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ABSTRACT
The evolution of the atmospheric boundary layer (ABL) during warm-air advection over sea ice in the Fram Strait
is investigated. A hierarchy of numerical models is applied and the results are validated against aircraft observations.
Operational HIRLAM (HIgh Resolution Limited Area Model) runs suffered from inaccurate information on the location
of the sea ice edge. When this was improved, together with improving the horizontal resolution, the HIRLAM results
became much better. Two-dimensional model runs with inflow boundary conditions prescribed according to the aircraft
observations demonstrated that the contribution of thin ice (re-frozen leads) is important. The modelled turbulent fluxes
of momentum, sensible heat and latent heat showed a large vertical divergence from the surface to the height of the
aircraft observations. Above a 4-km-wide open lead, the modelled heat fluxes at the observation height of 24 m agreed
reasonably well with the observations but were on average only 6% (sensible heat) and 13% (latent heat) of the modelled
surface values. Model experiments showed that in this case relatively high values for the roughness length z0 over sea
ice yielded better agreement with the observed wind speed than values commonly used in numerical models.

1. Introduction

Warm-air advection is highly important for the climate in the
Polar regions. Together with cloud-radiative forcing and wind-
generated turbulent mixing, it is the main factor controlling
the boundary-layer air and snow surface temperature in win-
ter (Vihma and Pirazzini, 2005). It has a large effect on the onset
of snow melt in spring, and due to the albedo feedback it further
affects the snow and sea ice mass balance. Since 1990s, large
positive anomalies have been observed in the near-surface air
temperature in the Arctic, and they have been strongly associ-
ated with patterns of warm-air advection (Overland et al., 2004).
Modelling of the Polar atmosphere is sensitive to the informa-
tion of sea ice concentration (SIC) both in cases of cold-air out-
breaks (Valkonen et al., 2008) and warm-air advection (Maslanik
et al., 2000). Also, the most extreme temperature inversions in
the Arctic, which pose a problem for numerical models, are often
related to warm-air advection (Bradley et al., 1992). Processes
in the atmospheric boundary layer (ABL) during warm-air ad-
vection over the Arctic sea ice have, however, not been studied
much.

Over the marginal sea ice zone, the ABL is usually not in
balance with the local surface. While crossing the ice edge the
flow has to adjust to changed conditions with respect to surface
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roughness and temperature: the air mass is modified and an in-
ternal boundary layer (IBL) develops. The ABL modification is
very different between cases of an on-ice and off-ice air flow.
During off-ice flow (Brümmer, 1996; Olsson and Harrington,
2000; Inoue et al., 2005), a cold and dry air mass is advected
over the open ocean resulting in strong convection and often in
cloud formation. Because of the unstable stratification, the sur-
face fluxes are large and the IBL grows rapidly. The sea surface
temperature is only slightly affected by the cold air mass. On the
contrary, during warm-air advection over sea ice, that is on-ice
flow, there is a strong coupling between the air temperature and
the surface temperature of the sea ice. This is due to the low ther-
mal conductivity of ice and especially of snow. During an on-ice
flow, a shallow stable IBL develops over the ice, and the surface
fluxes downwind of the ice edge tend to be much smaller than
during off-ice flow. Typically, on-ice flow brings along warm and
moist air, resulting quite frequently in formation of low clouds
and fog. The ice edge is compact due to on-ice wind packing
the ice. On the contrary, off-ice winds lead to a wide zone with
inhomogeneous and fractional sea ice cover, characterised by
floes of various size.

Most of the previous studies on warm-air advection over sea
ice have been based on aircraft or ship observations or numerical
modelling, but seldom on both. The first studies were based on
rawinsonde sounding data from a moving ship in the Antarc-
tic sea ice zone (Andreas et al., 1984) and aircraft observations
from the Fram Strait (Fairall and Markson, 1987; Brümmer et al.,
1994). Guest et al. (1995) presented a review with a focus on wind
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and momentum flux fields in various flow conditions. Brümmer
et al. (2002) and Vihma and Brümmer (2002) analysed aircraft
observations over the Baltic Sea. In a number of study cases of
warm-air advection over sea ice, the air mass modification has
been relatively small. In Vihma and Brümmer (2002), the ABL
cooling was of the order of 1 K. In Brümmer et al. (1994), in
late spring, the cooling was only a few tenths of a Kelvin over
horizontal distances of 100–300 km. In Brümmer and Thiemann
(2002), in early spring, however, a strong cooling was observed
over a 300-km-long flight track over sea ice northwest of Sval-
bard.

The first modelling study on warm-air advection over sea ice
was presented by Bennett and Hunkins (1986), based on data of
Andreas et al. (1984). The two-dimensional modelling focused
on the contributions of surface heat fluxes, radiative flux diver-
gence, and adiabatic cooling to the air-mass cooling. Kantha
and Mellor (1989) made idealized two-dimensional simulations
of warm-air advection over sea ice but no comparisons with ob-
servations. The modelling study of Glendening (1994) addressed
various flow conditions over the ice edge zone, but without de-
tailed validation. Also, the coupled modelling of ABL and sea
ice thermodynamics during warm-air advection by Cheng and
Vihma (2002) was idealized without validation. Vihma et al.
(2003) presented the first combination of detailed observations
(including spatial distribution of turbulent fluxes) and modelling
of a significant air-mass modification during an on-ice air flow.

