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Abstract Sea-ice elevation profiles and thickness measurements have been collected
during summer 2011 in the Central Arctic. These two different data sets have been
combined in order to obtain surface and bottom topography of the sea-ice. From the
bottom profile, the keels of ridges are detected. Then, a parameterization of oceanic
drag coefficients that accounts for the keels depth and density is applied. The calcu-
lated oceanic drag coefficients are highly variable (between about 2 ·10−3 and about
8 · 10−3) within the range of observed values. In order to estimate the contribution
of variable drag coefficients on the Ekman pumping, the calculated drag coefficients
are used in a idealized model experiment, where sea ice is drifting at constant ve-
locity on an ocean at rest. The resulting variations of the Ekman vertical velocity
are in the same order of magnitude as for variable ice velocity at the surface. In
most state-of-the-art general circulation models, the variations of drag coefficients
are not taken into account. The simple experiment carried out in the present study
suggests that neglecting this contribution can lead to an incorrect representation of
the momentum exchange between ice and ocean and to an underestimation of the
Ekman pumping, with consequences for the large scale ocean circulation.
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1 Introduction

The sea ice in the Arctic Ocean has a surface and bottom topography that is char-
acterized by many different scales from small hummocks and piles of ice to large
ridges. A pressure ridge consists of a part that extends into the atmosphere (sail) and
a part that extends into the ocean (keel).

The sails are usually above one meter, sometimes they can be as high as 2 m. In
order to satisfy the hydrostatic equilibrium, the keels usually extend much deeper
into the ocean and may reach depths of 30 m [17]. The formation of these topo-
graphic features depends on the ice motion. In particular, large pressure ridges are
formed when the ice is exposed to strong convergence.

The main forces that govern the ice motion are the internal forces [21], the local
winds and the ocean currents [24]. In the momentum balance equation that describes
the ice motion, the interactions between air, ice and water are parameterized by drag
coefficients. These drag coefficients must account for sea ice surface characteristics
on the near-surface transport of momentum. The sea ice surface is spatially and
temporally inhomogeneous and thus we can expect spatial and temporal variations
of the drag coefficients as well.

Many studies addressed the dependence of the drag coefficients on the surface
topography of the ice. In particular, for the atmospheric drag coefficients, parame-
terizations for numerical models have been developed (see, e.g., [3], [5], [13], [14],
[15]). In these parameterizations the atmospheric drag coefficients are a function
of surface characteristics of the ice (i.e., melt ponds, pressure ridges, floe edges).
Only very few studies focused on the oceanic drag coefficients. Among these few,
the studies by [22] and [23] relate the drag coefficients to the roughness of the ice,
whereas in [12] the oceanic drag coefficients are expressed as a function of ob-
servable geometric parameters of the sea ice such as the depth of keels, the mean
separation between ridges, and the floe edges.

The momentum transferred by wind or ice to the ocean is redistributed by verti-
cal turbulent mixing from the surface to a certain depth. The layer with turbulence,
that is where the vertical variations of the surface stress are not negligible, is called
the Ekman layer. The fluxes of momentum lead to the formation of a velocity field
in the surface layer of the ocean. Associated with the induced velocity is the ver-
tical Ekman pumping (when directed upwards) or Ekman suction (when directed
downwards). The Ekman pumping (suction) depends on the wind stress applied at
the upper surface and represents the amount of volume pumped from below into (or
from above out of) the Ekman layer. It was also shown ([18]) that variations in Ek-
man pumping affect the depth of the 34-isohaline with consequences for the entire
ocean circulation. In most state-of-the-art global circulation models, the stress at the
ice-ocean interface depends on the variability of the wind field, while variations in
the drag coefficients are usually not taken into account. In the present study we cal-
culate oceanic drag coefficients as function of observed ice topography. These drag
coefficients are then used to illustrate the effects on Ekman pumping when only the
spatial variations of the oceanic drag are considered.
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2 Data and Methods

The data used for this study were collected by helicopter flights over the Arctic
Ocean during a campaign with the ice breaker RV Polarstern in summer 2011. The
map with the tracks along which the data have been collected is shown in figure 1.

During the campaign, two different types of data have been collected: sea-ice
surface elevation profiles using a laser altimeter and sea-ice thickness using the so-
called ’EM-bird’. The laser altimeter profiles are collected using a Riegel LD90-
3100HS that was introduced in 2001. This instrument has a wavelength of 905 nm,
a sampling frequency of 100 Hz and an accuracy of ± 1.5 cm. The point spacing is
about 30-40 cm. The profiles recorded by the laser altimeter show an altitude varia-
tion due to the surface roughness of the ice and a variation, at a lower frequency, due
to the movement of the helicopter. In order to remove this movement, a combination
of low and high pass filters is used [8].

