
summer. The Obukhov length determination for this period
is consistent with the Large-Eddy Simulation (LES) model
results of summer leads of Skyllingstad et al. (2005). Those
authors show that above a critical wind stress, a fresh layer
cannot form in the lead.

We can also examine the persistence of the fresh layer in
the lead by approximating it as part of a two-layer system
and calculating the internal Froude No. (seeFig. 2a):

Fr ~
Urel���������
g0Hl

p ð7Þ

whereHl is layer thickness andg0 ~ g r { rlð Þ�r.
We assume the layer moves with the ice, and the draft

exceeds the layer depth. When the relative velocity of the
layer (approximately the ice velocity) exceeds the wave
speed at the interface, the ice can no longer block the flow
of fresh water downstream, the layer begins to slide under

Fig. 9. AMTV run on day 219.9 (UT). Panel descriptions as in Fig. 6. Vehicle depth was
5 m, and ice draft averaged about 1 m with several ridges of about 3 m. After traveling for 800 m
without leaving the lead (segment 1), the AMTV returned (segment 2) and continued to travel in
the positive x-direction 200 m under the ice (segment 3) before returning to the origin (segment
4). The ice velocity vector of 15 cm s� 1 is shown. The overall slope of salinity (particularly
segment 1) is incorrect as a result of the nonlinear drift in conductivity.

Ice–ocean turbulent exchange with AUVs 2299





lead, a small ice velocity, and a uniform initial velocity
profile relative to the motionless upper surface (Table 1).
The salt flux in the model lead is set approximately to the
flux estimated from the rate of decay of the fresh layer in
the lead as observed early in the storm (day 206.5 to day

210.5). This does not represent the flux from the lead
during the massive release 210.5 to 212.5 which is a factor
of 2.5 larger. Initial temperature and salinity are uniform.

After one simulated hour, a layer of somewhat fresh
water (change of 0.03) just over 1 m thick has formed in the
lead (Fig. 13). As the layer is forced past the ice ridges, an
unstable density gradient develops leeward of the ridge.
The relatively fresh plume is forced downward as it is swept
downstream, but dense, salty water remains in the ice
depressions above. The freshwater plume has a maximum
temperature in its core a few meters below the ice ridges, a
signature of the lead surface near the downstream edge.
There is strong shear in the top 5 m, particularly below the
ridge keels. Over-running of dense water over light water is,
therefore, simulated. However, overturning is not seen in
the simulated velocity field, most likely because of the
model diffusion. If the model could be run for a longer
time, it is possible the salinity gradient could increase to a
critical value at which point we could expect the model to
show convective overturn in the lee of ridges. In addition, if
the eddy viscosities could be reduced by a factor of two
without numerical instability, overturns would be expected
in the model.

This simulation suggests that horizontal variability in
heat and salt flux, combined with ice topography, may
enhance vertical mixing. The simulation in Fig. 13 may
help us understand the AMTV fluxes during the large
freshening event on days 210–215, which are not explained
by 1-D models (Hayes et al. 2001; Hayes 2003). In the

Table 1. Parameters for two three-dimensional numerical
simulations. Spin-up refers to a period such as just before day 210
of the SHEBA experiment, 1998, when the fresh layer in the lead
was shrinking. Quasi-steady refers to a period such as around day
219, 1998, when there was no freshwater layer in the SHEBA lead.
Note that the y-dimension (along-lead dimension) is much smaller
than the other dimensions, essentially eliminatingy-derivatives.

Model
parameters Spin-up Quasi-steady

Lead width (m) 80 480
Domain size (x, y, z m) (240, 4.5, 10) (1440, 9, 22.5)
Ui (m s� 1) 0.07 0.15
Lead salt flux

(10� 5 kg m� 2 s� 1) 4.8 2.0
Lead heat flux (W m� 2) 200 448
dx, dy (m) 0.5 1.0
dz (m) 0.1 0.25
dt (s) 0.5 0.5
Background Az (m2 s� 1) 1310� 5 1310� 6

Background Ax,y (m2 s� 1) 1310� 3 1310� 5

Initial velocity U�� Ui
everywhere

steady 1� D BL
solution

Fig. 13. Simulation of day 209 after 1 h with the non-hydrostatic, three-dimensional model
in two-dimensional mode. Heat and salt fluxes at the lead surface are 200 W m� 2 and 4.8 3
10� 5 kg m� 2 s� 1. See Table 1 for other simulation parameters. Salinity deviation is colored,
temperature deviation is contoured. Velocity field is also shown; only one of every 10 vectors in
the horizontal is shown. Flow is from left to right. Ice topography is at a fixed temperature and
position, and there is zero salt flux at the ice–ocean interface.
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significance test.) Thus the AMTV under-ice heat-flux
average is similar to a model transect between the depths
of 5 m and 10 m. The model salt flux at 5-m depth in the
lead approaches 1.23 10� 5 kg m� 2 s� 1upward, which is
comparable to the AMTV lead values of 1.7 3
10� 5 kg m� 2 s� 1 and 2.4 3 10� 5 kg m� 2 s� 1. The model
salt flux decays by� 50% in 100 m downstream. AMTV
observations also suggest weaker salt fluxes under the ice,
with those legs not passing the significance test.

The model ocean lost thermal energy at an average rate
of 80 W m� 2 to the ice during the run shown. The melt rate
implied over the model domain is 2.6 cm day� 1 (a salt flux
of about 20% of that in the lead). Observations of ablation
rate at the SHEBA bracket the model ice–ocean heat-flux
results. On day 218 five ice-thickness gauges from 6 m to
51 m from the lead edge (adjacent to our hut and
downstream of the lead) measured an average melt rate
of 3.8 cm day� 1, while the SHEBA camp average was

Fig. 15. Horizontal transects at surface, 5 m, and 10 m for same model run as Fig. 14. The lead is the 480-m-wide segment
beginning at 240 m. Ice topography of Fig. 14 is present in regions indicated with a thick black line. The ocean is moving from left to
right relative to the ice surface.
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