The objective of our paper is to better understand the problems
in modelling of warm-air advection over sea ice. The aircraft
observations of Brümmer and Thiemann (2002) are applied for
validation of the model experiments (Section 2). We selected
these observations, because the case was particularly interest-
ing: the flight track over sea ice was longer than in other pre-
vious studies, and the observations on the ABL included three
clearly different stages: development of a shallow stably strati-
fied boundary layer, its deepening due to cloud radiative forcing,
and crossing of a synoptic-scale front. We address this case by
a hierarchy of model experiments (Section 3). First, results of
three-dimensional mesoscale model HIRLAM are examined and
compared with observations (Section 4). Experiments are car-
ried out initially at coarse-resolution operational mode and later
with increased horizontal resolution and improved SIC. Second,
we perform a number of sensitivity tests making use of a two-
dimensional model, employing very high horizontal and vertical
resolution. Here, the inflow boundary conditions as well as sea
ice type and roughness can be prescribed according to observa-
tions allowing us to distinguish between error sources related to
initial/boundary conditions and modelling/parameterization of
physical processes (Section 5).

2. Observational data

Observational data used in this study were gathered by an aircraft
campaign, conducted in March 1998 over the Fram Strait region

between Spitsbergen and Greenland (Brümmer and Thiemann,
1999; 2002). This aircraft experiment was part of a German
research contribution to the Arctic Climate System Study (AC-
SYS). The objective of this project was to experimentally investi-
gate the air-mass modification in on-ice air flow and the physical
processes involved there. Systematic measurements were per-
formed on 12 March over a distance of 300 km, resulting in a
unique dataset. Air-mass modification and boundary-layer evo-
lution was observed starting over the open sea. After passing
the ice edge, a transition from unstable stratification over the
open sea to stable stratification over the ice began, resulting in
development of a shallow stably stratified IBL.

The flight pattern consisted of a downwind cross-section from
southeast to northwest with a sequence of low-level horizontal
flight legs and vertical profiles. To evaluate our model results in
detail, a notable set of in situ measured meteorological quanti-
ties was utilized. Measurements on air temperature, wind speed
and direction, water vapour mixing ratio, shortwave and long-
wave radiation, as well as turbulent fluxes of momentum, sensi-
ble heat and latent heat at an average height of 24 m along the
300-km-long flight leg were used. In addition, three selected air-
craft vertical profiles of wind, temperature and humidity were
applied for model validation, representing (a) initial conditions
of the air flow over the open water (profile P01 at x = −36 km,
where x is the distance downwind of the ice edge), (b) develop-
ment of a shallow stable IBL over the ice in cloudless conditions
(profile P07; x = 101 km) and (c) radiation effect of clouds on
the boundary layer structure (profile P12; x = 258 km). For de-
tails on the measurements and data analyses, see Brümmer and
Thiemann (2002).

3. Models and experiments

The modelling strategy is presented in Table 1. The purpose of
HIRLAM experiment H1 is to understand the problems present
in operational modelling over the Arctic sea ice. Experiment H2
is made to eliminate errors due to inaccurate ice concentration,
and to study the effects of improved resolution. When a large
number of experiments are needed, the 2D model is more prac-
tical. The 2D experiments, identified as 2D1–2D7, are made
to eliminate errors due to inaccurate inflow boundary condi-
tions, and to make sensitivity tests with respect to ice surface
roughness z0, ice thickness distribution, and stability effects on
turbulence.

3.1. HIRLAM
3.1.1. Model description. The HIRLAM model is used as

the basis for operational short-range weather prediction at sev-
eral European national meteorological services. HIRLAM is a
hydrostatic limited-area grid-point model with lateral boundary
values given by a large-scale model, for example that of the Euro-
pean Centre for Medium-Range Weather Forecasts (ECMWF).
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Table 1. Model experiments

Experiment Description

H1 HIRLAM, 22 km horizontal resolution, boundaries and sea ice concentration from ECMWF, z0 = 3 cm over sea ice
H2 HIRLAM, 9 km horizontal resolution, boundaries from H1, corrected sea ice concentration, z0 = 3 cm
H3 As H2, but z0 = 3 mm
2D1 Surface temperature (TS) prescribed, z0 = 1 cm
2D2 TS modelled, z0 = 1 cm
2D3 TS modelled but without thin ice, z0 = 1 cm
2D4 TS modelled, z0 = 1 mm
2D5 TS modelled, z0 based on equations (3) to (5)
2D6 TS prescribed, z0 = 1 cm, larger background turbulence: b = 0.1 in eq. (2)
2D7 TS prescribed, z0 = 1 cm, stability dependence of turbulent surface fluxes as in HIRLAM

HIRLAM is based on the primitive equations; the dependent
variables are temperature, wind components, humidity, sur-
face pressure, cloud water content and turbulent kinetic energy
(Källen, 1996; Undén et al., 2002). In the current study, the
HIRLAM reference version 6.4.3 (Cats, 2005) was used. The
HIRLAM radiation scheme is based on Savijärvi (1990) and
also documented in Sass et al. (1994). It is fairly simple and
computationally efficient, but nevertheless reasonably accurate
(Niemelä et al., 2001a, b; van Mejgaard et al., 2001). The tur-
bulence scheme is based on prognostic turbulent kinetic energy,
the so-called CBR scheme (Cuxart et al., 2000). In addition, an
improved formulation for the mixing length scale (Lenderink
and De Rooy, 2000) and the rotation of the stress vector (Tijm,
2004) are adopted. This in turn leads to more realistic wind pro-
file predictions in the lowest atmosphere.

