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[1] Leads (narrow openings in the sea ice cover) are perhaps the most pronounced

examples of heat islands naturally occurring on Earth. Large air-water temperature
differences induce strong turbulent convection. In addition, large ice-water temperature
differences induce more regular, breeze-like circulation at ice edges. Both the turbulent
convection and the breeze result in intensive turbulent heat exchange between the
ocean and the atmosphere. This study describes a series of turbulence-resolving
experiments with the Large Eddy Simulation Nansen Center Improved Code (LESNIC).
The numerical experiments quantify the turbulent heat exchange over leads of different
widths. Contrary to the expected gradual decrease of the surface heat flux per unit area of
open water, a strong amplification of the heat flux has been discovered for certain leads.
This amplification results from a positive feedback between the horizontal entrainment of
cool air in breeze and the turbulent heat exchange. Gradual reduction of the turbulent
exchange for wider leads is thought to be due to development of self-organized structures
in the convection. Pressure anomalies induced by the convective overturning could be
comparable with the pressure anomalies due to the surface temperature difference. Their
superposition limits the penetration of the cold breeze into the lead area. Without the
horizontal entrainment, the near-surface temperature rises, reducing the average turbulent
fluxes. In addition, the structures use the available kinetic energy to drive convective
overturning. It also reduces the near-surface velocity and therefore fluxes. The maximum
heat flux over open water was obtained for 2 km to 4 km leads. The maximum flux
exceeds five-fold the flux in the homogeneous convection case. The revealed flux
enhancement may have significant impact on the Arctic climate and more generally on the
climate of urban areas and other heat islands. Therefore direct confirmation of the results
from observational campaigns is urgently needed.
Citation: Esau, I. N. (2007), Amplification of turbulent exchange over wide Arctic leads: Large-eddy simulation study, J. Geophys.
Res., 112, D08109, doi:10.1029/2006JD007225.

1. Introduction
[2] Leads (narrow (1 m to 104 m) openings in the Arctic
Ocean ice cover with length up to several hundreds kilometres) are the major source of heat and moisture in the
atmosphere over the central Arctic Ocean. The leads cover
1% to 5% of the central Arctic [Miles and Barry, 1998]
and up to 20% of the Arctic marginal seas [Lindsay and
Rothrock, 1995; Inoue et al., 2005]. Their importance is
disproportional to their area coverage. In situ studies suggest [e.g., Makshtas, 1991; Eisen and Kottmeier, 2000] that
leads could be responsible for up to 80% of the observed
turbulent mixing in polar areas. Aircraft measurements
during field campaigns, e.g., BASE [Paluch et al., 1997],
REFLEX [Hartmann et al., 1994] and LEADEX [Walter
et al., 1995; Ruffieux et al., 1995], obtained an average
turbulent heat flux over open water as large as 50 W m2 in
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strong, up to 16 m s1, wind conditions. In some cases
the flux could reach 150 W m2 [e.g., Inoue et al., 2005]
and even larger values [Andreas and Cash, 1999]. Thin
ice cover reduces the flux to just a few W m2, e.g.,
the downward sensible heat flux over ice did not exceed
2 W m2 during BASE.
[3] The lead width is considered to be an important
parameter in determination of the heat flux over open water
[e.g., Maslanik and Key, 1995]. Andreas and Murphy
[1986] and Serreze et al. [1992] argued that the turbulent
heat flux from the unit area of the open water surface, Hs , is
larger over narrow leads and during weak wind episodes
because of abrupt change in the surface temperature at the
ice-water edge. Their conceptual model suggests a nonlinear
but monotonic decrease of the lead-induced temperature
flux Fs = Hs/(r cp) at the surface and a monotonic increase
of the mean mixed layer depth hCBL with increase of the
lead width, l. Here r is the air density and cp is the air
specific heat under constant pressure. Simple bulk models
[Maslanik and Key, 1995], an internal boundary layer model
driven by sounding data [Serreze et al., 1992] and more
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sophisticated single-column models [Alam and Curry, 1997;
Renfrew and King, 2000] reproduced the empirical behavior
of Fs(l) over narrow leads. On the basis of this success the
models extrapolate the monotonic dependence to wider,
kilometer-scale leads.
[4] Barry et al. [1989] and Lindsay and Rothrock [1995]
statistics indicates that the leads wider than 1 km constitute
about 30% of the total number of leads and cracks detected
in aircraft Lidar data. They expose to the atmosphere the
major fraction of the open water surface in the Arctic
Ocean. Statistics show the mean lead width between 2 km
and 4 km in the central Arctic and 4 km to 6 km in
peripheral seas. The mean ice floe size is much larger than
the mean lead width. It varies from 20 km in peripheral
seas to 40 km in the central Arctic. These values motivate
the interest to study turbulent exchange over wider 1 km to
10 km leads.
[5] With the absence of suitable field data, turbulenceresolving large-eddy simulations (LES) are the most
convenient tool to assess validity of the monotonic extrapolation of the turbulent fluxes from meter to kilometer-scale
leads. Results from earlier LES studies suggested a different, nonmonotonic behavior of Fs(l) over kilometer-scale
surface heterogeneities. For instance simulations by Shen
and Leclerc [1995], Avissar and Schmidt [1998], Raasch
and Harbusch [2001] and Letzel and Raasch [2003]
revealed that the kinetic energy of the induced secondary
circulations could be much larger than the turbulent kinetic
energy (TKE) of the convection. Moreover, the circulations
have developed the strongest flow in the close proximity of
the warmer surface. This founding indicated a possibility for
additional heat exchange over large leads. The additional
heat flux could not be discovered in the mentioned LES as
they run with the prescribed Fs(l), where l is a length scale
of the surface heterogeneity. Recently, Patton et al. [2005],
hereafter P05, has published a LES study of convection over
dry-wet strip surface heterogeneity. In this study, the constant surface temperature and spatial variations of the
surface moisture were prescribed. These model conditions
allowed for variations of Fs(l), which could respond to the
development of secondary circulations. The moisture variations were able to produce only modest changes in the
surface temperature flux. Nevertheless, P05 found considerable, up to 20%, enhancement of the fluxes for kilometerscale surface heterogeneity.
[6] The P05 study confirmed that Fs(l) is a nonmonotonic function of the surface temperature heterogeneity
length scale. With just six LES runs, details of the nonmonotonic flux behavior remained uncertain in this study.
Avissar and Schmidt [1998] and Letzel and Raasch [2003]
noticed strong enhancement of the secondary circulations
with increase of the amplitude of the surface temperature
difference. It suggests that for Arctic leads, where the icewater temperature difference could be as large as 30 K
[Andreas and Cash, 1999], the secondary circulations and
related surface flux enhancement could be very significant.
Using two-dimensional model, Zulauf and Krueger [2003]
found that Fs(l) follows the prediction from simplified
models only for l < 500 m in the case without geostrophic
wind, Ug = 0 m s1. For wider leads l > 500, Fs(l) was
increasing. In the case with a significant mean cross-lead
as also decreasing over wider,
wind, Ug = 2.5 m s1, F
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up to l  1600 m, leads. The cases with nonzero Ug will
not be considered in this work. Nevertheless, it is worth to
mention that the importance of the mean cross-lead wind
depends on its speed relative to the wind speed of the secondary circulation and convective eddies [e.g., Avissar and
Schmidt, 1998]. Since wider leads and larger surface temperature differences induce stronger circulations, the weak
and even moderate mean winds (Ug = 7.5 m s1 by Raasch
and Harbusch [2001]) may not totally smooth the nonmonotonic behavior of Fs(l) over the Arctic leads.
[7] Even without the mean wind, lead-induced circulation
is a complex phenomenon combining turbulent convection
and more regular breeze-like circulation. Low wind conditions are frequently observed in Arctic. For instance during
the 1997– 1998 SHEBA campaign [Uttal et al., 2002], a
wind speed less than 2 m s1 was observed during 60 days
as follows from my analysis of 255 days of SHEBA data.
The data was obtained from http://www.joss.ucar.edu/sheba/
index.html. Moreover, leads tend to align with the geostrophic wind direction [Barry et al., 1989]. In this case, the
cross-lead component of the wind should be dominated by
the lead-induced circulation. P05 suggests that the convection-breeze interaction should result in the enhanced temperature flux at scales from 2 km to 5 km. These scales
coincide with the mean lead widths [Lindsay and Rothrock,
1995]. Thus it is reasonable to expect significant contribution of kilometer-scale leads in the total heat budget of
the Arctic.
[8] Here, new LES provide details of the turbulent mixing over leads from a few meters to about ten kilometers
in width. Section 2 describes the Large Eddy Simulation
Nansen Center Improved Code (LESNIC), initial and
boundary conditions and setup of numerical experiments.
Section 3 provides definitions for derived quantities and
model sensitivity analysis. Section 4 presents simulation
results. Section 5 discusses physical mechanisms. Section 6
highlights conclusions.

