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Abstract. We investigate the flow over Arctic leads using a mesoscale numerical model, typical
of both summer and winter, under idealised conditions. We find that Arctic leads may be the
source of standing atmospheric internal gravity waves during both seasons. The summertime
wave may be compared with the wave generated by a small ridge, though with the phase

reversed. The mechanism for exciting the wave is found to be the internal boundary layer
developing due to horizontal variations in surface temperature and roughness length. During
the more exploratory wintertime simulations, with substantial temperature difference between

the lead and the ice surface, we find that secondary circulations and intermittent
wave-breaking may occur. The effects of the lead appear far downstream.

Keywords: Arctic, Gravity waves, Ice leads, Intermittent and elevated turbulence, Wave-

breaking.

1. Introduction

The Arctic ocean is covered with ice throughout the year, with the average ice
thickness varying with season around a few metres. However, due to the
divergence of the upper ocean currents and the stress excerted on the ice
surface by winds, both ridges with thicker ice and cracks with open water or
thin ice, called leads, appear throughout the year (Lindsay and Rothrock,
1995; Miles and Barry, 1998). The leads introduce surface heteorogeneities
that affect the overlying atmosphere, and are believed to be important
sources of heat, moisture, chemical species and aerosols for the Arctic
atmospheric boundary layer. A high resolution satellite image for cloud free
conditions is shown in Figure 1 (NASA Visible Earth site: http://visible-
earth.nasa.gov/). The leads are revealed to be long and narrow, with a typical
width of a few kilometres or less.

The ice-surface temperature may vary substantially throughout the year,
as can be seen from Figure 2 (Persson et al., 2002), though during the Arctic
summer, the ice-surface temperature is usually close to the melting point. For
the Surface Heat Budget of the Arctic Ocean Project (SHEBA, Uttal et al.,
2002) site this occurs from the end of May to the beginning of September.
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Shorter events of slightly lower surface temperatures occur throughout this
period, and are usually associated with cloud free conditions and large net
radiative loss of surface heat. During wintertime the ice surface temperature
can be below )40 �C.

Figure 1. In this satellite image, the sea-ice appears in shades of grey and areas of open water,

or recently refrozen sea surface, appear black. Note a considerable number of leads appearing
as dark networks of lines. The irregular shapes in the lower part of the image are clouds. The
image was acquired by the Moderate resolution Imaging Spectroradiometer (MODIS), on

May 5, 2000. The image resolution is 1 km.
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Figure 2. Best estimate of the surface temperature based on three different radiometers
measured at the Surface Heat Budget for the Arctic ocean (SHEBA) site. Julian day 1 cor-

responds to January 1, 1997, and accordingly Julian day 366 is January 1, 1998.
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Large-eddy simulations have been used to investigate the problem of
estimating the heat flux from leads under idealised conditions. For instance,
Zulauf and Krueger (2003) used a wide range of lead widths, different cross-
wind speeds and winter-like conditions, to estimate both the heat flux and
plume penetration height. The numerical experiments were performed with a
temperature difference between the ice surface and the open lead of 27 K.

It is well-known that orographic obstacles can be a source of atmospheric
gravity waves (Queney, 1948; Smith, 1979). These can have a wide range of
effects such as wave drag, clear air turbulence and hydraulic jumps among
others (e.g. Grisogono, 1995). Moreover, gravity waves can transport
momentum and energy far away from their sources (e.g. Nappo, 2002). It was
also pointed out by Malkus and Stern (1953) that a flat island, which is
warmer than the surrounding sea, can be a source of internal gravity waves.
It is, however, not so well-known that surface heteorogeneities of tempera-
ture and roughness can be sources of atmospheric gravity waves, even in the
absence of orography.

Paluch et al. (1997) analysed aircraft data from the Beaufort Arctic
Storms Experiment (BASE) flying over both open sea and ice-covered sea
during autumn. They found that short gravity waves, with horizontal
wavelengths of approximately 1.1–2.8 km, and convective roll vortices were
present in an area with many open leads. The temperature difference between
the open leads and the ice surface was 5–10 K. Furthermore, enhanced
vertical motions were observed downwind of a lead using remote sensing
sodars during the Arctic Leads Experiment (LEADEX), see Ruffieux (1995),
and interpreted as gravity waves interacting with the thin boundary layer.

Bigg et al. (1996) reported observations of rapid changes in the Arctic
atmospheric aerosol and several gas concentrations that occured during the
Arctic Ocean Expedition 1991 (Leck et al., l996). Bigg (1997) suggested that
part of the observed variability was caused by intermittent turbulent bursts
from breaking gravity waves at the top of the boundary layer. Since large
gradients of temperature, moisture and chemical species often exist across the
boundary-layer inversion, mixing events from the free troposphere to the
boundary layer may cause rapid variations in the concentration of chemical
species.