Turbulent surface fluxes are computed according to the
Monin-Obukhov similarity theory, which takes into account sur-
face roughness and the stability of the surface layer. The surface
parameterization is based on mosaic approach (aggregation of
fluxes); five different surface tiles are allowed within each grid
square: water, ice, bare ground, low vegetation and forest. For
this study, the most essential surface types are sea ice and open
sea. In order to obtain the SIC in HIRLAM no analysis is per-
formed, that is neither ECMWF pseudo observations nor satellite
measurements of the ice cover are used. Instead, the SIC is diag-
nosed linearly from the sea surface temperature (SST), assuming
that SIC reaches 100% at −1.7 ◦C and 0% when SST > 0 ◦C
(Homleid et al., 2005). SST in turn is analysed/updated making
use of the successive correction method, by using the previous
analysis as the background field, relaxed to its climatological
value. Data used are observations contained in sea surface re-
ports (SHIP and BUOY) and pseudo observations created from
the ECMWF SST, which is based on the daily National Cen-
tre of Environmental Prediction (NCEP) global SST analysis
(Undén et al., 2002). When the SIC is determined, the ice sur-
face temperature is calculated at each time-step applying the
force-restore method, which takes into account the conductive
heat flux through the ice.

Diagnostic fields, such as 2 m temperature and relative hu-
midity and 10 m wind are computed and are available for each
grid box fraction separately. The time-integration is performed
by semi-lagrangian advection scheme and the analysis system
uses variational data assimilation (3D-Var) technique.

3.1.2. Experiment setup. For the present experiments, two
different grids were applied. First, we exploited the main oper-
ational suite of HIRLAM, as applied at Finnish Meteorological
Institute (FMI), containing Europe, the North Atlantic and even
parts of North America, having altogether 438 × 336 grid points
with a horizontal resolution of 0.2◦ (experiment H1). The bound-
aries for this model run were obtained from the ECMWF global
model. In experiment H1, the operational SIC field was applied.
It differed, however, dramatically from the aircraft and satellite
observations. In the eastern Fram Strait, the ice edge was placed
south of 78 ◦N (Fig. 1), while the aircraft observations clearly in-
dicated that it was located north of 80 ◦N. Satellite observations,
among others the high-resolution passive microwave data pro-
cessed according to Kaleschke et al. (2001), were in agreement
with the aircraft observations.

As the location of the ice edge is essential in our study, nu-
merous model runs (not listed in Table 1) were performed to fix
this problem. We used the technique of assimilating additional
artificial SSTs into the model surface analysis in order to ensure
desirable state of the sea surface (ice or open water) and thus shift
the ice edge. These experiments were made with a suite of 406
× 381 grid points at the horizontal resolution of 0.08◦ (9 km).
The model domain was chosen to cover Northern Scandinavia,
Svalbard and a large part of Greenland with the Fram Strait in
the centre. Analyses from H1 were used as boundaries for the
higher resolution experiments. After a correct ice edge location
had been reached (Fig. 1), experiment H2 was made. In addi-
tion, to check the sensitivity of HIRLAM to the aerodynamic
roughness length z0 over sea ice, a simulation with decreased z0

(3 mm instead of 3 cm of the operational setup) was performed
(experiment H3). The number of vertical levels was 40 in all
HIRLAM experiments, with the lowest model level at 30–32 m
above the underlying surface.
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Fig. 1. Distribution of the fraction of sea ice in HIRLAM experiments
H1 and H2. The lines denote the 50% ice concentration. The horizontal
flight pattern is presented by dotted line and foot points of the vertical
profiles P01, P07 and P12 are marked by open squares.

3.2. Two-dimensional model
3.2.1. Model description. The model used is a University of

Helsinki two-dimensional hydrostatic boundary-layer model. In
this application, the model has 160 points in the horizontal and
50 in the vertical; the vertical coordinate is a terrain-following
modified σ ; σ = (p − pt )/(pS − pt ), where p is pressure, and sub-
scripts s and t refer to the surface and model top, respectively.
The horizontal grid length is 2 km and the time step accord-
ingly 4 s. The vertical grid has quasi-logarithmic spacing with
the lowest levels at approximately 1.5, 4, 8, 15 and 24 m. The
upper boundary conditions are applied at 3 km, where the wind
becomes geostrophic. The mesoscale flow is forced by a large-
scale pressure gradient represented by the geostrophic wind. The
equations of the model dry dynamics are as given in Alestalo
and Savijärvi (1985), but the physical parameterizations are as
in Savijärvi and Matthews (2004) with humidity, clouds and an
advanced radiation scheme included. The model has previously
been used in several mesoscale studies, including studies over sea
ice margins with detailed validation against aircraft observations
both in convective and stable conditions (Vihma and Brümmer,
2002; Vihma et al., 2003; 2005). Savijärvi and Kauhanen (2001)
and Savijärvi and Amnell (2001) presented comparisons with
measurements over snow and boreal forest.

The vertical diffusion coefficient K depends on the local wind
shear and on the local Richardson number Ri:

K = l2(dU/dz) f (Ri), (1)

where the mixing length is given by l = κ z/(1 + κ z/λ) with
λ as its asymptotic maximum value (we use λ = 30 m; for a
discussion of this value see Vihma et al., 2003) and κ as the
von Karman constant (0.4). In conditions of stable stratification,
the following stability function is used for momentum, heat, and
moisture:

f (Ri)

{
max[b, (1 − 5Ri)2], for ≤ Ri < 0.2
b, for ≥ 0.2

. (2)

The parameter b represents the background turbulence in very
stable conditions, and prevents K from decreasing to zero.