2. Turbulence-Resolving Model
2.1. Large-Eddy Simulation Code LESNIC
[9] The study relies on ability of a three-dimensional
turbulence-resolving LES code to generate fluctuating velocity and temperature fields consistent with simple boundary conditions. Being verified in case studies, LES statistics
derived from these fluctuations are able to compensate a
lack of direct field data for research. A series of numerical
experiments was conducted with the large-eddy simulation
code LESNIC. Esau [2004] describes the code and its
validation against homogeneous, steady state turbulence
statistics in the Ekman boundary layer. Fedorovich et al.
[2004] and Zilitinkevich et al. [2006] compared the LESNIC
output with the data for the atmospheric forced and free
convection. Esau and Zilitinkevich [2006] compared the
code performance at different model resolutions. Beare et
al. [2006] described the intercomparison of 11 LES codes
including the NERSC code LESNIC. The main advantage
of the LESNIC code is its ability to simulate stratified
boundary layers without manual tuning of model parameters. This advantage results from implementation of
a dynamic mixed turbulence closure in the model. The
HATS atmospheric data [Sullivan et al., 2003; Kleissl
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Figure 1. Schematic diagram of initial and boundary conditions of the Large Eddy Simulation (LES)
runs.
et al., 2003] confirms the necessity of such an approach
for turbulence-resolving simulations of the atmospheric
boundary layers.
[10] The LESNIC solves the momentum, temperature
and continuity equations for incompressible Boussinesq
fluid in the following form:


@ui
1 @ui
@ 1

¼  uj
ui uj þ pij þ ij  f !j  gi3 ; ð1Þ
@t
2 @xj @xj 2
 @ui
@
@ 
uj  þ j ;
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¼
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ð2Þ

Here ui = {u,v,w},  = T(1000/p)0.287 are the resolved-scale
velocity and potential temperature; T is the absolute temperature; p is the pressure; t ij, t Qj are the subgrid-scale
turbulence stress and diffusivity tensors to be modelled with
the dynamic mixed subgrid closure [Vreman et al., 1994];
b = 0.003K1 is the thermal expansion coefficient; g =
9.81 m s1 is the acceleration due to gravity; fwj = { f (vg 
v + w  cot 8), f (ug + u), f (ucot 8)} are the components
of the Coriolis force; f = 2Wsin8 is the Coriolis parameter; 8
is the latitude; W = 7.27 105 s1 is the Earth’s angular
velocity; d ij = 1 for i = j and d ij = 0 for i 6¼ j; the repeating
indexes imply summation.
[11] The LESNIC employs a fully conservative secondorder central difference scheme for advection, the fourthorder Runge-Kutta scheme for time stepping, and a direct
fractional step pressure correction scheme to solve the continuity equation. The computational mesh is an equidistant,
staggered C-type mesh. The dynamic mixed closure models
the subgrid terms as
 
ij ¼ Lij  2ls2 Sij Sij ;

 
2   @
j ¼ 2Pr1
;
t ls Sij
@xj

ð3aÞ

where Prt is an empirical turbulent Prandtl number taken
after Kondo et al. [1978]. The model requires only normal
component of turbulent fluxes at the surface as the bottom
boundary conditions. However, the surface temperature has
been prescribed in the set of experiments. I used simplified

formulation describing the near-neutral logarithmic layer
as
i3 ð z ¼ 0Þ ¼ CDN ui ðz1 Þ  j~
uðz1 Þj;


;3 ð z ¼ 0Þ ¼ CDH ðz1 Þ  Ti;w j~
uðz1 Þj:

ð3bÞ

Here, CDN = CDH = (0.41/ln (z/z0))2 are the neutral transfer
coefficients, z0 is the surface roughness, z1 is the height of
the first computational level in the model and Ti,w is the
absolute surface temperature for ice and water respectively.
[12] A mixing length scale ls(xi,t) is computed at every
grid node and at every time step through a numerical
solution of a deconvolution problem for filtered (grid-scale)
velocities using the least square minimization method
[Vreman et al., 1994]. The resulting algebraic equation is
ls2



2 Lij  Hij  Mij
¼
;
2
Mij  Mij

ð4Þ

where resolved-scale tensors Lij, Hij, Mij and Sij are defined
using two spatial Gaussian filters denoted by angular brackets for the grid-scale filter and by overbars for larger, twice
grid-scale filter. The expressions are
Sij ¼



