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Abstract. High latitude air–sea interaction is an important component of the earth’s climate
system and the exchanges of mass and energy over the sea-ice zone are complicated pro-
cesses that, at present, are not well understood. In this paper, we perform a series of numer-
ical experiments to examine the effect of sea-ice concentration on the development of high
latitude boundary-layer roll clouds. The experiments are performed at sufficiently high spa-
tial resolution to be able to resolve the individual convective roll clouds, and over a large
enough domain to be able to examine the roll’s downstream development. Furthermore the
high spatial resolution of the experiments allows for an explicit representation of heteroge-
neity within the sea-ice zone. The results show that the sea-ice zone has a significant impact
on the atmospheric boundary-layer development, which can be seen in both the evolution
of the cloud field and the development of heat and moisture transfer patterns. In particu-
lar, we find the air-sea exchanges of momentum, moisture and heat fluxes are modified by
the presence of the roll vortices (typically a 10% difference in surface heat fluxes between up-
drafts and downdrafts) and by the concentration and spatial distribution of the sea-ice. This
suggests that a more realistic representation of processes over the sea-ice zone is needed to
properly calculate the air-sea energy and mass exchange budgets.

Keywords: Air–sea interaction, Boundary layer, Cold air outbreaks, Numerical modelling,
Roll clouds, Sea-ice zone.

1. Introduction

High-latitude air–sea interaction is an important component of the earth’s
climate system. During wintertime cold air outbreaks, very cold and dry
polar air flows over the relatively warm ocean resulting in the transfer
of large amounts of heat, momentum and moisture between the ocean
and atmosphere. Horizontal convective roll clouds, triggered by the devel-
opment of Rayleigh–Benard convection, are often observed to be associ-
ated with this transfer. The modification of the atmosphere and ocean that
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occurs as a result is important for the development of mesoscale cyclones
and other forms of severe weather (Moore et al., 1996; Brummer, 1997;
Rasmussen and Turner, 2003) as well as in oceanic processes such as deep
ocean convection (Marshall et a1., 1998; Renfrew et al., 1999).

Sea ice is a good insulator and so its presence typically reduces or
eliminates this exchange thereby inhibiting the formation of convective
clouds. However, heterogeneities in ice cover can allow for this transfer
to take place albeit in a spatially complex manner (Renfrew et al., 1999;
Pagowski and Moore, 2001). Satellite observations frequently capture con-
vective roll clouds forming over the sea-ice zone, and their evolution into
cellular convection with downstream distance from the ice edge. For exam-
ple, in Figure 1 one can clearly see the complex spatially heterogeneous
character of the sea-ice zone, as well as the formation of roll clouds over
large leads and areas of open water. Model simulations indicate that vari-
ability in sea-ice concentration can have a significant impact on the global
climate (Grotzner et al., 1996; Rind et al., 1997; Parkinson et al., 2001;
Alexander et al., 2004).

Field observations have investigated the characteristics of boundary-layer
roll clouds during cold air outbreaks in various locations, including the
Beaufort Sea (Mourad and Walter, 1996a,b) the Bering Sea (Walter, 1980;
Mourad and Walter, 1996a, b), the Greenland Sea (Brummer et al., 1992,
1994; Brummer and Thiemann, 2002), the Labrador Sea (Renfrew and
Moore, 1999), the Great .Lakes (Braham and Kristovich, 1996; Kristovich
et al., 2000) as well .as the Sea of Japan and the Sea of Okhotsk (Tusboki
et al., 1989; Asuma et al., 1997; Inoue et al., 2003). Previous studies have
highlighted the important role that vertical shear of the background wind

Figure 1. MODIS image on 12 April 2002 showing the organization of convection into
two-dimensional roll clouds over and downstream of the marginal sea-ice zone of the Lab-
rador Sea.
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plays in the organization of the Rayleigh-Benard convection into two-dimen-
sional roll clouds and the transition to three-dimensional cellular convection
that occurs as the shear is eliminated through vertical momentum mixing
(Asai, 1970; Sykes and Henn, 1989; Moeng and Sullivan, 1994; Khanna and
Brasseur, 1998). The dramatic warming and moistening of the atmospheric
boundary layer that occurs as a result of the air–sea interaction has also
been documented (Hartmann et al., 1997; Renfrew and Moore, 1999; Brum-
mer and Pohlmann, 2000). Much less is known about the impact that sea ice
has on roll-cloud development, air–sea interaction and subsequent bound-
ary-layer modification. Some studies have shown that air mass modification
occurs over the sea ice (Brummer et al., 1994; Muller et al., 1999; Renfrew
and Moore, 1999; Vihma and Brummer, 2002), but there is still much that
is unknown regarding the specifics of air–sea interaction in the presence of
heterogeneous sea-ice cover.