The ’EM-bird’ is a device to measure the sea ice thickness directly using elec-
tromagnetic induction ([6], [7]). The EM-bird contains two coils for transmission
and receptions of electromagnetic fields and can measure the distance between the
instrument and the ice-ocean interface by using the electromagnetic field generated
by induction in the conductive sea water. In addition, a laser altimeter (as described
above) gives the distance of the instrument to the surface (ice or snow), hence the
thickness is obtained by the difference between laser and EM measurements. The
sea-ice thickness is sampled at 10 Hz, which leads to an average point spacing of∼4
m. The footprint of the instrument is about 40 m ([11], [20]). Ice thickness samples
thinner than 0.1 m are considered as open water. Since sea ice surface and underside
profiles are recorded at the same time we can have a complete description of the ice
topography on the surface and underneath the ice.

In order to obtain information about the bottom topography of the ice, in each
point where both measurements are available, the thickness recorded with the EM-
bird is subtracted from the filtered laser altimeter profiles. The spatial resolution is
lower than the one for the upper surface (30-40 cm) since the thickness measure-
ments are recorded every ∼4 m. A routine is then applied to the filtered profile to
select minima that are deeper than a certain threshold value. The procedure is the
same as used in many other studies for the detection of sails from surface ice profiles
(e.g. [26] and [19]). Values ranging from -5 m to -9 m can be used as thresholds for
keel detection ([29], [4]). Here we assume a sail height to keel depth ratio of 4 [25].
In many studies by, e.g., [19] and [26] a sail height of 0.8 m is used as threshold
value for the identification of sails. This gives a threshold value for the keel depth
equal to -3.2 m. Since the EM-bird underestimates the real thickness of ridges by up
to 50-60% [6], we finally choose a cut-off depth of -1.5 m. Moreover, two adjacent
keels have to satisfy the Rayleigh criterion: the minima points must be separated by
a point whose depth is less than half of the depth of the keel in order to be resolved
as separate entity ([9], [28], [27]). An example of a final profile is shown in figure 2.
The depth of the keels that are detected and shown in figure 2 are then multiplied by
a factor of 2 in order to account for the systematic underestimation of the maximum
draft by a factor of 2 due to the EM technique ([16], [6]).
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Fig. 1 Map of the Arctic Ocean with the location of the laser altimeter and EM-bird measurements.
The red circle encloses the measurements taken in the area that in the present study is referred to
as the Central Arctic.

3 Calculation of Oceanic Drag Coefficients

In order to calculate the oceanic drag coefficients we make use of a parameterization
presented in [12]. This parameterization is based on a partitioning concept that was
already introduced for atmospheric drag coefficients in [1] and [2]. The parameter-
ization in [12] distinguishes between the influence of small scale roughness (skin
drag) and larger obstacles such as the keels associated with ridges and the edges of
the ice floes (form drag). Since we focus our analysis on areas with 100% sea-ice
cover, the contribution of floe edges can be neglected.

The oceanic drag coefficient cw is then the sum of the skin drag cw
s and the form

drag due to ridges cw
r:

cw = cw
s + cw

r. (1)

The drag contributions, in the case of sea-ice concentration A equal to 1, are calcu-
lated as following:
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Fig. 2 An example of a sea ice profile of ca. 35 km length. The black line shows the upper sur-
face profile obtained by the filtered laser altimeter data. The light blue line represents the bottom
profile of the ice obtained by subtracting the thickness from the laser altimeter profiles. The circles
represent the detected keels. The depth of the keels is then multiplied by a factor of 2 as described
in section 2.

cw
s =Cs

(
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Dr

)
, (2)

cw
r =
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πDr
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Hr

Dr

)1/2
]2

. (3)

Hr and Dr are the mean depth of the keels and the mean separation between them
respectively. The remaining constants are: m = 1, Cr = 0.5 and Cs = 2×10−3.

For the calculation of the drag coefficients we need to compute the mean depth
of the keels Hr and the mean separation Dr between them as obtained from the
available data. We focus on the Central Arctic region (see figure 1). There, we have
320 profiles. The length of each profile varies between ca. 10 km and 30 km for a
total of more than 700 km of data. For each profile we detect the keels as described
in section 2 and we calculate the mean depth and the mean spacing between them.
With this information we can calculate the drag coefficients for each profile. The
results are shown in figure 3.