 
1 @ui @uj
; Lij ¼ ui uj  ui uj ;
þ
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Mij ¼ Sij Sij 
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ð7Þ

where a = 2.92. To avoid numerical instability, ls was
limited to ls 2 [0;1]D where D is the geometrical mean grid
size. This is not a restrictive limitation as the theory [Leslie
and Quarini, 1979] predicts ls 2 [0.16;0.23]D in the
homogeneous turbulence, while ls should be smaller for the
sheared turbulence. The complicated formulation in equations (4) – (7) seems to be important for high-quality
simulations [Sullivan et al., 2003; Beare et al., 2006].
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Table 1. External and Inferred Parameters after 6 hours of Integration for the Numerical Experiments With Initial Atmospheric Stability
rzq = 9.7 K km1a
Run

Domain Size, m Lx  Ly  Lz

Mesh Size, m Dx  Dy  Dz

Lead Width, m l

Fs  103, K ms1

hCBL, m

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30b,c
31
32
33
34
35
36
37
38
39c
40
41
42
43d

1024  32  48
1024  32  48
1024  32  48
1024  32  48
1024  32  48
1024  32  48
1024  32  48
3072  96  144
4096  128  144
3072  96  144
10240  320  144
10240  320  240
10240  320  240
20480  640  240
20480  640  240
20480  640  480
40960  640  480
20480  640  480
20480  640  480
20480  640  480
20480  640  480
20480  640  480
20480  640  480
20480  640  480
20480  640  480
20480  640  480
20480  640  480
10240  320  480
20480  640  480
20480  640  480
20480  640  960
10240  640  480
40960  640  480
20480  640  480
20480  640  480
40960  640  480
20480  640  480
20480  640  480
20480  640  480
20480  640  480
20480  640  480
40960  640  480
20480  640  480

111
111
111
111
111
111
111
333
443
333
10  10  3
10  10  5
10  10  5
20  20  5
20  20  10
20  20  10
20  20  10
20  20  10
20  20  10
20  20  10
20  20  10
20  20  10
20  20  10
20  20  10
20  20  10
20  20  10
20  20  10
10  10  10
20  20  10
20  20  10
20  20  20
20  20  10
20  20  10
20  20  10
20  20  10
20  20  10
20  20  10
20  20  10
20  20  10
20  20  10
20  20  10
20  20  10
20  20  10

5
6
7
8
9
10
11
33
44
54
60
60
80
100
160
220
220
260
300
420
620
620
620
820
1020
1420
1620
2410
2420
2420
2420
2420
2420
3220
4820
6440
6420
7020
7020
9620
12800
12800
20480

14
14
16
17
23
23
26
20
24
26
33
27
29
36
33
37
32
41
38
49
64
62
63
64
84
95
95
89
105
101
80
73
134
98
92
99
74
67
66
49
38
57
19

21
26
30
32
36
33
40
38
53
50
38
33
38
43
35
45
55
55
65
65
105
95
95
115
115
165
165
285
205
245
190
275
205
255
295
275
285
295
305
305
295
275
265

a

External parameters are given in columns 1 – 4; inferred parameters are given in columns 5 and 6.
Run integrated for 12 model hours.
Run computed for the latitude 80 degrees N.
d
Run with the shear-free convection over a homogenous surface with the surface temperature fixed at – 1.8 C.
b
c

2.2. Numerical Experiments
[13] Two series of 43 and 9 high-resolution numerical
experiments have been conducted with the LESNIC code.
Table 1 presents the experiments conducted with initial
atmospheric stabilities rz = 9.7 K km1. Table 2 presents

the experiments with rz  = 30.7 K km1. Figure 1
sketches the initial setup of experiments. All experiments
start from initially motionless, homogeneous, stably stratified boundary layers perturbed with temperature fluctuations of 0.1 K at the five lowest model levels over leads.

Table 2. Same Quantities as in Table 1 but for the Numerical Experiments With Initial Atmospheric Stability rzq = 30.7 K km1
Run

Domain Size, m
Lx  Ly  Lz

Mesh Size, m
Dx  Dy  Dz

Lead Width, m
l

Fs  103, K ms1

hCBL, m

44
45
46
47
48
49
50
51
52a

768  96  48
1280  160  96
8192  320  192
8192  320  192
12288  384  288
12288  384  288
12288  384  288
15360  480  240
10240  320  192

331
552
8  10  4
8  10  4
12  12  6
12  12  6
12  12  6
15  15  5
10  10  4

21
85
208
408
804
1608
3852
6405
10240

6
10
14
15
19
31
22
13
6

20
33
10
50
45
75
90
92
74

a

Run with the shear-free c

n over a homogenous surface with the surface temperature fixed at 1.8 C.
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coefficients. The parameterized surface temperature flux,
t 3(z = 0), depends significantly on the specific parameterization method and will not be discussed here.
[16] The following analysis is focused on the resolved
flux. One can use well established linear mean flux-height
dependence for the case of the shear-free convection (e.g.,
BOMEX data by Siebesma et al. [2003]). It reads
hF ð zÞi ¼ ð1  z=hCBL ÞhFs i;

Figure 2. Definitions of the resolved-scale surface
temperature flux per unit area of the open water Fs after
equation (9) and the mean convective layers’ depth hCBL.
Both quantities are computed from the resolved-scale
temperature flux profile averaged over the open water area.
Thin curves show instant fluxes for runs 29 (a) and 38 (b).
Thick curves show the flux averaged over 1 hour with
sampling interval 10 min.

where hi denotes spatial averaging, z is the height above
the surface; Fs is the surface temperature flux; and hCBL is
the mean depth of the convection layer over the lead.
Equation (8) defines Fs and hCBL. Figure 2 shows the temperature fluxes over the open water for runs 29 and 38.
Obviously, the resolved flux satisfies equation (8) only
above the surface layer, z > 0.1hCBL. The flux reduction
within the surface layer is caused by the shift of the spectral
maximum of the turbulent kinetic energy (TKE) to
unresolved length scales. Using the resolved fluctuations
of the vertical component of velocity w0 and potential temperature 0, the mean resolved flux becomes hF(z)il =
hw00il where hil denotes averaging over the open water
area. The convective layer depth is defined as the lowest
height where hF(z)il = 0. Then the resolved surface flux is
max

Fs ð Þ ¼

[14] A lead is defined as a strip aligned with y direction.
The lead surface temperature Tw = 1.8 C is a typical water
freezing temperature in the Arctic Ocean. Ice surface
temperature was taken Ti = 9.8 C. The ice temperature
is often much lower in the Arctic. The moderate surface
temperature difference of 8 K was taken to preserve the
model stability and accuracy. The location of open water
and ice surfaces and their temperatures do not change
during the simulations. The surface roughness was z0 =
0.01 m for open water and z0 = 0.1 m for ice. Since the
neutral transfer coefficients for momentum and temperature
are prescribed, the direct comparison between the model
results and the famous heat transfer coefficient dependence
CDN (l/L) = 103 (1 + 0.8exp (0.05l/L)) by Andreas and
Murphy [1986] is not possible. The latter dependence was
obtained empirically for narrow leads with l < 200 m. Here,
L = jt i3 (z = 0)j3/2/(gb t Q3 (z = 0)) is the Monin-Obukhov
length scale. The upper boundary conditions prescribe
a stress-free rigid lid, i.e., rzui = rzQ = rz p = 0, w = 0.
The following discussion addresses LES runs from the
Table 1 if there are no special remarks.