In all experiments except 2D5, constant values were applied
for the momentum roughness length z0 over ice. In 2D5 z0 var-
ied in space and was calculated on the basis of the observed
momentum flux τ ,

τz = −ρCDz V 2
z , (3)

CDz = k2

(log(z/z0) − ψM (z/L))2
, (4)

where L is the Obukhov length andψ M is the stability function for
momentum (Dyer, 1974). Calculating the drag coefficient CDz

and further z0 directly from eq. (3)–(4) would, however, result
in an underestimation of the surface roughness, because it is
assumed in eq. (3) that the constant-flux layer extends up to the
measurement level z (approximately 24 m) of the momentum
flux and wind speed. According to the observations, however,
from x = 20–120 km the momentum flux at the height of 24 m
was very close to zero. Hence, we only assume that the constant
flux layer extended up to the height of 2 m. We apply eq. (3) to
calculate CD 24m directly from the observations, and then apply
an experimental equation to calculate CD 2m from CD 24m :

CD2m = CDz

[
a + 1 − a

5
z
]

, (5)

where a = 0.1 L1/4. Roughness length z0(x) is then solved from
CD 2m(x) using (4). A lower limit of 1 × 10−5 m, representing
aerodynamically smooth surface, was applied for z0(x). Equa-
tion (5) is derived from Garbrecht et al. (2002) tuning the pa-
rameters so that the median z0 over sea ice is 1 mm (Garbrecht
et al. (2002) presented an equation for CD 10m , but in this case
we cannot even assume that the constant-flux layer reaches the
height of 10 m). We calculate the thermal roughness length zT (x)
over ice according to Andreas (1987) and over the open ocean set
it to 0.5 z0 (a simplification, which can be derived by combining
the results of De Cosmo et al. (1996) and Taylor (2002)). Over
the open ocean z0 was 1 × 10−4 m in all experiments.

The long-wave radiation is calculated using a six-band emis-
sivity scheme, which is based on the well-tested code of
the ECMWF model (Morcrette, 1991) but further improved
(Savijärvi and Räisänen, 1998) to allow good accuracy with the
high vertical resolution of our mesoscale model. The scheme
assumes that clouds are of mixed-phase with the portions of
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Fig. 2. Comparison of the stability
functions.

liquid water and ice depending on the temperature. The short-
wave radiation is calculated with a four-band two-stream scheme
(Savijärvi et al., 1997). To save computer time, the full radiative
transfer is solved every 180 seconds.

The conductive heat flux through the ice and snow is calculated
applying a 7-layer scheme (four layers in snow and three in ice).
We apply 2.0 m for the ice thickness and 0.3 m for the snow
thickness (hi and hS , respectively), which are typical for the
Fram Strait in late winter. With such relatively large values, the
conductive heat flux is fortunately not too sensitive to hi and hS

(Makshtas, 1991). For the thermal conductivities of snow and
ice we use 0.25 and 2.1 W m−1 K−1, respectively (Sturm et al.,
2002). The ice bottom temperature is kept at −1.8 ◦C. The snow
surface temperature is solved from the balance of the turbulent,
radiative and conductive heat fluxes.

3.2.2. Experiment setup. The model domain covered the re-
gion −48 ≤ x ≤ 266 km. The simulations were started on 12
March 1998 at 00 UTC and run for 12 h. We prescribed the
inflow boundary conditions at x = −48 km for air tempera-
ture and moisture according to the observed vertical profiles at
P01. The geostrophic wind components (uG and vG) were set
according to the large-scale pressure gradient and the aircraft
observations above the boundary layer: uG = 14.0 m s−1, vG =
0 m s−1. The initial wind profile was calculated according to the
Ekman-Taylor spiral. Comparing the aircraft observations in the
beginning and end of the flight mission, it appeared that the sit-
uation remained practically stationary during this 2.5 h period.
The time scale of the observed warm-air advection over the sea
ice was, however, much longer. On the basis of the observed
wind field and results of H2, we can estimate that the air mass
that was observed over the ice at x = 270 km had been at the
ice edge approximately 10–12 h earlier. According to the results
of H2, the air at P01 became colder and dryer during the 12-h
period prior the aircraft observations. We, therefore, prescribed
time-dependent inflow boundary conditions, which were based
on the observations at P01 and the temporal evolution based on

H2. The following inflow boundary conditions were applied for
air potential temperature (θ ) and specific humidity (q): ∂θ (z)/∂t
= −1.2 × 10−5 K s−1 and ∂q(z)/∂t = −2.8 × 10−9 s−1. The
wind profile at the inflow boundary was kept constant during the
time integration.

In experiments 2D1, 2D6 and 2D7 (Table 1), we prescribed
the surface potential temperature θ S(x,t) according to the obser-
vations from the low-level flight legs. By prescribing θ S(x,t) we
can validate the model results with respect to the ABL evolu-
tion without introducing additional inaccuracy caused by a bias
in θ S(x,t). The effects of errors in surface temperature can be
studied by comparing the results of 2D1 and 2D2. The purpose
of 2D3 is to study how important it is to take into account the
fraction of the surface covered by thin ice (refrozen leads). The
aircraft observations indicated that with x > 100 km there were
frequent areas of grey ice, which covered approximately 10% of
the surface. Hence, in 2D3 for x > 100 km, we set every tenth
grid cell as grey ice with a thickness of 5 cm without snow cover.

Experiments 2D4 and 2D5 were made to test the model sen-
sitivity to z0. In 2D4, 1 mm was applied, which is the most
commonly used value for z0 over sea ice. Spatial variations in z0

can, however, have important effects on the wind and tempera-
ture fields (Vihma et al. 2003), and this was taken into account
in 2D5, where z0 was based on eq. (3)–(5). The purpose of 2D6
and 2D7 is to study the sensitivity of the model results to the sta-
bility dependence of turbulent mixing; comparison of 2D1 and
2D6 demonstrate the model’s sensitivity to parameter b in eq.
(2). In 2D7 the same stability dependence as in HIRLAM (and
in the ECMWF model) was applied, that is, instead of eq. (2) the
following equation was applied (Undén et al., 2002):

fM (Ri) = 1

1 + 10Ri√
1 + Ri

,

fH (Ri) = 1

1 + 10Ri
√

1 + Ri
,

(6)
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Fig. 3. Vertical profiles P01, P07 and P12 of observed (continuous
line) and modelled (H1: lines with triangles, H2: lines with open
circles, 2D2: dashed lines) temperature T and specific humidity q.

where the subscripts M and H refer to the stability functions for
momentum and heat, respectively. Comparison of the stability
functions based on eq. (2) and (6) is shown in Fig. 2.