It is the goal of this study to show thatArctic leads canbe a sourceof standing
gravity waves. Subsequently we provide an insight into the complexities that
may arise when these waves interact with the stable boundary layer.

2. Model

The numerical model used in the present study is the Coupled Ocean/-
Atmosphere Mesoscale Prediction System (COAMPSTM), version 2.0
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(Hodur, 1997)1. It was developed at the Naval Research Laboratory Mon-
terey, California and is run operationally at the Fleet Numerical Meteorol-
ogy and Oceanography Center.

Only the atmospheric component of the model was used in this study; it
solves the non-hydrostatic, compressible dynamical equations as in Klemp
and Wilhelmson (1978). Sound waves are resolved explicitly, but are filtered
away. The prognostic variables are three dimensional winds, potential
temperature, pressure perturbation, water vapour, cloud droplets, rain-
drops, ice crystals, snowflakes and turbulent kinetic energy (TKE). The
model grid is of the Arakawa-C staggered type; the grid is also staggered in
the vertical and is terrain following. Fourth-order advection was used in the
present study.

The model uses a second-order turbulence closure model described by
Yamada (1977) with modified constants found in Mellor and Yamada (1982).
It handles TKE as a prognostic variable, while the remaining second-order
moments are calculated diagnostically from the mean state variables and
TKE. This is formally called a level-2.5 closure. The length scale used in the
boundary layer was a modified version of Blackadar (1962),

l ¼ k0
kz

kzþ k0

� �
;

where k is the von Karman constant and k0 is the asymptotic boundary layer
scale, defined by:

k0 ¼ a

R1
0

ffiffiffiffiffiffiffiffiffiffiffi
TKE
p

z dzR1
0

ffiffiffiffiffiffiffiffiffiffiffi
TKE
p

dz
;

where a is a tuning constant set to 0.1 in stable stratification, while it grad-
ually increases to 0.3 in unstable conditions. The Blackadar length scale has a
limit kz at the ground and k0 for large z.

2.1. SET-UP

The model domain was chosen to be two dimensional with periodic lateral
boundary conditions; in the horizontal direction 600 gridpoints were used
with a resolution of 500 m. Such high horizontal resolution can be applied
because the model is non-hydrostatic. Since the model resolves sound waves,
a time step of one second was needed to inhibit sound-wave phase speeds of
up to 360 m s)l. In the vertical, a total of 99 levels were used, with levels at 2,
6, 10, 16, 24 m etc., used in and near the boundary layer, with a transition to
a constant vertical resolution of 150 m in the free troposphere. The model
top was at 13 km.

1 The COAMPSTM homepage, http://www.nrlmry.navy.mil/projects/coamps/, supplies addi-
tional information
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Horizontal numerical diffusion was applied using a fourth-order filter in
order to damp poorly resolved small-scale features. The form of the filter is
kr2ðr2bÞ, where b is the prognostic variable in question. The size of the
diffusion coefficient, K, was chosen to be as small as possible in each case, in
order to avoid excessive damping of divergent atmospheric gravity waves. A
sponge layer was placed in the upper 30 model levels, from 8.5 km upwards,
in order to accomodate at least two vertical wavelengths of the dominant
gravity wave. Also here the strength of the sponge layer was considered in
each case, in order to minimise reflections and optimise the damping.

The roughness length for the ice surface was set to 10)2 m and for the
ocean surface to about 5 · 10)5 m. The sensitivity to the roughness length
was tested, but found to be insignificant for the major conclusions of the
present study. Moist and radiative processes along with Coriolis effects were
neglected, even though we believe that these processes are often important for
the Arctic boundary layer.

An ice lead was located in the middle of the two-dimensional model
domain, and the ice surface kept at constant temperature. The sea surface
temperature was chosen to be at the freezing point of salt water. A total of
7 gridpoints in the middle of the domain were defined to be sea surface.
The edges were smoothed linearly in order to reduce small-scale numerical
noise from the transition from ice to sea surface. The effective width of the
lead is therefore about 3 km. The initial atmospheric stratification was
chosen to be constant throughout with a buoyancy frequency of
N ¼ 0.02 s)1.

3. Results

Here we will present the results of three selected simulations. The experiments
are listed in Table I. The temperature difference, the background horizontal
wind and the section where the experiment is described are also listed.