ð8Þ

z2½0;hCBL 



hF ð zÞi

1  zmax =hCBL

ð9Þ

where zmax is the height of the maximum of hF(z)i, and the
notation Fs = hFsil is used for brevity. Figure 3 shows that
the definition in equation (9) is in good correspondence
with true surface fluxes, t 3(z = 0), computed at every time
step in the LESNIC. The true surface fluxes are however
systematically larger than Fs. Unlike t 3(z = 0), the estimation Fs is based on the largest resolved motions and does

3. Definitions and Sensitivity Analysis
3.1. Resolved Surface Temperature Flux and
Convective Layer Depth Definitions
[15] The central quantity in this study is the mean surface
turbulent temperature flux over unit area of open water.
This flux, Fs(l), gives efficiency of heat extraction from
the upper ocean layer, thus being of the central interest for
climatological studies. The value Fs(l) cannot be directly
estimated from the large-eddy simulations as the turbulent
exchange between the surface and the first computational
level is parameterized
the constant neutral exchange

Figure 3. Comparison between the true surface temperature flux, i.e., the surface flux parameterized in the LES
boundary conditions, and the estimation of the resolvedscale surface temperature flux after equation (9). The
symbol size indicates the lead width in simulations.
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Figure 4. Ratio between the resolved-scale temperature flux Fs(l) and the flux Fs(1) in the
homogenous convection case. The fluxes computed after equation (9). Solid gray circles denote weakly
stratified runs from Table 1 with lCBL = 2.5 km; solid black circles denote strongly stratified runs from
Table 2 with lCBL = 1.4 km. The solid (for the weakly stratified runs) and dashed (for the strongly
stratified runs) curves are an empirical fit in the form Fs(l)/Fs(1) = 5  (l/lCBL)1/3  exp( (l/lCBL  1)2/
4.84).
not include a parametric estimate of the unresolved
Reynolds stress. Thus the effect of a specific subgrid parameterization on Fs should be minimal. Indeed, Figures 2
and 3 suggest that the variations in the model details and the
data postprocessing account for 30% to 50% of the uncertainty in the fluxes. This is much less than the flux
amplification shown in Figure 4 for two sets of the LES
runs.
3.2. Resolved Surface Temperature Flux and
Convective Layer Depth Sensitivities
[17] The resolved quantities in the LES are sensitive to a
number of numerical parameters [e.g., Weinbrecht and
Raasch, 2001]. Both the lead and the lead-induced circulations have to be properly resolved in simulations. This is
challenging. Leads are 2 to 3 orders of magnitude smaller
than the horizontal extent of the circulation. Mori and Niino
[2002] considered different flow regimes over a heat island.
Taken the gravity wave regime as the most relevant to the
lead-induced circulation, one can obtain a timescale and a
horizontal scale of the lead-induced circulation
t circ ¼ C circ 
1=2



1=2

Prt


1=2
gTs KH

xcirc ¼ KH ðgrz T Þ1=2 t3=2 ;

1=2

4=5
;

ð10Þ

where KH is the turbulent thermal diffusivity and Ccirc is
an empirical constant equal to 1.5 for LES data. The timescale gives time needed for gravity waves (circulations)
from the ice edges to meet at the lead axis. After the waves
have met the circulation pattern over the lead does not
change. It defines time required to reach a steady state
circulation. The horizontal scale gives the distance between
the ice edge and the front of the outward gravity wave
propagating over ice floe. It defines the horizontal extent of
the circulation at any given time. So at t = tcirc we will find
xcirc = l/2. Substitution of typical values Prt = 1, KH =
14 m2 s1, DTs = 8 K, rzT = 102 K m1 and l = 103 m
gives tcirc  0.1 hour and xcirc  220 km.
[18] As these simulations suggest neither scale is particularly good. On the one hand, Figure 5 shows that the
lead-induced circulation quickly equilibrates with the turbulent convection only for the narrowest leads. For the
kilometer-scale leads, the circulation pattern is formed over
a few tens of minutes but the circulation velocity increases
over much longer, up to 4 to 5 hours, timescale. Integrations
over 6 model hours seem to be sufficient to simulate steady
state circulations. Letzel and Raasch [2003] reported development of temporal oscillations of the boundary layer
properties after 3 hours of simulations with periods 1 to
3 hours. These runs are too short to investigate the oscillations. However, 12 hour simulations for run 30 (not
shown) confirmed the development of oscillations after
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the 220 m leads is insignificant. Runs 29, 32, and 33 for the
2420 m lead revealed that SD changes nonlinearly with the
domain size. The mentioned features of SD make the flux
correction to a standard domain size unreasonable. It is
worth mentioning that earlier LES [Glendening and Burk,
1992; Glendening, 1995; Shen and Leclerc, 1995; Burk
et al., 1997; Weinbrecht and Raasch, 2001; Raasch and
Harbusch, 2001] were conducted in domains with horizontal dimensions less than 2.5 km. The present sensitivity
analysis suggests that such a small domain should seriously
damage the turbulence statistics. Avissar and Schmidt
[1998], Letzel and Raasch [2003] and P05 LES were conducted in larger, up to 40 km domain. These LES are
comparable with the present simulations.
[20] The mesh resolution sensitivity could be computed
for runs 28 and 32 as
SR ¼ ðFs ð AÞ  Fs ð BÞÞ=ðx ð AÞ  x ð BÞÞ

Figure 5. Temporal evolution of the parameterized surface
temperature flux for runs 1 (lead width 5 m), 34 (3220 m),
35 (4820 m), and 40 (9600 m).
6 hours of simulations with the period of 5 hours and the
amplitude 20% of hhhF (x,y,z,t) izix,yit.
[19] On the other hand, the sensitivity analysis below
suggests that the far field circulation at 20 km and more
from the ice edge provides rather small contribution into the
circulation velocity and fluxes over the lead. These LES
have been run in domains from 1 km to 41 km in the crosslead direction. Periodic lateral boundary conditions, which
are in use in all surveyed LES, inhibit natural development
of lead-induced circulations, the main driver of the turbulent
exchange for the narrow leads. Several runs allows for
estimations of the sensitivity to the domain size. Table 3
presents the sensitivity computed as
SD ¼ ðFs ð AÞ  Fs ð BÞÞ=ðLx ð AÞ  Lx ð BÞÞ