4. HIRLAM results

Comparisons of model results against the observations of vertical
profiles of air temperature, specific humidity, wind speed and
wind direction are shown in Figs. 3 and 4. Here and henceforth,
the HIRLAM output is 6 h forecast, valid at 12 UTC, 12 March
1998, and the values are taken from the grid point nearest to the
true measurement location.

The results of H1 are strongly affected by the erroneous loca-
tion of the ice edge. At P1, which was over the open sea in reality
but over sea ice in H1, the ABL is stably stratified and too cold
(Fig. 3), and the ABL wind speed is too low and, due to the larger
roughness of sea ice, the wind has turned too much towards the
centre of the low (Fig. 4). The air temperature at the lowest model
level has an almost uniform horizontal distribution (Fig. 5). The
only positive aspect in H1 is that the air humidity agrees better
with the observations, except at P12, than in H2. This seems to
be due to the compensating effect of errors: the excessive sea ice
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Fig. 4. Vertical profiles P01, P07 and P12 of observed (continuous
line) and modelled (H1: lines with triangles, H2: lines with open
circles, 2D2: dashed lines) wind speed FF and wind direction DD.

cover strongly reduces evaporation, while HIRLAM has a gen-
eral tendency to produce too moist ABL (Pirazzini et al., 2002;
Rodrı́guez et al., 2003).

Next, we discuss the results of H2. One can observe a general
tendency of the model to slightly underestimate the temperature
in the whole observed ABL while, in contrast, the near-surface
inversion is missed in profile P07 at x = 101 km, associated with
too high surface temperature in the model. Specific humidity is
overestimated by HIRLAM already over the open sea. Along
the flight pattern from the open sea to ice and further towards
northwest the measured moisture increases and in P12, where
both in the model and observations a closed cloud deck was
present, coincides fairly well in the lowest 200–300 m.

The observed wind speed profile over ice at P12 (x = 258 km)
includes a low-level jet (LLJ) at the height of 300 m. At the
ice edge, the ABL stratification has increased yielding a strong
decrease in the turbulent mixing. Hence, at the top of the stable
boundary layer, the ageostrophic wind component has started
inertial oscillations, and we can estimate that it had become
parallel to the geostrophic wind approximately at the time of 1/3
× 12 h / sin (φ) after passing the ice edge, where φ is the latitude
(Thorpe and Guymer, 1977; Vihma and Brümmer, 2002). With
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Fig. 5. Horizontal distribution of observations and HIRLAM results
along the flight pattern: surface temperature Ts , air temperature Ta ,
wind speed FF, wind direction DD and specific humidity q. Measured
values are given by thin lines, and results of model experiments by
open squares (H1), open circles (H2), and filled triangles (H3). In
x-axis the distance from ice edge is based on the observations.

the observed wind speeds, this time (4.1 h) corresponds to a travel
distance of approximately 250 km, which could explain the LLJ
at the top of the ABL at P12. In H2, the evolution of the wind
profile from P01 via P07 to P12 agrees well with observations
(Fig. 4), although the LLJ at P12 is not as pronounced and has its
core at a higher elevation, corresponding to the top of the stable
boundary layer in H2. In the HIRLAM experiments, colder air
locates to the right of the wind vector at P01, P07 and P12 in H1,
and at P07 and P12 in H2. Hence, also baroclinicity contributes
to the generation of the LLJ. In the observations, the situation at
P12 is reversed with the front just northwest of P12.

The aircraft observations also included a vertical profile P13
some 20 km west of P12. P13 located north-west of a sharp
temperature front, and the ABL was up to 12 K colder with
a surface-based temperature inversion under cloudy skies. The
formation of the inversion can be explained by the downstream
advection of warm air above the cold Arctic air, supported by
observed very weak winds in the cold air mass (Brümmer and

Thiemann, 2002, their Fig. 3). In HIRLAM, however, this front
was located more in the west, close to the northeastern corner
of Greenland, and there was practically no difference in the air
mass between the locations of P12 and P13. Comparisons against
observations at P13 are thus not shown.

The horizontal distributions of a number of basic measured
and predicted meteorological quantities along a more than
300 km long flight are shown in Fig. 5. Here the modelled values
of air temperature, humidity and wind characteristics are directly
from the lowest model level. In H2, the air temperature Ta is re-
produced reasonably well: the bias and root-mean-square error
(RMSE) of each experiment are shown in Table 2. The surface
temperature Ts is, however, too high. This can be explained at
least partly by too large long-wave radiation and clouds in model,
but other effects are not excluded. This in turn causes strong un-
derestimation of temperature difference Ta−Ts . Wind speed and
wind direction were also reproduced fairly well (bias 0.5 m s−1

and RMSE 1.4 m s−1 for the wind speed in H2), showing initial
decrease of the wind speed (and wind backing) over ice due to
changes in stability and roughness. Moving further downstream,
with growing of a shallow stable IBL, wind speed and wind di-
rection values (wind veering) increase slowly again (Brümmer
and Thiemann, 2002). In H2, the specific humidity at the lowest
model level is overestimated already over the open sea and fur-
ther over the sea ice until x ≈ 250 km. Both air temperature and
humidity strongly depended on the sea ice distribution. Thus, H1
with excessive sea ice cover produced too cold air with nearly
constant Ta of −10 . . . −11 ◦C and, on the contrary to H2, also
air humidity was underestimated over sea ice. Decreasing the ice
roughness length by factor 10 in H3 has a very small influence on
the air temperature (Fig. 5; Table 2). Resulting wind speed over
ice, as expected, slightly increased (by 1–2 m s−1) but compared
to measurements yielded worse results.