Numerical modelling, with its ability to document the spatial structure
and temporal evolution of roll vortices, is an excellent tool with which to
further our understanding of roll clouds and their impact on the atmo-
spheric boundary layer. Making use of their two-dimensional nature, as
revealed by satellite imagery, most early simulations used two-dimensional
models with resolutions that were limited by available computing power
(Mason and Sykes, 1982; Sykes and Henn, 1988; Raasch, 1990). These
simulations successfully captured the two-dimensional aspects of the roll
clouds; however, development in the downwind direction, such as the tran-
sition from rolls to cellular convection, could not be addressed. Recently
high-resolution three-dimensional models have begun to be employed to
simulate the development of roll clouds associated with high-latitude cold
air outbreaks. The simulations Liu et al. (2004), which were performed
in large domains at high spatial resolution, in particular have been suc-
cessful in capturing the transition from two-dimensional roll convection to
three-dimensional cellular convection.

Numerical simulations have also been performed on the atmospheric
boundary-layer modification over the sea-ice zone. Based on observations
from the Marginal Ice Zone Experiment (MIZEX) and the Coordinate
Eastern Artic Experiment (CEAREX), Guest et al. (1995) numerically
investigated the wind stress variations within the marginal sea-ice zone and
provided an improved method for implementing wind stress forcing over
sea ice. Dare and Atkinson (1999; 2000) used a two-dimensional model to
study the response of the atmospheric boundary layer to large leads and
polynyas in the sea-ice zone of the Southern Ocean. They found a substan-
tial moistening and warming of the boundary layer over and downstream
of these inhomogeneities in the sea-ice cover. Pagowski and Moore (2001)
implemented a parameterization of fractional sea-ice cover in a regional
forecast model. They found that such a parameterization resulted in a
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better agreement with the observations of Renfrew and Moore (1999) with
respect to air-mass modification over the sea-ice zone and downstream over
the open ocean during high-latitude cold air outbreaks. Vihma et al. (2003)
simulated observed on-ice air flows over the Arctic Ocean marginal sea-
ice zone, and the parameterization of drag coefficients that they developed
agreed well with the observations. They also found that high vertical and
horizontal resolution was necessary in simulations to reproduce the obser-
vations.

However, missing from all of these studies is a representation of the
microphysical and small-scale dynamical processes that are responsible for
the development of the roll and cellular clouds associated with high-latitude
air-sea interaction in a domain large enough to include both an inhomoge-
neous sea-ice cover and the downstream ocean (e.g. Figure 1). This study
attempts to rectify this situation through, the use of a three-dimensional
cloud resolving numerical model run at high resolution (0.5 km) over a large
domain (100 km × 400 km). One advantage of running such a model is the
ability to explicitly represent inhomogeneities in the sea-ice cover, rather than
parameterize them as has been done in the past (Pagowski and Moore, 2001;
Schlunzen and Katzfey, 2003). It must be emphasized that with-the horizon-
tal resolution of the current simulation, we are unable to completely resolve
all the scales of motion associated with these roll clouds, as can be more
completely done with large-eddy simulations (LES) of boundary roll clouds
(Muller et al., 1999). The advantage of the approach that we use is the ability
to perform simulations in large domains that allow for the air–sea–ice inter-
action to occur over distances typically found in marginal ice zones, while
still allowing the roll clouds to evolve over the open ocean. At present, this
capability is not possible with LES models.

The aim of the present work is twofold: (1) to examine the develop-
ment of boundary-layer roll clouds over the marginal sea-ice zone and
the adjacent open water, and (2) to investigate the impact of variations in
sea-ice concentration on atmospheric boundary-layer roll development. The
remainder of this paper is organized as follows: the numerical model and
experimental design are discussed in Section 2. The development of bound-
ary-layer roll clouds over a marginal sea-ice zone with a linearly decreas-
ing ice concentration is examined in Section 3. The impact of variations
in sea-ice concentration on atmospheric boundary-layer roll development is
discussed in Section 4. Finally, our results are summarized in section 5.