3.1. SUMMER CASE

The results of the summer simulation are shown in Figure 3a–c. Here a stably
stratified boundary layer is formed upstream of the lead, and an elevated

TABLE I
Summary of simulations

Description DT(K) U(m s)1) Section

Summer lead case 3 5.0 3.1

Winter lead case, weak winds 27 2.5 3.2

Winter lead case, moderate winds 27 5.0 3.2
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inversion between 120 and 160 m capping a turbulent layer of decreased
stratification appears.

A convective internal boundary layer extending up to approximately 80 m
forms above the open lead, see Figure 3a, resulting in vertical mixing of heat
and momentum. The convective mixing increases the average wind speed in
the boundary layer above the lead, and due to continuity there has to be
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Figure 3. Comparison of the summertime lead simulation, (a–c), and an analytical solution

for flow over a small ridge, (d–f). Upper panels show the boundary-layer potential tempera-
tures with a contour interval of 0.1 K. Middle panels show the vertical wind. Solid and dotted
curves represent positive and negative anomalies, respectively. The contour interval is

0.004 m s)1. Lower panels show the free tropospheric horizontal wind deviation from mean
with a contour interval of 0.02 m s)1. The lead is placed at x ¼ 0 and the wind is from left to
right. No zero lines are shown. The simulation time is 9 h. Only a small part of the model
domain is shown. Note also the different vertical scales in (c) and (f) with respect to the upper

four panels.
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downward vertical motion above the lead, see Figure 3b. Downstream, a
stable internal boundary layer develops against the residual layer. This results
in a decreased average wind speed in the boundary layer, and a small positive
vertical velocity.

A weak standing wave appears in the free troposphere, see Figure 3c; it is
generated by the boundary-layer pattern already described in Figure 3a and b.
The horizontal wind component of the wave has an amplitude of 0.05–
0.10 m s)1 andwhen compared with the backgroundwind of 5 m s)1 indicates
that linear wave theory is applicable. The horizontal wavelength is seen to be
approximately 12 km, which is about four times the effective width of the lead
and the ridge. For constant background wind and stratification the Taylor–
Goldstein equation for standing gravity waves reads (e.g. Nappo, 2002):

d2ŵ

dz2
þ N2

U2
� k2

� �
ŵ ¼ 0; ð1Þ

where ŵ is the vertical wind amplitude, U is the background wind speed and k
is the horizontal wavenumber. The term in the brackets can be considered as
the square of a vertical wavenumber, m. Using the horizontal wavelength to
give k ¼ 2p=Lx gives a vertical wavelength Lz ¼ 2p=m of 1580 m. This is
close to the 1.6 km as found in the simulations (Figure 3c).

From the linear wave flow over a surface corrugation, a set of relations can
be found connecting the amplitude of the wind and potential temperature
perturbations, w0; u0 and h0 from the background state to the vertical and
horizontal wavenumbers, background wind and corrugation amplitude, H
(e.g. Nappo, 2002):

w0 ¼ �UHk; ð2Þ

u0 ¼ �UHm; ð3Þ

h0 ¼ H
@h
@z
: ð4Þ

The open lead may be thought of as equivalent to an orographic ridge. For
scaling purposes, it may be sufficient to replace the surface corrugation
wavelength with a typical width of the ridge and the corrugation amplitude
with the ridge height (Nappo, 2002). Using these relations, we can estimate
the equivalent height of the ridge needed to generate the wave that the
summer lead creates. Choosing for instance u0 � 0.06 m s)l (Figure 3c) gives
an equivalent height of 3 m from (3).

We can compare the results of the simulation with an analytical solution of
flow over a ridge of the bell-shaped type:

hðxÞ ¼ Hb2

x2 þ b2
;
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where hðxÞ is the orography height, H is the maximum ridge height and b is
the half-width of the ridge. A solution has been found by Queney (1948) for
the linearised two-dimensional, hydrostatic, non-rotating, steady state flow
equations using the Buossinesq approximation. This is a good approximation
so long as the free flow Froude number, Fr = U/NH, is much larger than
unity. The results are shown in Figure 3d to f for b ¼ 2 km and H ¼ 3 m.
The standing gravity wave found in the free troposphere is quite similar to
the wave in the summer lead case.

Using Equations (2)–(4) to estimate the equivalent height is supported by
observations of gravity waves by Paluch et al. (1997). In an autumn case,
with several narrow open or recently re-frozen leads, gravity waves were
found (their Figure 5). Taking Lx » 1.4 km, U » 8 m s)l and w0 � 0.3 m s)l,
gives an equivalent height of 8 m. This is higher than in our simulated case,
which is likely due to the larger temperature difference between the ice
surface and the leads in the observed autumn case.