ð11Þ

where Lx(A) and Lx (B) denote the cross-lead size of the
domain in runs A and B. The mean sensitivity is SD = 1.4 
106 K m s1 m1. It suggests that the flux is generally
larger in the larger domains with more lateral space to
develop the lead-induced circulation. The 20 km domain
is probably sufficiently large to saturate the circulations
induced by the subkilometer-scale leads. The sensitivity for

¼ 1:4  103 K m s1 m1 ;

ð12Þ

where Dx(A) and Dx(B) denote the cross-lead mesh
resolution in runs A and B. As expected, the resolution
refinement modestly increases Fs. The mesh resolution
correction makes the data in Figure 4 only marginally less
scattered.
[21] Several runs (11, 12; 14, 15; 29, 31) allow assessment of the vertical mesh resolution and the vertical size of
the domain. As expected, Fs(l) increase with the vertical
resolution refinement as a larger fraction of fluctuations is
resolved. The vertical size of the domain, Lz, does not affect
the fluxes until the convective boundary layer (CBL)
comprises less than half of the domain depth. A deep
domain is needed to simulate the outflow circulation above
the CBL.
[22] Runs 21, 22 and 23 allow assessment of the LES
sensitivity to perturbations in the initial state, which mimic
preexisting stably stratified boundary layer (SBL) over ice.
Run 22 was initialized with 0.1 K temperature fluctuations
at the five lowermost levels over the lead only; run 21 was
initialized with similar perturbations but over the entire
domain, which initiate fluctuations in a deep SBL over
ice; and run 23 was initialized with similar perturbations but
limited to the five lowest layers in the entire domain, which
initiate fluctuations in a shallow SBL over ice. Runs 22 and
23 are almost identical, while run 21 produced a marginally

Table 3. Sensitivity of the Surface Temperature Flux, Fs, to the Domain Size in the Cross-Lead Direction Computed After Equation (11)
Run

Domain Size, m Lx

Lead Width, m l

Fs  103 K m s1

16
17
29
32
29
33
32
33
36
37
41
42

20480
40960
20480
10240
20480
40960
10240
40960
40960
20480
20480
40960

220
220
2420
2420
2420
2420
2420
2420
6420
6440
12820
12820

37
32
105
75
105
134
75
134
99
72
38
57
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2
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14
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deeper convective layer and insignificantly, about 3%,
larger Fs(l). Hence the preexisting shallow SBL has no
effect on the lead-induced convection. The fact suggests
that measurements in the preexisting SBL, usually inaccessible, are not critical to set up numerical experiments for
observed cases of the lead-induced convection.
[23] Runs 29, 30 and 38, 39 allow assessment of the sensitivity to the Coriolis force. Expectedly [e.g., Mironov et
al., 2000], the convection over the lead is only marginally
sensitive to the Coriolis force as the turbulent diffusion is
dominant. The far field circulation however recovers the
geostrophic balance so that the lead-induced flow becomes
almost parallel to the lead axis at several kilometers from
the ice edge. More detailed analysis of the far field is out of
scope of this study.
3.3. Turbulent Kinetic Energy and Surface Momentum
Flux
[24] The resolved-scale turbulent kinetic energy could be
calculated at every grid node from resolved velocity fluctuations as E = 1=2 (u0u0 + v0v0 + w0w0). This quantity is
averaged over the open water area and over hCBL to obtain
the mean turbulent kinetic energy h E il,z = hh E il iz for
every run. For consistency with the P05 presentation, the
nondimensional energy is calculated using the Deardorff
scaling as
En ð Þ ¼ h E ð Þi ;z =w2* ¼ h E ð Þi ;z =ðgFs ð ÞhCBL Þ2=3 :

ð13Þ

The surface friction velocity, u*(x,y), is parameterized in the
LES. At every surface grid node, u*(x,y) is calculated using
the neutral exchange coefficient, CDN . The mean friction
velocity u* = hu* (x,y)il is the velocity averaged over the
open water area. Except for the first couple of model levels,
the simulations do not demonstrate significant dependence
on the parameterization of the friction velocity. This is
because the largest part of the kinetic energy is carried by
well-resolved eddies. Such insensitivity suggests that a
more accurate estimation of the friction velocity could be
obtained during the postprocessing using one of standard
algorithms. I use the TOGA-COARE algorithm [Fairall
et al., 1996] (C. W. Fairall, personal communication to
obtain the latest version of the algorithm, 2005) to obtain
u*TC = hu*TC (x,y)il. The nodes, where the TOGA-COARE
algorithm diverged, have been excluded from averaging
procedure.

4. Results
4.1. Lead-Induced Circulation
[25] We start discussing results with two-dimensional,
averaged along the lead axes, snapshots of the surface
temperature flux Fs and the velocity field. Figure 6 shows
Fs (shading) and velocity (vectors) in the cross-lead section
for runs 1, 24, 29, 35, 38 and 41 corresponding to the lead
widths 5 m, 820 m, 2420 m, 4820 m, 7020 m, and 12,820 m.

D08109

Intensive turbulent exchange over the lead rapidly warms
surface layer thus lowering the pressure over the lead. It is
worth mentioning that the prescribed temperature difference (Ti,w  Ta) between the ice (water) surface and the air,
Ta = (z1), does not necessarily create the same fluxes in the
LES as in the atmosphere. In the LES, the turbulent
exchange is parameterized and idealized. For instance,
neither the form drag nor stability corrections have been
accounted in these LES. Beare et al. [2006] intercomparison
suggests that the flux gradient biases are not expected to
be significant.
[26] The pressure difference induces familiar breeze-like
circulations. Figure 7 shows snapshots, averaged in the lead
direction, of the pressure anomalies in the vertical-crosslead section. The pressure over narrow (e.g., run 29) leads
gradually lowers toward the lead axis with a distinct pressure cusp at the axis due to breeze flow convergence. The
pressure over wide (e.g., run 40) leads lowers at the lead
edges with distinct pressure variations over the lead interior.
As it is seen, convective eddies could create strong enough
pressure gradients to prevent the horizontal entrainment
of the cold air in the lead interior. Figure 6 visualizes
resulting structural differences in the vertical-cross-lead
plain. Figure 8 visualizes the differences in the horizontal
plain emphasising the role of the cellular convection (run
38) in the spatial organization.
[27] Under given experimental conditions, the leads with
l < 4 km produce a single plume over open water. For such
narrow leads, the convection produces pressure fluctuations, which are smaller than pressure lowering due to the
thermal heterogeneity of the surface. The pressure forces the
breeze to penetrate all the way to the lead axis where it joins
the convective plume to create a single strong updraft. Contrary, the leads with l > 4 km produce multiple updrafts. For
such wide leads, coherent structures in the convection are
fully developed. The convective velocities can counteract
the mean flow up to 2.5 m s1 as it is seen in Figure 6. This
is in general agreement with Avissar and Schmidt [1998]
and Raasch and Harbusch [2001] conclusions. So the
structures significantly alter the circulation over the lead.
On average, they restrict the breeze penetration to a short
distance (not more than 2 km) from the lead edge. The
strongest updrafts are localized close to the ice edges with
much weaker updrafts over the leads.
4.2. Turbulent Temperature Flux
[28] Structural analysis has shown that the convective
overturning reduces Fs. Flux reduction over wide leads
creates a broad peak in Fs(l) function, which has been
already observed in P05 simulations. Figure 4 shows the
dependence Fs(l). These LES data and P05 LES suggest
that such flux amplification over certain leads could be a
universal phenomenon related to heat islands. It results from
nonlinear breeze-turbulence interactions.
[29] Within the range 2 km < l < 5 km, Fs(l) is about
5 times larger than the corresponding flux, Fs (1), in the