2. Numerical Model and Experimental Design

The model used in this study is the Cloud Resolving Storm Simulator
(CReSS) developed at Nagoya University (Tsuboki and Sakakibara, 2002).
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CReSS uses the non-hydrostatic and compressible equations of motion,
a 1.5-order turbulent kinetic energy (TKE) closure scheme and a bulk
method for cold rain, including water vapour, rain, cloud water, cloud ice,
snow and graupel. Prognostic variables are three-dimensional velocity com-
ponents, perturbation pressure and potential temperature as well as the
mixing ratio for water vapour, and five species of hydrometeors. The model
has been successfully used to simulate convective roll clouds during a cold-
air outbreak over open water. (Liu et al., 2004) as well as a number of
other convective weather systems (Tsuboki and Sakakibara, 2002).

The model domain used in these simulations was 400 km in the along
roll (x) direction, 100 km in the cross roll (y) direction and 12 km in the
vertical (z) direction; the horizontal grid interval was 500 km. In the ver-
tical, grid stretching was applied with the interval varying from 25 m near
the surface to approximately 1 km near the top of the top of the domain.
This resulted in a computational grid that was 800 × 200 × 60 grid points
In the x direction, the first 50 km of the domain was specified to be land
with a fixed temperature of −23 ◦C; the next 100 km was specified to be
the sea-ice zone; while the remaining 250 km was specified to be open
water with a fixed temperature of 3 ◦C (Figure 2). Previous observations
have shown that during cold air outbreaks intense surface heat and mois-
ture fluxes force the atmospheric boundary layer to grow quickly, while the
sea surface temperature is only slightly affected (Vihma et al., 2003); as a
result, we use a fixed surface temperature. For all experiments, the model
was initialized with a typical atmospheric sounding from a cold-air out-
break over the Labrador Sea, which shows dry and cold air with a signifi-
cant low-level wind shear (Renfrew and Moore, 1999; Liu et al., 2004). The
surface and initial conditions were homogeneous throughout the domain
with the exception of the sea-ice zone where sea ice is randomly distrib-
uted in the y direction. Periodic boundary conditions were applied in the
y direction, while wave radiation boundary conditions were applied in the
x direction.

The high spatial resolution of the model allows us to use an explicit
representation of sea ice. We assume that the ice is sufficiently thick so
that there is no flux of heat from the underlying ocean surface and as
a result, the ice covered grid points were assigned the same surface tem-
perature as the land, while ice free grid points were assigned the same
surface temperature as the open water. In addition, the ice covered grid
points were assigned an aerodynamic roughness length (0.001 m) that was
different from that of the grid points that were land (0.1 m). The rough-
ness length over open water is a function of wind speed and is calculated
based on results of Kondo (1975); for the parameter range under consid-
eration here, the surface roughness over the ocean was on the order of
0.0001 m.
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Figure 2. Schematic of the model domain used in this paper. The grid points covered with
yellow indicate land; the grid points covered with white indicate sea ice; the grid points cov-
ered with blue indicate open water.

Observations of the marginal sea-ice zone typically show a complex
heterogeneity in sea-ice concentration embedded in a trend towards lower
ice concentration as one moves from the land towards the open ocean
(Renfrew et al., 1999; Pagowski and Moore, 2001; Clement et al., 2004;
Semmler et al., 2004). Motivated by satellite imagery (Figure 1), the var-
iability in sea-ice concentration was assumed to occur on a 3-km length
scale for this idealized study without detailed small-scale sea-ice variation
(Haggerty et al., 2004). This is obviously a simplification of the complexity
of scales that are observed, but we believe it is appropriate for a numer-
ical simulation at this resolution and over this domain size. Four experi-
ments with different sea-ice concentration schemes have been performed to
investigate the effect that these inhomogeneities have on the atmospheric
boundary layer and roll cloud development. In each instance, the sea-ice
concentration was allowed to vary in a random fashion in the y direction
but was prescribed in the x direction. Figure 2 shows an example of one of
the sea-ice distributions employed in this paper. In this experiment, named
Exp1, the sea-ice concentration decreased in a piecewise linear fashion in x

from 100% ice cover at x =50 km to 0% ice cover at x =150 km. At each x,
the fraction of ice covered grid points in y was randomly assigned, accord-
ing to the prescribed piecewise linear trend. In addition to this, experi-
ments were also run in which the sea-ice concentration was fixed for 50 <

x < 150 km at 40% (Exp2), 70% (Exp3) and 90% (Exp4), while randomly
assigned in the y direction. In this set-up, the total sea-ice cover in exper-
iments 1 and 2 are the same. It should be emphasized that no movement
of the sea ice due to the imposed momentum stress was allowed in these
experiments, Over the relatively short integration times of the experiments
(typically 10 h) this assumption is a reasonable approximation.
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3. Boundary-layer Roll Cloud Development Over and Downstream of the
Sea-ice Zone