The waves in the case of the summer lead simulations and the analytical
solution for the ridge differ on a few points. Most pronounced is the
180 degree phaseshift of the wave, see Figure 3c and f. This is because the
mechanisms for generating the wave are basically different. In the orographic
wave case, the air is displaced upward by the ridge, leading to the positive
low-level vertical wind on the upwind side and the negative vertical wind on
the downwind side of the ridge simply due to continuity and the pressure
distribution, see Figure 3e. In the lead case on the contrary, the convective
internal boundary layer produces more effective downward transport of
momentum increasing the horizontal wind locally in the boundary layer. This
leads to the downward wind on the upwind side and the upward wind on the
downwind side seen in Figure 3b. Therefore, the wave is phase-shifted
180 degrees compared to the orographic wave case.

Another, less pronounced, difference is found in the downstream region.
For the lead case a secondary wave appears. In Figure 3c it hardly appears,
because it was weaker than the primary wave found above the lead. The wave
was found to be excited by the stably stratified internal boundary layer
developing downstream of the lead in a similar way as the primary wave. The
horizontal wavelength of the secondary wave is longer than for the primary
wave, due to the longer characteristic scale of the stably stratified internal
boundary layer.

It is important to remember that internal gravity waves can only exist in
stably stratified atmospheres. The long-lived stable boundary layer, which is
common in the Arctic, is in direct contact with the stratified free troposphere.
Here N2=U2 > k2 from the surface upwards, for realistic lead sizes. Equation
(1) then allows for oscillating solutions, yielding internal gravity waves. On
the contrary, the mid-latitude nocturnal boundary layer is capped by the
residuallayer created by the daytime convective boundary layer (e.g. Stull,
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1988). There N » 0, which allows only for damped, evanescent solutions of
(1).

3.2. WINTER CASE

Having established that summertime Arctic leads can be a source of relatively
weak linear gravity waves, we move on to consider a wintertime case with a
substantial temperature difference between the lead and the ice surface. The
atmospheric conditions were chosen to be close to those used in Zulauf and
Krueger (2003), with a temperature difference of 27 K. This is well within the
range of observed wintertime surface temperatures of Persson et al. (2002)
shown in Figure 2. Two cases, one with U ¼ 2.5 m s)1 and one with
U ¼ 5 m s)1 were inspected. We used the same model set-up as for the
summertime case, with the only difference being that the numerical
horizontal diffusion was increased slightly.

The results of the two simulations are shown in Figure 4. A back ground
stable boundary layer exists upstream of the lead. In both cases convection
rapidly heats the air above the lead, penetrating the background boundary-
layer inversion up to 250–350 m as a consequence of the large temperature
difference. For large-eddy simulations, with the same background conditions,
Zulauf and Krueger (2003) found a penetration height of 270 m, which is
practically the same as found with the mesoscale model. Further, a 10-m
wind speed increase from 1.2 to 3.2 m s)1 and a cross-lead increase in air
temperature of 4 K is similar to the results of Zulauf and Krueger (2003), see
their Figure 9. Note how the 10-m wind speed exceeds the background wind
of 2.5 m s)l for both models. The sensible heat flux at the first model level
was on average 580 W m)2, while Zulauf and Krueger (2003) only found
approximately 300 W m)2. There can be several reasons for this discrepancy.
For instance, Pinto et al. (2003) showed that the surface roughness is
important for the heat flux. Also, the surface-layer parameterisations in the
two models may be different and sensitive to vertical resolution, since the
lowest level is not at the same height.

In Figure 5 we inspect vertical profiles of potential temperature, wind and
TKE for the weak and moderate wind cases 25 km downstream of the lead.
In the weak wind case, the convection dominates over the background wind.
A secondary circulation with a near surface counterflow opposite to the
background wind in the downstream region is formed. The counterflow
supplies the lead region with cold surface air, generating a sharp inversion
below 50 m, as seen in Figure 5a and b. In contrast, in the moderate wind
case, the background wind dominates over the convection. Here a stably
stratified internal boundary layer develops downstream of the lead, since no
counterflow is established.
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The difference in the boundary-layer structure results in a distinct differ-
ence in the wave pattern found in the free troposphere, see Figure 4b and d.
In both cases the primary wave appears above the lead, although only the
moderate wind case exhibits a secondary wave. This is probably because of
the lack of a developing stably stratified internal boundary layer in the weak
wind case. The secondary wave extends approximately 50 km downstream of
the lead, and appears to have a horizontal wavelength on the order of
100 km, which is nearly two orders of magnitude more than the width of the
lead itself. We find a vertical wavelength Lz ¼ 0.8 km in Figure 4b and twice
that in 4d, which is expected from Equation (1). The wave amplitudes are
more than an order of magnitude stronger than in the summer case. The
effect of the increased horizontal numerical diffusion, (mentioned in Section
2.1) in the winter case simulations can be seen from Figures 4b and d. The
wave amplitude decreases with height away from the source, as it is damped
by the horizontal diffusion.