Figure 6. Cross-lead snapshots of the circulations (velocity vectors) and upward temperature fluxes (gray shading, values
are given as 100  <Fq(z)>l in K m s1) averaged in the lead axis direction for runs 1, 24, 29, 35, 38, and 41
corresponding to the lead widths 5, 820, 2420, 4820, 7020, and 12,820 m with the maximum breeze velocities (the longest
vectors on the plots) of
1.2, 2.3, 2.8, 2.6, and 2.4 m s1.
8 of 18
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Figure 6. (continued)
homogenous convection case. Figure 4 shows that this is
much larger than uncertainties due to experimental setup
and model details. For l > 5 km, the multiplume reorganization of the convection begins to reduce fluxes. The role of
the self-organization becomes clearer when l is compared
with horizontal distances between updrafts, lCBL  2 km to
e mean diameter of the con3 km. The distance lCB

vective cell, which has been determined by eye as the mean
distance between the areas of the maximum upward temperature fluxes of ‘‘walls’’ of the convective cell (seen as
the darkest shading in Figures 6 and 8). Unfortunately, there
are not so many convective cells over leads in these simulations to determine lCBL with some rigorous statistical
algorithm. As soon as l  lCBL, Fs(l) peaks and then
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Figure 7. Vertical-cross-lead sections of the total pressure anomalies (hp(x,z)iy  hhp(z)ixiy in m2 s2)
for runs 29 and 41 corresponding to the lead widths 2420 m and 12,820 m. The light gray shading
indicates higher pressure and dark gray shading indicates lower pressure. Modest pressure fluctuations
within convective cells are recognizable over lead in run 41.
monotonically decays for larger l. As the atmospheric
stratification strengthen, the CBL depth and lCBL decrease.
The aspect ratio lCBL/hCBL is however preserved and equal
to 8 in the present LES. This is in good agreement with
the observed aspect ratio for the atmospheric convection
[Atkinson and Zhang, 1996].
4.3. Turbulent Kinetic Energy and Momentum Flux
[30] Similar to the temperature flux, the TKE, En (l), also
exhibits a pronounced maximum for the kilometer-size
leads. Figure 9 presents the En (l) dependence in the
nondimensional coordinates suggested by P05. Figure 9
reveals excellent qualitative agreement between the present
and P05 simulations in spite of differences in the simulation
setup and procedure.
agreement suggests that the

reported amplification of the temperature and momentum fluxes due to the breeze-convection interaction is not
a model artifact or an artifact of idealized model setup. The
amplification is a robust circulation response on the surface temperature heterogeneity. P05 have determined the
nondimensional horizontal scales of the maximum flux
response being in rather wide range 4 < l/hCBL < 9. The
present LES narrow this range to 7 < l/hCBL < 9. The
present LES reacts much stronger on the imposed heterogeneity. In fact, P05 studied weak surface heterogeneity
due to small surface temperature differences induced by the
moisture variations at an agricultural site. They obtained a
relatively weak flux amplification of about 14% to 19%.
Flux amplification in the present LES exceeds the factor
of 4.
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Figure 8. Snapshots of the horizontal circulation (velocity vectors) and structure of the positive
temperature flux (gray shading, values are given as 100  <Fq (x,y)>z in km s1) for runs 24, 29, and 38
corresponding to the lead widths 820 m, 2420 m, and 7020 m with the maximum breeze velocities (the
longest vectors on the plots) of 1.2, 2.3, and 2.6 m s1. The data were averaged over levels 2 (15 m) to
5 (45 m) near the surface. At these levels the breeze-like flows are the strongest and converge toward the
lead center.
[31] Enhanced turbulent exchange leads to larger mean
surface wind stresses or the lead-averaged friction velocity
u*(l) as it is shown in Figure 10. The peak in u*(l) is
clearly seen in Figure 10a. The friction velocity peaks at the
same lead width as Fs(l) does. To compare the available
data with the LES, I used the TOGA-COARE algorithm
[Fairall et al., 1996] similar to the algorithm used in the
field data processing. The TOGA-COARE algorithm, which
is based on the Monin-Obukhov approach, produces significantly different value of the friction velocity, u*TC (l). The
reason is that the approach assumes horizontally homogenous conditions. Obviously this assumption is not justified
for the case of narrow leads as it has been pointed out by
Andreas and Murphy [1986]. However, the convenience of
the algorithm has pro
its implementation to data

processing in spite of the need for empirical corrections
[Andreas and Cash, 1999]. Figure 10b allows for comparison with Hartmann et al. [1994] and Mai et al. [1995] data
derived from REFLEX I and II campaigns. The data
compares favourably with the LES.
[32] A peak could be observed in u*TC (l) both for the LES
and observations at the ice concentrations between 50% and
80%. Guest et al. [1995] also reported peaking of the wind
stress at the ice edge. Mai et al. [1995] and Birnbaum and
Lupkes [2002] attributed the nonmonotonic wind stress
behavior to a form drag due to ice edge ridges on floes.
The present LES simulate neither ice ridging nor ice dynamics. Therefore the observed similarity in the friction
velocity suggests that, at least partially, the stress enhancement should be attributed to the lead-induced convection.
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Figure 9. Ratio between convective boundary layer (CBL)-averaged, nondimensional turbulent kinetic
energy (TKE), En(l), after equation (12) and the TKE, En(1), in the case of homogenous convection.
Runs from Table 1 (solid gray circles); runs from Table 2 (solid black circles); dry atmosphere (DP) runs
from P05 (open squares); and wet atmosphere (WP) (open diamonds). P05 data are plotted as (En(l)/
En(1))4 for better visibility.