Results of observed and modelled vertical fluxes of latent heat
(E), sensible heat (H), downward shortwave (S↓) and longwave
(L↓) radiation, net radiation (R) and albedo (α) are displayed
in Fig. 6. The HIRLAM latent heat flux is over the open sea
strongly positive (upward) but reduces significantly downstream
along the flight leg. Over ice, modelled E remains slightly pos-
itive, compared with observed values close to zero. Modelled
and measured sensible heat fluxes behave basically in similar
way but over ice the modelled H is underestimated by 10–30 W
m−2. That can be partly explained by the fact that all HIRLAM
fluxes are surface fluxes (the constant-flux layer is assumed up to
the lowest model level) but the observations are from the flight
altitude of approximately 24 m (see Section 5). Downward long-
wave and short-wave radiation fluxes reflect strong dependence
on the presence of clouds. Thus, HIRLAM predicted overcast
conditions for almost all the study region, except for a small
area approximately 150 km from the ice edge. In the observa-
tions, however, the situation was mostly cloudless with closed
altostratus cloud sheet appearing only in the farther northwest
part of the flight leg (x ≥ 250 km). This effect can be seen as
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Table 2. Model validation statistics over the sea ice zone (x > 0, including leads and thin ice)

Parameter Experiment

H1 H2 H3 2D1 2D2 2D3 2D4 2D5 2D6 2D7

V Bias 0.7 0.5 1.8 0.6 0.4 0.5 1.5 2.1 0.7 0.4
RMSE 1.3 1.4 2.3 1.7 1.6 1.6 2.1 3.1 1.8 1.5

Ts Bias ∗ 6.0 6.0 0.0 2.3 0.6 1.6 0.1 0.0 0.0
RMSE ∗ 6.9 6.9 0.0 4.1 3.8 3.9 3.7 0.0 0.0

Ta Bias −1.9 0.4 0.7 −2.4 −1.0 −2.3 −1.0 −0.3 −1.9 −2.2
RMSE 2.3 1.4 1.6 2.7 1.9 3.3 1.0 1.5 2.3 2.5

q Bias −0.19 0.20 0.20 −0.07 0.10 −0.04 0.06 0.16 −0.03 −0.07
RMSE 0.22 0.25 0.24 0.14 0.17 0.20 0.15 0.21 0.13 0.15

τ Bias ∗ ∗ ∗ 59 64 59 50 45 59 75
RMSE ∗ ∗ ∗ 63 66 61 53 55 62 77

H Bias ∗ −23 ∗ −17 −15 −18 −14 −10 −19 −26
RMSE ∗ 25 ∗ 20 17 20 16 14 23 31

E Bias ∗ 4 ∗ −1 0 −2 −0 −0 −1 −1
RMSE ∗ 5 ∗ 5 5 5 5 6 5 5

∗Model output not available.

too large values of modelled L↓ and too small S↓, except in
the clear region of the model (Fig. 6). Comparing with observa-
tions, the HIRLAM ice albedo is too small, with almost constant
value around 0.6. This tends to balance the effect of too small
downward shortwave radiation. Radiation balance R was repro-
duced by model fairly well over the open sea but over ice we see,
as expected, a strong correlation with the modelled total cloud
cover.

5. Two-dimensional model results

5.1. Vertical profiles

We show the vertical profiles only on the basis of experiment
2D2: the sensitivity to surface temperature, roughness, and
stability formulations is better illustrated comparing the near-
surface horizontal distributions (Sections 5.2 and 5.3). The ver-
tical profiles of air temperature, specific humidity as well as wind
speed and direction are shown in Figs. 3 and 4. The profiles are
presented at P01, P07 and P12: at P01 the model fields were pre-
scribed by observations and at P13, as in the case of HIRLAM,
there was no distinguishable difference from P12.

In the 2D model, the situation remained cloud-free over the
whole model domain. The development of the surface-based
temperature inversion at P07 is very well reproduced (Fig. 3):
this is clearly better than in HIRLAM (where it was cloudy at
P07). At P12, the ABL is somewhat thicker than at P07, but due
to lack of clouds in the 2D model, the observed significant thick-
ening does not take place. The humidity profiles in the 2D model
differ from the observations, and suggest that the situation has
not been entirely stationary with respect to air humidity. In the
2D model, the specific humidity keeps approximately constant

downstream over the ice, with small changes in the lowermost
100 m. In the observations, however, the specific humidity in-
creases from P07 to P12 in the layers below 600 m and above
1600 m. In addition, there is a strong increase from P01 to P07
(Fig. 3). We interpret these as signs of non-stationary conditions:
at the time of its arrival to the ice edge, the air mass that was
observed at P07 and P12 must have been moister than the air
mass observed at P01. With the time-dependent inflow bound-
ary conditions, it should have been possible to reproduce the
observations. The results of H2, which formed the basis for the
inflow ∂q(z)/∂t in the 2D model, were, however, too inaccurate
with respect to air humidity. The 2D model reproduces a low-
level wind maximum at P12, but it locates too low and is weaker
than in the observations.