In this section the development of boundary-layer roll clouds. with a
linearly decreasing sea-ice concentration are examined in detail
(Exp1 – Figure 2). Solutions will be shown at a time of 10 h into the sim-
ulation. At this time, the flow had reached a quasi-steady equilibrium. In
Figure 3, we present the model simulated three-dimensional structure of the
specific humidity field. The figure shows a deepening boundary layer with
a well-defined roll structure as one proceeds downstream along the axis (x)
of the mean wind. The surface specific humidity increases from the coast to
the ice edge, and then downstream over the open water, indicating that air–
sea interaction is occurring within the sea-ice zone as well as over the open
water. Within the first 50 km of the sea-ice, zone, there exist anomalies in
the humidity field that are the result of variations in sea-ice concentra-
tion (Figure 2) but no evidence of mesoscale organization. Approximately
50 km from the coast (x = 100 km), the humidity field starts to become
organized into a two-dimensional structure, while further downstream (x >

300 km) there is a transition into a three-dimensional organization. This
spatial evolution indicates that the vertical transport of heat and moisture
takes place through different mechanisms in these three regions: subgrid-
scale (i.e. homogeneous) turbulence for 50 km <x <100 km; roll convection
for 100 km < x < 300 km, and cellular convection for x > 300 km. This is
in good agreement with observations (Etling and Brown, 1993; Hartmann
et al., 1997; Brummer, 1999; Renfrew and Moore, 1999).

The potential temperature field in the mean wind direction also shows
that the boundary layer is warming and deepening with downstream dis-
tance from the sea ice to the open water (Figure 4). Note that there is a
reduction in the near surface stratification over the sea-ice zone as well as
over the open water that is consistent with observations (Brummer, 1996;
Renfrew and Moore, 1999; Olsson and Harrington, 2000). There are sig-
nificant ‘wiggles’ in the contours after x =300 km, coincident with the tran-
sition from two-dimensional roll convection to three-dimensional cellular
convection.

In Figure 5, we present a more detailed view of the evolution of the ver-
tical profiles of potential temperature, specific humidity and zonal (i.e. x

component) wind from the sea-ice zone to the open water. All three profiles
show that the modification of the atmospheric boundary layer is occur-
ring over the sea-ice zone as well as over the open water. There is a sur-
face warming (≈6 ◦C), moistening (≈0.6 g kg−1) and an increase in wind
speed (≈6 m s−1) in the boundary layer with downstream distance. These
changes are vertically mixed throughout the boundary layer resulting in an
increase in its depth with downstream distance. The mixing eliminates the
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Figure 3. Three-dimensional display of the specific humidity (g kg−1) field from the simula-
tion at 10 h. The x −z plane is at y =100 km; the x −y plane is at z=25 m; three y −z planes
are at x =150 km, x =250 km and x =350 km separately.

Figure 4. Vertical cross-section of potential temperature (K), averaged in the y direction,
along the mean wind direction at 10 h.
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Figure 5. The evolution of vertical profiles of (a) potential temperature (K), (b) specific
humidity (g kg−1) and (c) zonal wind (m s−1) at the x =0 km (thin solid), 90 km (thick solid),
130 km (thin dashed) and 170 km (thick dashed) separately after 10 h of model simulation.
All profiles are averaged in the y direction.

vertical wind shear, a result that we suggest is responsible for the transition
from two-dimensional roll convection to three-dimensional cellular convec-
tion (Figure 3). Figure 5a also shows that downstream of the ice zone,
x = 170 km, the lower layers of the atmosphere are still much colder than
the ocean. Therefore the lower atmosphere is still very cold and dry, and a
very strong temperature gradient exists in the surface layer, which is grad-
ually removed by convection further downstream.

The structure and evolution of the roll clouds with downstream distance
(or fetch), and their associated secondary flow, is illustrated in Figure 6.
There is no evidence of an organized secondary flow at x = 90 km (45%
ice cover), but there exist small anomalies in the low-level humidity field
(reaching a height of ≈500 m) and even some clouds that are the result of
inhomogeneities in the sea ice (Figure 2). At x = 130 km (18% ice cover),
the roll vortices are well defined in cloud liquid water, specific humidity
(q) and through a rotational secondary flow. At x = 170 km (open water)
the clouds are deeper, q is higher and the secondary flow is more substan-
tial. In agreement with conceptual models and observations of high latitude
roll clouds (Brummer et al., 1992; Renfrew and Moore, 1999), the second-
ary flow has intense and narrow updrafts with the highest humidity air
near the centre of the updrafts. The periodic nature of the updrafts and
the clouds that form over them provide the two-dimensional organization
to the cloud field (e.g. Figure 1). In simulations performed without sea
ice present (Hartmann et al.,1997; Weckwerth et al., 1997; Muller et al.,
1999; Cooper et al., 2000; Liu et al., 2004), the wavelength in the cross-roll
direction tends to be. uniform. Here the wavelength is non-uniform varying
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from 5 to 12 km, as a result of interactions between the developing roll
clouds and inhomogeneities in the underlying sea-ice distribution.

