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[1] Simulated CryoSat ice thickness measurements have been assimilated into a coupled
ice-ocean model to examine the impact in Arctic ocean prediction systems. The model
system is based on the HYbrid Coordinate Ocean Model (HYCOM) and the EVP ice
rheology, and the data assimilation method is the Ensemble Kalman Filter (EnKF). It is
shown how ocean salinity, surface temperature, and ice concentration fields are affected by
the ice thickness assimilation, and how these fields are improved relative to a free-run
experiment of the model. The ice thickness assimilation primarily affects the surface
properties of the ocean. By running two different assimilation experiments, it is shown
how the choice of stochastic forcing is crucial to the performance of the assimilation.
Specifically, it is shown how stochastic wind forcing is important to correctly describe
model prediction errors, which are important for the data assimilation step. The
assimilation experiments illustrate how the ice thickness observations can have a strong
impact on the ice thickness estimates of the model system. The manner in which the EnKF
forcing is set up is crucial, but with the correct setup, the assimilation of ice thickness
measurements could have a beneficial effect on the modeled ice thickness and ocean
fields.
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1. Introduction

[2] Sea ice is an important component of the climate. The
presence of sea ice has a strong impact on the exchange of
momentum, moisture and heat between the ocean and
atmosphere. The high albedo of sea ice means that it affects
the net short wave radiation input to the earth. Sea ice is also
important for the formation of deep waters at high latitudes,
and subsequently for the thermohaline circulation of the
world oceans [Aagaard and Carmack, 1989; Roach et al.,
1993; Visbeck et al., 1995; Marshall and Schott, 1999]. In
addition, knowledge of the sea ice is important for oper-
ations close to the ice edge. This makes the ability to
accurately forecast sea-ice parameters important for the safe
operation of fisheries and offshore industries.
[3] At present, ice concentration is the most frequently

observed property of sea ice. Data from airborne passive
microwave sensors has given good information on the areal
coverage of sea ice since the late 1970s. Information on sea
ice thickness has been more sparse, with measurements by
upward looking sonar mounted onboard British and US
submarines serving as the most comprehensive data set,

with data available from the 1950s to the 1990s. The data is,
however, sparsely sampled in time and can only give ice
thickness estimates along cruise tracks in the Arctic. A clear
picture of the sea ice cover and its impact on climate is hard
to obtain until more frequent sampling of the ice thickness is
possible.
[4] The recent launch of the ICEsat satellite mission of

NASA will therefore be a valuable addition to our current
sea-ice observing capabilities. This satellite has shown
potential for estimating sea ice freeboard, which, when
compared with snow depth estimates, may be used to obtain
ice thickness [Forsberg and Skorup, 2005]. This satellite
uses laser to measure the freeboard of the sea ice, and gives
an indication of sea ice thickness. A similar satellite
mission, CryoSat, was launched by ESA in October 2005,
but unfortunately this satellite failed before entering orbit.
That mission planned to use satellite altimetry techniques to
estimate freeboard of sea ice, a technique demonstrated by
Laxon et al. [2003], and further improved for CryoSat. A
replacement mission for the failed CryoSat is now scheduled
for 2009.
[5] Aside from the important climate information provided

by the thickness measurements, the data sets will also be
important for validating sea ice models. As shown by
Rothrock et al. [2003], there is considerable variability
among different sea-ice model results presented in the
literature. The ice models tend to show agreement on certain
features, for instance the decline of sea ice thickness in the
1990s. On the other hand, they differ considerably in detail.
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The inability of many sea ice models to properly represent
annual variability has also been noted by Laxon et al. [2003].
[6] The assimilation of sea ice variables can be used to

produce improved estimates of the sea-ice cover, as was
shown by Lisæter et al. [2003], where sea ice concentration
derived from passive microwave sensors were used. That
work demonstrated how assimilation of sea-ice concentra-
tion can improve the sea-ice variables, mainly by control-
ling the location of the ice edge. The multivariate
assimilation of sea ice concentration also affected the ice
thickness, but since this happened primarily along the ice
edge, the changes to the ice mass budget in the Arctic were
small. In another study, Lindsay and Zhang [2006] found
that the assimilation of ice concentration improved ice draft
RMS errors and correlation between observations and
modeled ice draft. However, the ice thickness bias was seen
to increase after the assimilation, owing to how ice was
introduced/removed in their experiment.
[7] The two studies mentioned above illustrate that it is