4.4. Convective Layer Depth
[33] Figure 11 shows the lead-averaged convective layer
depth hCBL as a function of the lead width. The dependence
hCBL(l) does not have a pronounced peak. However,
similarly to Fs(l), it is increasing for narrow leads and than
levels off at values comparable with hCBL(1) in the
homogeneous convection case. The behavior can be consistently explained by saturation of the internal boundary
layer growth. A simple analytical model can be derived
from equation (14.8) by Arya [2001]. Assume hhCBL(x) il =
hCBL(l) / h Hi(0 < x < l/2) ix, where Hi(x) is the depth of
an internal convective layer. Averaging over the lead halfwidth gives

hCBL ð Þ ¼

2

Z =2 
a2




Ts 1=2
4
Ts 3=2
dx ¼ a2 pﬃﬃﬃ
x
rz 
3 8 rz 

1=2

constant rather than a decreasing function of l. In latter
case, it would provide larger Al at small l and cancel l1/2dependence in hCBL(l) for asymptotically large l as it is
required by the LES data.
[34] Chang and Braham [1991] confirm the scaling Hi (x)
/ x1/2 with measurements over the Lake Michigan. In their
data, Hi(x) continue to grow without limit. Contrary, the
ROPEX data over Weddell Sea polynya [Renfrew and King,
2000] shows the remarkable saturation, Hi(x) ! hCBL(1),
for fetches larger than about 5 km. Figure 11b shows the
normalized averaged depth in the logarithmic coordinates. It
is clear that for large leads, the scaling l1/2 works relatively
good in spite of considerable data scatter and uncertainty in
hCBL(l) definition.
[35] Mori and Niino [2002] obtained weaker scaling
hCBL(l) / l2/5 in their analytical model for an equilibrium
thermal boundary layer. The scaling reads

0



ð14Þ

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
The prefactor a2 = 2Al ð1 þ Ac Þ = 0.154 is a function of
lateral Al = 0.011 and convective Ac = 0.125 entrainments,
which are constant fractions of Fs(l). This model is shown
for the weekly stratified case with a solid curve in Figure 11.
The proportionality between hCBL(l) and Hi(x) is incorporated into slightly changed values of Al and Ac. One
simplification is that the lateral entrainment rate, Al , is a

hCBL ð Þ ¼


gðTw  Ta Þ 1=5
Pr Km2

2=5

;

ð15Þ

where Pr = 1 is the turbulent Prandtl number and Km =
14 m2 s1 is the turbulent eddy viscosity. The air
temperature, Ta, is taken here to be equal to the temperature
at the first computational level, (z1). It makes hCBL(l)
slightly smaller than if it was computed with the aero-
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Figure 10. Dependence of the lead-averaged friction velocity, u*(l), normalized by the corresponding
velocity u*(1) in the homogenous convection case on the lead width (a). (b) Intercomparison between
the LES (solid gray circles) and REFLEX data (open squares and open circles with error bars) using
u*TC(l)-friction velocity computed with the TOGA-COARE algorithm [Fairall et al., 1996]. REFLEX
data: open squares [Hartmann et al., 1994]; open circles [Mai et al., 1995].

dynamic air temperature. This model is shown for the runs
from Table 1 with a dotted curve in Figure 11. It is obvious
that Km should be increased to unrealistically large values
(or Ta ! Tw) for the model in equation (15) to agree with
the data. The CBL depth in equation (15) is however
not necessarily linearly proportional to our CBL depth
definition.
[36] The convection over narrow leads and under strong
stratification suggests slower growth. Taken over the range
of leads less than 1 km wide, the scaling hCBL(l) / l1/3
agrees better with the data. Indeed, the CBL over narrow
leads could be considered as a single penetrating plume but
not as a fully developed boundary layer. Zulauf and
Krueger [2003] proposed the following plume penetration
height scaling
hCBL ð Þ ¼ C1

ðgF ð Þ minð ; hCBL ð1ÞÞÞ1=3
:
grz 

ð16Þ

Here the value of the constant C1 = 3.5 suggests that it
should account for the plume anisotropy. Zulauf and
Krueger model (dashed curve in Figure 11) seems to be in
good agreement with the LES data for narrow leads. Similar
scaling (not shown) for a plume over a heat island was
proposed by Mori and Niino [2002]

hCBL ð Þ ¼

grz 
PrKm2

1=6

1=3

:

ð17Þ

Summing up the results, we can conclude that the equilibrium depth of the CBL with fully developed coherent
structures does not depend on the fetch. It evolves as the
depth of the homogenous convection layer. The equilibrium
depth of the CBL with several plumes but without selforganization of the plumes in the coherent structures
evolves with the scaling hCBL(l) / l1/2, similar to the
depth growth of an internal convective boundary layer. The
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Figure 11. The mean depth of the convective boundary layer hCBL(l) normalized by the depth hCBL(1)
of the CBL in the homogenous convection case. The ordinate is linear in (a) and logarithmic in (b). Runs
from Table 1 (solid grey circles); runs from Table 2 (solid black circles); Zulauf and Krueger [2003]
simulations (open squares); and Burk et al. [1997] simulations (open triangles). Theoretical curves are
solid: after equation (14); dotted: after equation (15); dashed: after equation (16). Theoretical curves
normalized wi
theoretical depth of the homogenous CBL after Fedorovich et al. [2004].
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equilibrium depth of the CBL with a single plume evolves
with the scaling hCBL(l) / l1/3.

5. Discussion on Physical Mechanisms
[37] The LES data reveals that the forced convection
developing in the lead-induced breeze inflow is able to
extract several times more heat per unit area of open water
than the free convection over the homogeneous open
water surface. Such a high efficiency of the turbulent
exchange is achievable in the breeze circulation because
of dominance of horizontal entrainment. Continued horizontal entrainment of cold air maintains large water-air temperature difference, and hence the effective heat loss from
open water. The large temperature difference also exerts a
large buoyancy force, which accelerates the circulation.
However, the strong circulation may move a fluid volume
out of the open water area before it has gained the maximum possible buoyancy. Since the buoyancy force, breeze
velocity and the turbulent heat exchange are related nonlinearly, air in the outflow over narrow leads could be significantly underheated.
[38] The reader may notice that buoyancy force in a very
high Reynolds flow should immediately lead to exponential
growth of perturbations and destabilization of the flow.
The breeze-like circulation in Figure 6 should break down
to large eddies, which would finally produce the energy
cascade to smaller and smaller eddies. Simulations show
that the breeze does not break until linearly growing coherent structures develop over wider leads. Recently Paparella
and Young [2002] have proved a nonturbulence theorem
for the horizontal convection. It states that the breeze-like
circulation in inviscid fluid is unconditionally stable with
respect to small perturbations for moderate Rayleigh numbers Ra. However, the instability develops for larger Ra. The
critical Ra is about 4  106. This study gives the following
numbers: the turbulent Pr = 1; the heat source to the
circulation depth aspect ratio A = l/(2hCBL)  3; the
water-air temperature difference at the surface (Tw  Ta) =
8 K; the turbulent eddy viscosity Km = 14 m2 s1. The
numbers allows estimation of the maximal lead width with
the stable breeze-like circulation as