In Figure 7a, we show the 10-m vector wind and the scalar wind
speed fields. For visualization purposes, we have chosen to show only
half of the domain in the cross roll direction. Convergence in the up-
drafts and divergence in the downdrafts, associated with the secondary
flow (Figure 6), results in a clear modulation of the horizontal wind
speed so as to be lower in areas of convergence and higher in areas of
divergence. A similar roll structure in surface wind field has been cap-
tured in Synthetic Aperture Radar data (Bullock et al., 1997; Muller
et al., 1999; Levy, 2001). There also exist inhomogeneities in wind speed
over the sea-ice zone that are probably the result of the difference in
surface roughness between sea ice and open water and the heteroge-
neous surface heating. Note that the rolls are almost parallel to the
mean wind direction. The set-up of the model with periodic boundary
conditions and no mean flow in the y direction eliminates the possi-
bility of Ekman flow in the boundary layer and the observed turn-
ing of the rolls with respect to the mean wind (Etling and Brown,
1993).

In Figure 7b, we present the surface total turbulent heat flux, i.e. the
sum of the latent and sensible heat fluxes, and the vector winds. Ice covered
regions, where the flux is zero, are shown as white. The figure shows an
increase in the magnitude of the heat flux as one moves from the land over
the sea-ice zone and the ocean. Regions of low sea-ice concentration have
higher heat fluxes, while the largest fluxes, in excess of 650 W m−2, occur
over the open water just downwind of the sea-ice zone. Beyond this region,
there is a modest reduction in the magnitude of the fluxes, consistent with
observations (Renfrew and Moore, 1999), which is a result of the warn-
ing and moistening of the boundary layer and the concomitant reduction
in the air–sea temperature and humidity contrasts (Figure 5a and b). This
reduction in the surface heat fluxes occurs despite the increase in low-level
wind speed (Figure 5c). There is also a significant roll signature in the sur-
face heat flux field, with smaller fluxes in the updrafts and larger fluxes
in the downdrafts. This is a result of the secondary circulation (Figure 6),
which results in a reduction in the humidity and temperature within the
downdrafts and an increase in humidity and temperature within the up-
drafts. Higher wind speeds in the downdrafts (Figure 7a) also contribute
to the elevated heat fluxes in the downdraft reions. The typical variation
in heat fluxes is, for example at x = 200 km: 570 W m−2 in an updraft and
640 W m−2 in a downdraft; or at x =300 km: 540 W m−2 in an updraft and
600 W m−2 in a downdraft. In other words, in this experiment, there is typ-
ically a modulation of 60–70 W m−2 (10%) in the surface turbulent heat
fluxes by the boundary-layer roll vortices.
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Figure 6. Secondary flow development at 10 h over the sea-ice zone at (a) x = 90 km (45%
sea ice), (b) x = 130 km (18% sea ice) and (c) x = 170 km (open water). The specific humid-
ity field (g kg−1) is shaded, the cloud liquid water mixing ratio (g kg−1) is contoured with
contour interval 0.05 g kg−1 and the velocity in the y − z plane is indicated by the vectors
(only plotted every fourth grid in y direction and every third grid in z direction with abs
(w)>0.1m s−1).
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Figure 7. Horizontal cross-section of (a) horizontal wind at 10 m (m s−1) and (b) surface
total turbulent heat flux (W m−2) at 10 h. The velocity in the x − y plane is indicated by
the vectors and only plotted every 24th grid in the x direction and every third grid in the y

direction.
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Figure 7 also shows a merging of the rolls with downstream distance,
followed by a transition to cellular convection. This is consistent with
observations and we believe that it is the result of the elimination of the
vertical wind shear by the secondary flow (Figure 5c). These figures also
indicate that the roll structure once developed is able to retain its organi-
zation even in the presence of sea ice. This is also a characteristic that has
been observed (Figure 1).

