance accounts for 68% of the SEB and turbulent
heat fluxes for the remaining 32%. This reflects the
importance of correctly simulating both these compo-
nents if the SEB is to be well determined.

A climate sensitivity experiment is carried out to
investigate the sensitivity of the SEB components and
ABL properties such as temperature and wind. This
experiment highlights a number of important points.
Firstly, the climate sensitivity of 2 m temperature is
less than unity in regions where melt occurs. This is
the result of the limited surface temperature when ice
and snow are melting. The mean sensitivity of the 2 m
temperature is dependent on ABL dynamics and the
duration of the surface melt. This is an important point
when using mass and energy balance models that are
driven by 2 m temperatures. A 1 K increase in 2 m
temperature does not reflect the same increase in free
atmospheric temperature but a significantly larger in-
crease. Given a minimum climate sensitivity for 2 m

temperature of 0.3, as determined in this study, then
climate sensitivty experiments carried out with 2 m
driven models would overestimate the climate senisi-
tivity of the mass and energy balance by up to a factor
of three.

Secondly, katabatic forcing will increase in the abla-
tion zone as a result of an atmospheric temperature in-
crease. The resulting enhanced wind speed contributes
12% to the total increase in sensible heat flux, when av-
eraged over the entire ablation region. Since katabatic
forcing is dependent on slope and inversion strength
this will be most significant closest to the ice sheet
margin where enhanced katabatic forcing contributes
up to 35% to the sensible heat flux climate sensitivity.

Thirdly, the increase in the surface energy flux in
the defined ablation region, as the result of a free at-
mospheric temperature increase of 1 K, is calculated
to be 21% of the total surface heat flux. The three com-
ponents of net longwave radiation, sensible heat flux
and latent heat flux, which are directly affected by the
temperature increase, make up 58% of the change in
surface energy flux. The albedo feedback mechanism,
whereby enhanced melt will lower albedo, can amplify
these three components by a factor of 1.7.

The calculated average melt of 307 mm w.e. over
the entire ice sheet is an upper limit for the total ab-
lation since refreezing of melt water in the snow pack
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is not included in the model. The calculated climate
sensitivity of melt over the entire ice sheet, calcu-
lated to be 109 mm w.e., will also represent an upper
limit. However, the relative change in the total melt of
35% is very similar to that calculated by van de Wal
(1994).

This study has highlighted some of the factors that
influence the SEB and surface mass balance of the
Greenland ice sheet. Katabatic winds have been shown
to play a small but significant role in enhancing the sen-
sible heat flux. The total contribution of the turbulent
heat fluxes to the SEB has also been shown to be sig-
nificant as has the role of albedo feedback in enhanc-
ing absorption of shortwave radiation. The boundary
layer model used here has been specifically designed
to investigate the role of turbulent fluxes in the SEB
and as such has used simplifications for some of the

other processes, e.g. shortwave radiation and subsur-
face processes. Clearly the logical step from here is to
apply more complete mesoscale and subsurface mod-
els, at a similar resolution to this study, for longer
periods in order to determine the current and possi-
ble future surface mass balance of the Greenland ice
sheet.
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