5.2. Sensitivity to surface roughness

The observed and modelled horizontal profiles of wind speed
are shown in Fig. 7. The model produces the best wind speed
distribution when a constant value of 1 cm is used for z0 (2D2).
Experiment 2D4 with z0 = 1 mm somewhat overestimates the
wind speed, while 2D5 based on eq. (3) to (5) results in strong
overestimation in the region from x = 20 to 120 km, where
the observed momentum flux was close to zero. For x > 0, the
biases are 0.4, 1.5 and 2.1 m s−1 for 2D2, 2D4 and 2D5, respec-
tively (Table 2). Compared to 2D2, removal of thin ice (2D3) and
prescription of the surface temperature (2D1) had no or minor
effects on the bias and RMSE of the wind speed. None of the
model experiments reproduced the sharp drop in the wind speed
at x = 248 km.

The observed and modelled horizontal profiles of the momen-
tum flux are shown in Fig. 8. The aircraft observations are from
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a mean height of 24 m, and the model results are presented both
for 24 m (fifth atmospheric model level) and the surface. The
vertical divergence of the momentum flux is clearly seen in the
model results: over sea ice the flux at the height of 24 m is on
average 64% of the surface flux, while the ratio is 84% over
the open ocean. The flux at 24 m is closer to the observations
in all experiments 2D2, 2D4, and 2D5. This demonstrates that
in conditions of stable stratification even aircraft observations
from altitudes as low as 20–30 m should not be interpreted as
representing surface momentum flux.

The model reproduces the horizontal decrease in the momen-
tum flux from the open sea-to-sea ice. Although z0 is larger over
sea ice than over the open sea (except in some regions in 2D5),
the stability effect dominates the momentum flux, seen as a clear
decrease over sea ice. In experiments 2D2 and 2D4, the momen-
tum flux is, however, too large over sea ice. In 2D5, in which the
distribution of z0 was based on the observed momentum flux and
wind speed, the near-zero momentum flux at x = 20 to 120 km

was very well reproduced, but the wind speed was overestimated
in the same region. Although several additional model experi-
ments were made (not listed in Table 1), we did not find a z0

distribution that would yield best results simultaneously for the
wind speed and momentum flux.

5.3. Temperature, heat fluxes and stratification effects

The observed and modelled horizontal profiles of air and surface
temperature are shown in Fig. 9, where we present results from
model runs focusing on the treatment of snow and ice thermo-
dynamics. With the surface temperature prescribed (2D1), the
model tends to cool the air mass too rapidly. When the surface
temperature is simulated with a realistic ice thickness distribu-
tion (2D2), the air temperature distribution is very good until
x = 170 km, but this is accompanied with too high surface
temperature, that is, compared to the surface temperature, the
air mass again cools too fast. Further downstream the observa-
tions indicated clouds, but the 2D model experiments remained
cloud free, probably due to inaccuracy in estimating the temporal
change in the inflow boundary conditions. Due to the dominat-
ing effect of erroneous cloud cover, we do not show detailed
comparison of radiative fluxes. Without thin ice in the model do-
main (2D3), the 24-m air temperature became up to 2.7 K colder
(at x = 245 km) than with a realistic ice thickness distribution.
The surface temperature was naturally higher in the grid squares
covered by thin ice but, via the effect of turbulent heat exchange
between the thin ice, air, and thick ice, also the surface tempera-
ture of thick ice was increased (by up to 3 K) when thin ice was
included in the domain.

Comparing RMSE in experiments 2D2–2D5 (Table 2), the
surface temperature was approximately equally well reproduced.
The smallest bias was reached in 2D5 (see below) and 2D3: in the
latter the overestimation and underestimation in various regions
compensated each other (Fig. 9). On the basis of RMSE, the
24-m air temperature was best reproduced in 2D4 with z0 = 1
mm, while 2D3 without thin ice was the worst. Also, ranked on
the basis of the sum of RMSE for surface and air temperature,
2D4 was the best and 2D3 the worst experiment.

The turbulent fluxes of sensible and latent heat are shown in
Figs. 10 and 11. As in the case of the momentum flux, the mag-
nitudes of sensible and latent heat fluxes were strongly reduced
with altitude. Over thick sea ice, the sensible heat flux at the
height of 24 m was on average 60% of that at the surface, while
over thin ice and leads the ratio was 22% on average, but as
low as 6% over the 4-km-wide lead at x = 167–171 km. For
the latent heat flux, the corresponding numbers were 23%, 28%,
and 13%. It is noteworthy that the signal of leads and thin ice in
the observed heat fluxes is very small: even the 4 km lead can
hardly be detected on the basis of the observed sensible heat flux,
which was 5 W m−2 compared to −10 and −20 W m−2 immedi-
ately upwind and downwind, respectively. In the observed latent
heat flux, which shows less variability elsewhere, the signal was
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10 W m−2 compared to the upwind and downwind values of 0
and −3 W m−2, respectively. The modelled fluxes at the height
of 24 m over the 4-km lead agreed reasonably well with observa-
tions (Figs. 10 and 11), although the fluxes were overestimated
in 2D1 and 2D5. The large flux divergences over leads are re-
lated to low penetration of convective plumes. The penetration
height is sensitive to the background stratification (Esau, 2007).
In our case it was particularly strong: upwind of the 4-km lead,

the potential temperature increased by 9 K in the lowermost
100 m.