In Figure 8, we present the cross-roll structure in vertical velocity and
specific humidity fields at x =130 km, z=0.5 km; also indicated on the fig-
ure are those grid points that are ice covered. As seen in Figure 6 there is
a positive correlation between updrafts and peaks in specific humidity. The
modulations in specific humidity are qualitatively and quantitatively simi-
lar to observations of such cold-air outbreaks, for example, Figure 7 from
Renfrew and Moore (1999). These results confirm that some updrafts with
upward motion and large specific humidity do occur over the ice, and there
is a large variation in the intensity of the updrafts. It is interesting to note
that the basic wavelength of the rolls, in terms of vertical velocity, remains
approximately constant over the cross-section, whereas the magnitude asso-
ciated with individual rolls has quite a range, the peak to trough difference
varying from ≈0.1 m s−1 to ≈1.5 m s−1. A similar variation can be seen in
the specific humidity. We would suggest that it is an interaction between
the roll vortices and the underlying heterogeneous sea-ice cover that is the
primary cause of the modification of the roll vortex signature. For example,
areas of low ice concentration will enable higher latent heat fluxes, leading
to stronger secondary flow, and so more latent heat release through con-
densation in the roll updrafts. This idea is corroborated by a previous series
of experiments without sea ice, where the boundary-layer roll clouds that
developed were more uniform in magnitude (Liu et al., 2004), and is dis-
cussed further in the next section.

4. A Comparison of Experiments with Various Sea-ice Distributions

In this section, the results from experiments with various sea-ice concentra-
tions but the same upstream atmospheric profile will be examined to inves-
tigate the effect of sea-ice concentration on the evolution of atmospheric
boundary-layer variables and roll structures. Please refer to Section 2 for
a detailed description of the design of the experiments. The evolution of
potential temperature, specific humidity, cloud mixing ratio (the sum of
cloud water and cloud ice) and precipitation rate with downstream dis-
tance for various sea-ice concentrations is provided in Figure 9. The figure
shows that the sea-ice concentration has a significant impact on the spa-
tial variation of the above variables, both over the sea-ice zone and further
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Figure 8. Cross-roll structure in vertical velocity (m s−1, solid line) and specific humidity
(g kg−1, dashed line) fields at x = 130 km, z = 0.5 km. The thick solid line indicates surface
ice cover.

downstream. In all cases, there exists a clear signature of the transition
from the sea-ice zone to open water at x =150 km. This is the result of the
removal of the insulating effect of the sea ice and the resulting increase in
air-sea heat exchange. The abruptness of the signature is reduced for the
experiments that allow for some of the interaction to occur over the, sea-ice
zone. As one might expect, lower sea-ice concentrations result in warmer
and more humid air with increased cloud formation and more intense pre-
cipitation over the sea-ice zone and, to an extent, downstream. In Exp4,
with a 90% sea-ice concentration, no clouds or precipitation occur over the
sea-ice zone (50 < x < 150 km), and it would seem that with such a high
ice concentration, the moisture flux is too low to allow cloud formation
over the sea-ice zone. There appears to be a gradual transition from cloud
to no cloud over the sea-ice zone as the sea-ice concentration is increased
from 40 to 70% (Exps 2 and 3). In Exps 2 and 3 there is a rapid warming
and moistening of the atmosphere as well as cloud formation and precipi-
tation at or just downstream of the ice edge. Such a sharp change at the ice
edge is the result of a thermal internal boundary-layer development caused
by the discontinuity in the surface conditions, as has been observed and
simulated using simple slab mixed-layer models (Venkatram, 1977; Renfrew
and King, 2000). Generally the differences between the simulations gradu-
ally diminish further downstream, which indicates that the atmosphere has
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Figure 9. Variation of (a) potential temperature (K), (b) specific humidity (g kg−1), (c) cloud
mixing ratio (g kg−1) and (d) precipitation rate (mm h−1) as a function of distance downwind
(x) at 10 h for Exp1 (black), Exp2 (red), Exp3 (green) and Expo (Blue). All the variables rep-
resent anomalies from the upstream conditions and are averaged from the surface to 2 km in
the vertical then averaged along the y direction.

only a partial and limited memory of the impact of different sea-ice con-
centrations.

Figure 10 shows the roll structure represented in the horizontal cross-
section of the cloud liquid water field at z = 1 km. It can be seen that
the roll clouds start to appear at different locations along the mean wind
direction, and the wavelength of the roll clouds is different among the sim-
ulations. The cloud streets appear at ≈50 km further downstream in the
simulation with high sea-ice concentration (Exp4) as compared to the con-
trol experiment (Exp1). The cloud streets with the largest wavelength are
formed in Exp3 (70% sea-ice concentration). The cloud streets with the
smallest wavelength are formed in Exp4 (90% sea-ice concentration). The
most uniform roll clouds are those of Exp1 and Exp4, where the sea-ice
distribution decrease linearly with fetch and where there is 90% ice cover.
In Exps 2 and 3 where there is a more even mix between sea-ice grid
points and open water grid points, the roll clouds appear less regular, the
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Figure 10. Horizontal cross-section of cloud mixing ratio (g kg−1) at z= 1000 m at 10 h for
(a) Exp1, (b) Exp2, (c) Exp3, (d) Exp4.

wavelength is larger and there appears to have been more roll mergers. It
appears these more random distributions of sea ice lead to a more ‘chaotic’
roll cloud development.