Only a few measurements of oceanic drag coefficients are available for compar-
ing the results obtained with equations 2 and 3. [12] showed (see their Table 1) that
oceanic drag coefficients can vary from 1 ×10−3 to even 22 ×10−3. Our calculated
values lie within this range. We stress that the oceanic drag coefficients vary strongly
with the sea-ice topography and that the choice of a constant value used in global
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circulation models might imply a bias in the estimation of the momentum exchange
between the ice and the ocean.

Fig. 3 Values of the oceanic drag coefficients cw calculated for the Central Arctic. The red line
represents the mean value.

4 Ekman pumping

Ekman pumping in the ocean depends on the spatial variation of the stress applied at
the surface. This spatial variation is a consequence of variations in both the velocity
field and the drag coefficients. In this section we want to evaluate the contribution
to the Ekman pumping that is caused only by variations of the drag coefficients.
We thus set up a very simple experiment. 32 grid cells aligned along y, each 20 km
wide, form a domain of 20 km × 640 km. This domain is covered completely with
sea ice (100 % sea-ice cover). The surface and bottom properties of the ice are
varying from one cell to the other, so that the drag coefficients are also different.
In particular, to each grid cell we assign a value for the drag coefficient that was
calculated (see section 3) on the basis of real sea-ice topography. We assume that
the ice is in motion along x with a constant velocity vice = 0.05 m/s while the ocean
is at rest. We then compute the Ekman pumping with:

wE = ẑ ·∇× τ

ρ0 f
, (4)
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where ρ0 is the mean density of the sea water, τ is the stress at the surface, f is the
Coriolis parameter. The stress term τ is given by:

τ = ρ0cw|vice|vice. (5)

The formulation (equation 4) of the Ekman vertical velocity is only valid for large
domains in a steady state and our 20 km grid axes may be too small. Nevertheless
we can use such a simplified formulation because we are not primarily interested in
quantifying the Ekman pumping, but we would like to illustrate the importance of
variations in the value of oceanic drag coefficients alone on the Ekman pumping.
The results of our calculations are shown in figure 4. In this simple experiment there
would not be Ekman pumping if the drag coefficient were constant in the whole
domain. The range of variations of the vertical velocity is between -20 cm/day and
30 cm/day. Simulated variations in the Ekman vertical velocity based on variations
of the surface stress when no keels are taken into account are shown in [18] (their
figure 6): Here the range of variations of annual mean vertical velocities over differ-
ent regions in the Arctic is between -5 cm/day and 3 cm/day. In [18] the variations
in the ocean-surface stress are caused by variations only in the wind field and not by
variations in the drag coefficients. In our study we see a much higher variation than
in [18] but we stress once more that their result shows variations averaged over the
entire basin while here we focus on local variations.

From the results of this calculation we can conclude that the variations in Ekman
pumping associated with variable oceanic drag coefficients is at least in the same
order of magnitude as the variations due to changes in the surface velocity of the
ice. Even though the strong local effect might be damped when averages are taken
over a larger area, we can still assume that the effect will remain of the same order
of the velocity variations shown by [18]. Thus we speculate that the presence of dif-
ferent sea-ice regimes on a large scale may induce a basin-scale variation in Ekman
pumping that then would have consequences for the Ekman transport and the large
scale ocean circulation. Numerical experiments and simulations with large scale sea
ice-ocean models could help to investigate the effect on an Arctic basin scale ocean
circulation.

5 Summary and Conclusion

Airborne altimetry and EM-bird observations have been used in the present study to
reconstruct the surface and bottom topography of the sea-ice.

From the obtained profiles we detected the keels and calculated keel mean depth
and keel mean separation along profiles of different length. This information is then
used to calculate the oceanic drag coefficients. These coefficients are calculated by
applying a parameterization presented in [12] to a hypothetical situation of 100%
sea-ice cover. The calculated drag coefficients are in the range of values obtained by
in-situ observations. The range of variability is large and this suggests that the choice
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Fig. 4 Ekman pumping calculated for the idealized situation described in section 4.

of a constant drag in sea-ice numerical models might lead to a misrepresentation of
the actual ice-ocean momentum transfer.

The calculated oceanic drag coefficients have been used for a rough calculation
of Ekman pumping. The results provide an insight into the expected magnitude of
Ekman pumping caused by the variability of the oceanic drag coefficients. The up-
per layer vertical velocity generated by variations in drag coefficients is on the same
order of magnitude as for variable ice velocity at the surface. In order to better un-
derstand the importance of the variable drag coefficients on the large scale oceanic
circulation, Pan Arctic simulations with global circulation models are required. The
results shown here suggest that neglecting the contribution of variable oceanic drag
coefficients in the momentum transfer between ice and ocean can lead to consider-
able errors in numerical models or data analysis.
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