In 2D5, z0 was extremely small, 1 × 10−5 m, in the region
20 km < x < 100 km. We do not consider this value realistic
for sea ice, but it is interesting to note that in this region the best
surface temperature, momentum flux, as well as sensible and
latent heat fluxes together with almost the best 24-m air temper-
ature were obtained in an experiment where the atmosphere was
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practically frictionally decoupled from the underlying surface
(Figs. 9–11)

The results from model runs 2D6 and 2D7 with modified
stability functions can be summarized as follows. Increasing the
level of background turbulence, that is, changing b from 0.005
(2D1) to 0.1 (2D6), resulted in a reduction of the bias of the
24-m air temperature by 0.5 K, but the turbulent fluxes were not
much affected (Table 2). Using the HIRLAM stability functions
(2D7), which yield much weaker reduction of turbulent mixing
with increasing stability (Fig. 2), the results for air temperature
were only slightly improved, but the results for turbulent fluxes
of momentum and sensible heat simultaneously became worse
with too large magnitudes (directed downwards over the ice).
Compared to 2D1, changes in the stability effects on turbulence
(2D6 and 2D7) had minor effects on the bias and RMSE of the
24-m wind speed when averaged over the sea ice zone (Table
2). In the region of the largest air-surface temperature difference
(x = 20–120 km), the influence on the wind speed was, however,
up to 1 m s−1. The enhanced turbulent mixing generated veering
of the 24-m wind, but the maximum effects were only 5◦.

6. Summary and conclusions

This study demonstrated that errors in the location of the sea ice
edge can have dramatic influences in the results of operational
numerical weather prediction (NWP) models for the ABL. Im-

proving the information on the ice conditions yields a significant
improvement in the model results (as demonstrated by the com-
parison of H1 and H2). On the basis of the results, we strongly
recommend that frequently updated satellite-based information
on the sea ice extent should be applied in operational models.

In addition to the location of the ice edge, inaccurate informa-
tion on the ice concentration within the sea ice zone can yield
large errors in numerical models (Vihma and Brümmer, 2002;
Drusch, 2006; Valkonen et al., 2008). In this study, we did not
specifically test this, but the effects of ice thickness distribution
became evident. Ignoring the new, thin ice formed in refrozen
leads, the negative bias in the 24-m air temperature increased
locally by almost 3 K. In the Arctic winter, leads typically re-
main open only for a few hours. Hence, the area fraction of thin
ice may be even more important than the fraction of open water
(i.e. the ice concentration). Adding a thin ice component in a tile
method for flux aggregation is, in principle, straightforward, but
taking it into account in operational modelling would require a
method to accurately estimate the thin ice fraction. At the mo-
ment, for small (less than 10%) fractions of thin ice, there are
no accurate methods available for operational use, but the ice
type classification on the basis of space-born altimetry and Syn-
thetic Aperture Radar data has potential for that (Kwok et al.,
2006).

In the HIRLAM runs with a reasonable ice edge location
(H2 and H3), the main errors were the wrong location of the
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Fig. 10. Observed (thin lines) and modelled sensible heat fluxes H in
experiments 2D1, 2D2, 2D3 and 2D5. The model results are presented
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synoptic-scale front observed between P12 and P13 and the ex-
cessive humidity and cloud cover, which yielded too high surface
temperature. The excessive humidity in the ABL has been iden-
tified as a common problem in HIRLAM (Pirazzini et al., 2002;
Rodrı́guez et al., 2003). In this case, it was not concretely related
to the modelling of the ABL over sea ice, but the air humidity
was far too high in the inflow region over the open ocean.

Modelling of the thermodynamic coupling between the snow
surface and near-surface air was a problem for both HIRLAM
and the 2D model. In both models, a good 24-m air temperature
was associated with a too high surface temperature, and with
the surface temperature prescribed the air mass cooled too much
in the 2D model. From the point of view of wind speed and air
temperature, H2 was as good as any of the 2D model experiments,
but this was related to simultaneous large errors in the surface
temperature in H2.

The 2D model experiments were successful in reproducing the
decrease of momentum flux downwind of the ice edge, as the
effects of increased stratification dominated over the increased
surface roughness. The simultaneous reduction of near-surface
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wind speed was reproduced in most model experiments. The
LLJ observed 258 km downstream of the ice edge was, however,
not well reproduced by the 2D model. The study demonstrated
that the commonly used value of 1 mm for the roughness length
of sea ice is not always the best choice compared with z0 = 1–
3 cm, which performed better with respect to the near surface
wind speed both in HIRLAM and the 2D model. In the case
studied, the ice pack further from the ice edge (x > 120 km) was
heavily ridged, but probably not much different from average
multiyear sea ice in the Arctic. Simulation of this single case
cannot be a basis of firm conclusions on the optimal z0 for NWP
and climate models, but it suggests that sensitivity tests with more
extensive validation would be needed. This need was particularly
demonstrated by the observations and model results from the
region 20 km < x < 120 km, where the observed momentum flux
was close to zero, and the best surface temperature and turbulent
fluxes (but not the wind speed) were obtained by applying an
unrealistically small z0. The effects of sea ice z0 are not only
restricted to the near-surface wind speed, but also on the frictional
convergence and evolution of the large-scale pressure field.
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The model results showed that aircraft observations from alti-
tudes as low as 20–30 m should not be interpreted as representing
surface fluxes. In the case of sensible and latent heat fluxes, this
was particularly clear over leads: the modelled fluxes at the sur-
face exceeded 100 W m−2, although the measured and modelled
flux at the height of 24 m was only 5–15 W m−2. This is due to the
stable background stratification, which prevents the heat plumes
rising to high altitudes. The vertical differences were large also
over stably stratified sea ice. HIRLAM strongly overestimated
the magnitude of turbulent fluxes of momentum and heat. In the
case of the sensible heat flux, the errors in HIRLAM were above
all related to the too small air-surface temperature difference,
but the overestimation was partly due to the fact that the lowest
model level is as high as 30 m, and the constant flux layer is
assumed up to that level.
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