It is also noted that for Exp1 and Exp2 (the experiments with same
total sea-ice concentration but different spatial distributions) the evolu-
tion of potential temperature and specific humidity is similar but there
ate still differences in the evolution of the cloud mixing ratio and precip-
itation rate (Figure 9). The cloud mixing ratio and precipitation rate are
generally higher in the more realistic Exp1 than in Exp2. The difference
between these two experiments reflects the fact that the thermodynamical
and dynamical processes associated with cloud formation and precipitation
are highly non-linear and so the spatial distribution of sea ice, which results
in variations in the vertical transport pattern of heat and moisture, leads to
different downstream development.

The secondary flow intensity associated with the roll structures is also
different amongst the simulations (Figure 11a). The evolution of the sec-
ondary flow momentum indicates the roll vortices are more intense and
form earlier in the simulations with lower sea-ice concentration. Further
downstream, starting around x =300 km, cellular convection starts to dom-
inate the convection and there are large fluctuations in the secondary flow
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momentum. The evaluation of the boundary-layer Rayleigh number, Ra

(defined below in Equation (1)), along the mean wind direction shows that
the Rayleigh–Benard convection gradually develops over the sea-ice zone
and reaches a maximum at the ice edge in all the simulations (Figure 1lb).
Again the simulations with lower sea-ice concentration result in a high
Rayleigh number, i.e. more intense convection. It should also noted that
the sudden change of surface forcing as the air moves from 90% ice cover
in the sea-ice zone to totally open water, results in the sharpest increase of
convection intensity near the ice edge in Exp4. Here, the Rayleigh number
is defined

Ra = gα�T d3

υκ
, (1)

in which g is the acceleration of gravity (9.8 m s−2), α is the thermal expan-
sion coefficient (3.0 × 10−3 K−1), �T vertical temperature difference in the
distance of d, υ is the kinematic viscosity (1.4 ×10−5 m2 s−1), and κ is the
thermal diffusivity (2.0 × 10−5 m2 s−1). The Rayleigh number is calculated
between each vertical level and then averaged within the boundary layer,
the top of which is defined by the inversion height, and which in this case
varies from about 200 m near the ice edge to over 1 km downstream over
the open water.

An important field that characterizes the intensity of boundary-layer
convection is the turbulent kinetic energy (TKE), which is directly related
to the transport of heat, moisture and momentum throughout the bound-
ary layer. In Figure 12, we show vertical cross-sections of TKE with down-
stream distance, averaged in the y direction. This figure shows that there
exist clear differences in the evolution of TKE that result from variability
in the sea-ice concentration. In general, the TKE is higher over the sea-ice
zones with smaller sea-ice concentration. In Exp1 there is an approximately
linear increase in TKE throughout the sea-ice zone, whereas in Exp2 the
TKE increases rapidly to ≈0.7 m2 s−2 near the start of sea-ice zone and
then remains at this level throughout the rest of the zone. This clearly
shows that TKE generation is related to the exact details of the sea-ice
distribution. In Exp4, with 90% sea-ice concentration, there is only a very
small amount of TKE produced over the sea-ice zone and this results in no
significant secondary flow development there. In contrast, there is a sharp
increase of TKE at the ice edge, which is a result of a sudden increase
in the intensity of Rayleigh–Benard convection as the air reaches the open
water.

In Figure 13, we present the evolution with downstream distance of
sensible heat flux, latent heat flux and total turbulent heat flux for all
four experiments. The heating and moistening of the atmospheric boundary
layer over the sea-ice zone is significantly different among the simulations,
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Figure 11. Averaged profiles as a function of along mean wind distance at 10 h for (a) sec-
ondary flow moment (averaged from the surface to 2 km in the vertical then averaged along
the y direction) and (b) boundary-layer Rayleigh number (averaged along the y direction).
Exp1 (black), Exp2 (red), Exp3 (green) and Exp4 (Blue).