The presence of the lead affects the vertical structure of TKE far
downstream of the lead. Figures 5c and f show a two-layer structure of the
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Figure 4. Results of two wintertime simulations with 27 K temperature difference between the
lead and the ice surface after 12 h of integration. In one case, (a and b), U ¼ 2.5 m s)1 whereas
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TKE 25 km from the lead. Close to the surface shear-driven turbulence is
found in both simulations. In the weak wind case a local maximum of TKE is
found at 100 m, which is found to be due to the shear between the two opposite
directed jets seen in Figure 5b. For the moderate wind case a stronger elevated
maximum is found at 200 m. This, on the other hand, is due to a convective
instability of the flow seen in the potential temperature profile (Figure 5c).

The moderate wind case has elevated convective downstream turbulence,
which is due to wave-induced cooling at the top of the boundary layer seen in
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Figure 5. Vertical profiles of the potential temperature, the horizontal wind and the TKE
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Figure 4d. This is related to wave-breaking due to convective instabilities
described for instance in Nappo (2002). We inspect the temporal evolution of
TKE downstream of the lead in Figure 6. After a few hours the two-layer
structure of TKE appears, which remains for the entire simulation. While the
lower shear driven layer reaches steady state after about 7 h, the upper
convective layer is found to be intermittent throughout the simulation. This
behaviour somewhat resembles the quasi-propagating hydraulic jump found
in Enger and Grisogono (1998), see their Figures 4 and 5, though it cannot be
directly compared since their results apply to a gravity wave generated by a
ridge. Note that the high levels of TKE during the first hour of the simulation
is partly artificial, because the horizontal winds are prescribed constant
throughout at the beginning of the simulation, creating infinite shear at the
surface during the model spin-up.

4. Conclusions

A numerical mesoscale model is employed to investigate lower tropospheric
flow over Arctic leads. We have shown that Arctic leads can be a source of
standing atmospheric gravity waves. In the first case we considered con-
ditions representative of the summertime Arctic. The temperature difference
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between the ice and lead surface was set to 3 K and the atmosphere was
stably stratified throughout. A standing linear gravity wave appeared above
the lead, and the wave flow over the lead was found to be similar to the
flow over a small ridge. The results are supported by observational evidence
from the literature.

Above the lead a convective internal boundary layer penetrates the back-
ground stable boundary layer. The strong convective turbulence increases the
downward momentum flux, which accelerates the air horizontally above the
lead. This in turn generates downward vertical motion due to continuity. On
the downwind side of the lead a stable internal boundary layer develops more
gradually against the residual of the lead convection. This decelerates the air,
giving an upward component to thewind. Because the background atmosphere
is stably stratified from the surface upwards, the perturbation is allowed to
propagate away from the lead as a gravity wave. It is important to note that this
is only possible for the long-lived stable boundary layer. The mid-latitude
nocturnal boundary layer is usually capped by a near-neutral residual layer,
which prevents internal gravity wave propagation.

In two exploratory simulations with conditions typical of the wintertime
Arctic, the wave may interact with the stable boundary layer. In a weak wind
case the convection dominated over the background wind generating a sec-
ondary circulation, which reversed the downstream surface winds. The
resulting vertical shear caused an elevated layer of turbulence. In the second,
moderate wind case wave-breaking caused convective instabilities in an ele-
vated layer up to 50 km downstream of the lead. The wave-breaking tur-
bulence was found to be intermittent.

The Arctic region is stably stratified during long periods. Observations of
surface fluxes in stable and very stably stratified boundary layers show that
surface fluxes are not well described by existing theories that assume local
surface-generated continuous turbulence (Poulos and Burns, 2003). In this
study, we have identified leads as sources of gravity waves. However, the
magnitude of the wave from a single summertime lead is small and comparable
to awave excited froma lowhill (fewmetres high): the sea-ice contains ridges of
similar heights. These ridges are, unlike the leads, not wide enough to excite
intense internal gravitywaves.Although small, considering the numberof leads
in theArctic, these wavesmay still potentially interact with each other, increase
in amplitude during cold seasons, break and contribute to surface turbulence.
This would be a non-local intermittent source of near-surface turbulence.
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