max

¼A

1=3
RaKm2
¼ 4:3 km
g ðTw  Ta Þ

ð18Þ

This estimation is in excellent agreement with the simulation analysis. The breeze destabilizes and breaks down to
convective eddies organized in a cell pattern for l > lmax.
Since data from Table 2 represent the convection developing against stronger stratification, their mean Km = 6 m2 s1
is smaller, and so their critical lead width is lmax = 2.4 km.
This is again in agreement with simulations.
[39] In the steady state regime, the breeze velocity
adjusts to the heat exchange rate in the surface layer so
that further acceleration would result in shorter time spent
by a fluid volume over the warm surface and hence in a
smaller buoyancy gain. Simulations show that efficiency of
the heat exchange begins to decrease for l > lmax. Wider
leads comprise naturally developing convective cells seen
in Figure 6 and Figure 8 for run 38. Physically, the transition occurs when pre
gradient induced by the cells
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becomes comparable with the horizontal pressure gradient
induced by air-water temperature difference. The breeze
circulation due to the static temperature gradients was
obtained in analytical [Dalu and Pielke, 1989] and scaling
[Mori and Niino, 2002] studies. The known theories of selforganized convection [e.g., Elperin et al., 2006; Manneville,
2006] do not provide closed analytical or scaling description of the phenomenon. In particular, the aspect ratio aCBL =
lCBL/hCBL of horizontal lCBL to vertical hCBL scales of the
cells is an external parameter in those theories. The simulations show that Fs(l) reaches its maximum value at l/
hCBL  aCBL. This observation suggests that aCBL could be
a key parameter for assessment of the heat transport from
leads and other sort of heat islands. Unfortunately, reviewed
literature gives very uncertain margins for the possible
aspect ratio in the atmospheric convection. It ranges in an
interval 1 < aCBL < 100 with the most cited interval 4 < aCBL <
10 [Atkinson and Zhang, 1996; Manneville, 2006] without
clear indication of its dependence on external parameters.
Probably, as recently Raasch and Schröter [2002], de Roode
et al. [2004], and Schröter et al. [2005] have suggested,
diabatic heat sources could affect the aspect ratio significantly. The present study gives 6 < aCBL < 8 in the free
convection.
[40] At scales l/hCBL> 1.2 aCBL, the structures begin to
affect lead-induced convection considerably. The structures
entrain cool air in the vertical direction as there is no
temperature difference over the open water surface. Since
the free atmosphere is stably stratified, the vertical entrainment consumes about 50% of the kinetic energy available
for the heat transport in the case without the structures. In
addition, downdraughts restrict the heat exchange to the
surface layer over large areas. It leads to rise of the surface
air temperature and decreases Fs(l) even more.

6. Conclusions
[41] This study presented a new set of 52 large-eddy
simulations of lead-induced atmospheric convection over
idealized leads of different widths. More generally, one may
view these simulations as LES of the self-induced circulation over any heat island created by the surface temperature
difference. The simulations have been done with the new
code LESNIC in large domains. The limited sensitivity
analysis, presented in this study, disclosed the importance
of adequate horizontal and vertical size of the LES domain,
which is required for undisturbed development of the
breeze-like circulations, the main driver of the turbulent
exchange over leads. The circulations are typically 2 to
3 orders of magnitude larger than the leads. Hence even
narrow lead simulations are computationally demanding.
They require a 10 km or more horizontal and hundreds
meters vertical domain sizes. The domain size, sensitivity
analysis and longer time of integration distinguish these
simulations from the earlier model studies.Unlike earlier
studies, this work focuses on dependences on the lead
width. The main discovery is that the turbulent exchange
peaks for certain lead widths and then reduces again to the
level characterizing the turbulent exchange in the case of
homogenous convection. The peak turbulent temperature
flux was found to be almost 5 times larger than the
corresponding flux in the homogenous convection case.
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The peak turbulent kinetic energy and the peak surface
stress were almost 4 times larger. Although there is no direct
observational data to support this modeling study, data from
independent modeling study by Patton et al. [2005] and
indirect data from REFLEX field campaign [Hartmann et
al., 1994; Mai et al., 1995] seem to agree, at least qualitatively, with the found nonmonotonic behavior of the fluxes.
[42] The leads, which induce the maximum fluxes, have the
widths between 1 km and 5 km. The earlier studies have been
focused on very narrow leads, l < 200 m. For such leads,
fluxes do not demonstrate clear amplification. Earlier analytical models, based only on the analysis of narrow leads,
incorrectly assigned the monotonic flux reduction for the
whole range of observed lead widths. This study showed that
extrapolation of the observed turbulence exchange over
narrow leads onto wider, kilometer-scale leads is not justified. One possible reason is the observed change in the
turbulence self-organization occurring with development of
coherent structures, namely, the convective cells. The pressure anomalies in the fully developed structures could be
comparable in magnitude with the pressure anomaly due to
surface thermal heterogeneity. Thus the structures raise
pressure over the central part of the leads limiting the
horizontal entrainment of the cold air to 1 km to 2 km from
the ice edge. To preserve continuity, the energy consuming
vertical entrainment over the lead central area develops. This
development likely results in the observed flux reduction.
[43] Although the self-organization of the turbulent convection is known for hundred years [Manneville, 2006],
there is no consistent theory to predict the horizontal scales
of the convective cells. The present simulations give the
visual horizontal cell scale of about 3 km and so the aspect
ratio 6 < aCBL = lCBL/hCBL < 8. As soon as l/hCBL  1.2 aCBL,
the turbulent exchange peaks. In these estimations, the mean
CBL depth hCBL was found empirically. Its dependence on
external parameters is an open problem. The existing
analytical approximations fail to predict hCBL over the
whole range of possible lead widths.
[44] The study calls for theoretical understanding and
development of better analytical models. This is important
as kilometer-size leads are often observed in the Arctic
Ocean ice cover and may have considerable impact on the
Arctic energy budget and Arctic modeling.
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research project MACESIZ (Marine Climate and Ecosystems in the
Seasonal Ice Zone), contract 155945/700. Useful discussions with
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