beneficial to improve model ice thickness through data
assimilation, both in uni- and multi-variate assimilation
schemes. An interesting approach to improve sea-ice thick-
ness in models is to use the information available from the
sea-ice drift. The study ofMeier et al. [2000] illustrated how
sea-ice thickness could substantially change owing to the
assimilation of ice drift. In another study, Zhang et al.
[2003] assimilated sea-ice drift into their model and com-
pared against ice thickness measurements from submarine-
mounted sonars. They found that ice drift assimilation led to
a reduced ice thickness bias, and an improved correlation
between modeled and observed ice thickness in the Arctic.
[8] The direct assimilation of ice thickness is not yet

possible on a regular basis owing to the lack of data. With
future observation systems in mind, the present study will

examine the potential for assimilating sea ice thickness
observations in coupled sea-ice/ocean models. Using avail-
able observations, data assimilation gives an improved
model estimate by combining model values and observa-
tions. Data assimilation can be used to produce historical
model estimates (reanalysis), or to produce improved model
forecasts. Two data assimilation experiments will be carried
out using synthetic sea ice thickness estimates, which mimic
error statistics from sensors which were on board the
CryoSat satellite. The results from the data assimilation
experiments and the impact it has on the coupled ice-ocean
model should be useful for future sea-ice prediction systems.
[9] The experiments done in this work use the Ensemble

Kalman Filter [Evensen, 1994, 2003, 2004] to assimilate
synthetic sea ice thickness data into a coupled ice-ocean
model. In this approach, both the state of the ocean and the
ice are modified by the assimilation. We will investigate the
effect of assimilating ice thickness over a 1-year period.
Also of importance is the setup of the stochastic forcing in
the experiments. The stochastic forcing is introduced to
increase the ensemble spread, and its effect will be inves-
tigated in the different data assimilation experiments.
[10] This work is presented as follows: In section 2 the

ocean/sea-ice model is presented, which is followed by a
short description of the EnKF in section 3. The generation
of the synthetic ice thickness fields is presented in section 4
and the setup of the experiments is described in section 5.
Section 6 discusses the assimilation runs and how well they
perform compared to a model run without assimilation. We
also look at the impact of individual assimilation updates to
the model fields, as well as the cumulative effect of the data
assimilation. This section also discusses the setup of the
random forcing used by the EnKF and how this affects the
results. The study is summarized in section 7.

2. Model Setup

[11] The ocean model used is the HYbrid Coordinate
Ocean Model (HYCOM) [Bleck, 2002], which is based on
the Miami Coordinate Ocean Model (MICOM) [Bleck and
Smith, 1990]. The MICOM model uses density as the
vertical coordinate. The main advantage of isopycnic coor-
dinates lies in their ability to maintain the properties of water
masses which do not communicate directly with the surface
mixed layer. In the interior of the ocean, mixing is believed
to mainly occur along neutral surfaces [Montgomery, 1938],
which for most situations are relatively close to isopycnic
coordinate surfaces.
[12] A major change in HYCOM relative to MICOM is

the introduction of hybrid coordinates, which makes it
possible to mix s-, z-, and isopycnal coordinates. This
approach allows for high vertical resolution z-layers close
to the surface of the ocean, and makes it easier to use
advanced vertical mixing schemes in HYCOM, such as the
K-Profile Parameterization [KPP; Large et al., 1994] which
is used in this study.
[13] The model grid has a resolution focus in the Nordic

Seas with closed boundaries in the Bering Strait and the
South Atlantic (see Figure 1). It was created with the
conformal mapping tools of Bentsen et al. [1999], and has
grid sizes ranging from 100 to 150 km in the Arctic. The
vertical discretization consists of 22 isopycnal layers, with

Figure 1. Illustration of the model grid. Every second grid
line is shown; also shown is the location of a section
referred to in the text (black line in the Arctic).
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