while further downstream the differences are diminished. In Exp1 the
increase in surface fluxes is approximately linear with fetch, mimicking the
sea-ice concentration, and consistent with the observations of Renfrew and
Moore (1999). In Exps 2, 3 and 4 there is a small increase in the fluxes
with fetch through the sea-ice zone due to an increase in surface wind
speed, before a large jump at the edge of the sea-ice zone. In all the simula-
tions the latent heat flux is smaller than the sensible heat flux and the total
heat fluxes reach a maximum over 600 W m−2 near the ice edge, which is in
good agreement with observational results (Brummer, 1996; Renfrew and
Moore, 1999). Interestingly, downstream over the open ocean, the latent
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Figure 12. Vertical cross-sections of subgrid turbulent kinetic energy (m2 s−2) at 10 h for (a)
Exp1, (b) Exp2, (c) Exp3 and (d) Exp4. Averaged along the y direction.

heat fluxes converge to similar values for all four experiments, whereas the
sensible heat fluxes for Exps 1 and 2, which peak rather closer to the ice
edge, tend to be around 40 W m−2 lower than those of Exps 3 and 4. The
approximately linear decrease in sensible heat flux is the result of the warm-
ing of the atmospheric boundary layer outweighing any modest increases in
the surface wind speed (see Figures 9a and 7a), and is qualitatively consis-
tent with observations (Renfrew and Moore, 1999). In contrast, the latent
heat fluxes are approximately constant with fetch over this domain, again
consistent with observations (Renfrew and Moore, 1999). This may be the
result of the secondary flow that continues to replenish the atmospheric
boundary layer with dryer air from above, as well as the warming of the
boundary layer leading to a decrease in relative humidity, allowing contin-
ued moisture fluxes.

5. Conclusions

In this study, we have numerically investigated the effect that heterogene-
ity in sea-ice cover has on the development of boundary-layer roll clouds
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Figure 13. Evolution of (a) sensible heat flux (W m−2), (b) latent heat flux (W m−2), and (c)
total heat flux (W m−2) as a function of distance downwind (x) at 10 h for Exp1 (black),
Exp2 (red), Exp3 (green) and Exp4 (Blue). All the variables are averaged along the y

direction.
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during cold air outbreaks. The study represents the first time that such
simulations have been performed at sufficiently high spatial resolution to
resolve the individual convective roll clouds, by allowing for a more realis-
tic representation of dynamic and thermodynamic processes, and in a large
enough domain to cover both the sea-ice zone and the downstream ocean,
so as to allow for the continuous development of the boundary layer and
roll clouds, The high spatial resolution of the simulations also allows for
an explicit representation of heterogeneity within the sea-ice zone.

In agreement with observations, the results presented in this paper
show that the vertical transport of heat and moisture can be divided into
three regimes: subgrid-scale turbulence, roll convection and cellular convec-
tion. A detailed investigation of the evolution of the atmospheric variables
at various locations over the sea-ice zone indicates that the atmospheric
boundary layer starts to be warmed and moistened over the sea-ice zone,
which suggests that sea ice and its variability plays an important role in
modifying the atmospheric boundary layer during cold air outbreaks. For
the lower sea-ice concentrations (Exp1, Exp2 and an extent Exp3) roll
clouds begin to form over the sea-ice zone and become more mature and
well-organized further downstream near the ice edge and over the open
water. Sea-ice concentration has a significant impact on the characteristics
of the roll clouds, in particular with respect to cross-roll wavelength and
secondary flow intensity of the rolls. The sea-ice concentration also affects
the vertical heat and moisture transfers in the simulations, and thus the
surface turbulent heat fluxes.

The differences between the experiments generally diminish with down-
stream distance, which indicates that the atmosphere has only a partial
and limited memory of the impact of different sea-ice concentrations. For
the experiments with the same amount of total sea-ice concentration, but
with different spatial distributions (Exp1 and Exp2), there are still differ-
ences in the development of cloud mixing ratio and precipitation rate,
as well as in the roll development over the sea ice zone and adjacent
downstream open water. This result suggests realistic representations of
processes over the sea-ice zone are needed to properly calculate the associ-
ated energy and mass exchange budgets in current climate models, as these
have shown a sensitivity to sea-ice concentration (Rind et al., 1997; Par-
kinson et al. 2001; Alexander et al., 2004). In this study, the atmospheric
model is employed with fixed surface conditions, which is reasonable for a
short-term simulation. A coupled model with a sea-ice model and ocean
circulation embedded would be able to simulate the sea-ice melting, drift
and surface temperature variation, and therefore provide a more realistic
simulation of the complicated interaction between atmosphere, sea ice and
ocean at high latitudes.
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