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Abstract
The Climate extension of the Weather Research and
Forecasting model (CWRF) is being coupled with the Los
Alamos Sea Ice Model (CICE) to simulate sea ice and
climate variations over the Arctic. This study presents the
development of the coupling interfaces and procedures.
For the purpose of evaluation and initialization, the CICE
is run in a standalone mode over an extended Arctic
domain at 50 km grid spacing. The NCEP-DOE AMIP II
reanalysis during 1981-1985 are used to drive the CICE.
It is shown that the CICE captures the basic spatial
distributions and temporal variations of Arctic sea ice
cover, except for a general overestimation. The
overestimation may result from cold biases in the
reanalysis, satellite underestimates, or the lack of surfaceatmosphere interactions in the standalone mode. The
coupled CWRF-CICE integration will facilitate the study
on how the downscaling improves the representation of
the regional circulation and surface energy budget, and
hence local sea ice and climate changes over the Arctic.
Introduction
The Arctic is a region of critical importance and
vulnerability to global climate variability and change
(Randall et al. 1998, Serreze et al. 2000, Oechel et al.
2000, IPCC 2001). It involves complicated interactions
between atmosphere, land, sea ice, and ocean processes
with positive and negative feedbacks that are not fully
understood. To better address challenging scientific issues,
several regional climate models (RCMs) have been
developed for Arctic applications (Walsh et al. 1993,
Lynch et al. 1995, Dethloff et al. 1996, Jürrens 1999, Wei
et al. 2002). Among these, the Arctic Region Climate
System Model (ARCSyM, Lynch et al. 1995, 1997, 1998,
1999) is the single available fully-coupled RCM that
integrates the hydrostatic MM4-based RegCM2 (Giorgi et
al. 1993) for atmosphere, the LSM (Land Surface Model,
Bonan 1996) for land, a sea ice model accounting for both
thermodynamics (Parkinson and Washington 1979,
Schramm et al. 1997) and dynamics (Hunke and
Dukowicz 1997), and a primitive-equation ocean model
(Mell and Kantha 1989, Kantha and Clayson 1994, Bailey
et al. 1997). The ARCSyM has since been widely used in
various studies of sea ice (e.g., Wu and Lynch 2000,
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Maslanik et al. 2000, Rinke et al. 2000, and
references therein).
Meanwhile, individual components of the ARCSyM
have been substantially improved in both physics
representation and supercomputing capability. In
particular, the next-generation Weather Research and
Forecasting model (WRF) is being developed by a
broad community of government and university
researchers (Klemp et al. 2000, Michalakes 2000,
Chen and Dudhia 2000, http://www.wrf-model.org/).
Since the WRF is built upon the most advanced
supercomputing technologies and promises greater
efficiency in computation and flexibility in new
module incorporation, it will eventually supercede
the MM5 (an advanced, non-hydrostatic version of
the MM4). To extend its capability for applications
on regional climate scales, we have developed the
CWRF (see Liang et al. 2004 for an introductory
description). The CWRF has incorporated the stateof-the-art Common Land Model (CLM, Dai et al.
2003) with numerous crucial updates for land
processes, and is currently being coupled with the
latest Geophysical Fluid Dynamics Laboratory
Modular Ocean Model (MOM, Griffies et al. 2003)
and Los Alamos Sea Ice Model (CICE, Hunke and
Lipscomb 2002) to predict ocean temperature,
salinity, current and sea ice distributions. When fully
developed, the coupled system will be an alterative,
and most likely an improved one, of the ARCSyM.
This study presents the development of the coupling
interfaces and procedures between the CWRF and
CICE, focusing on preliminary evaluation and
initialization, where the CICE is run in a standalone
mode.
CWRF and CICE Description
The WRF was originally designed mainly for
numerical weather predictions (NWP) and not
expressly for climate studies. To extend its capability
for applications on regional climate scales, we have
developed the CWRF with four crucial characteristics
to improve: [1] planetary-mesoscale interaction by
including an optimal buffer zone treatment that
integrates realistic energy and mass fluxes across the
lateral boundaries of the RCM domain (Liang et al.

2001);
[2]
surface-atmosphere
interaction
by
incorporating new physics modules for planetary
boundary layer, land surface and terrestrial hydrology as
well as observed variations or dynamic predictions of
vegetation, ocean and sea ice; [3] convection-cloudradiation interaction by implementing fully-coupled, new
physical parameterizations for cumulus, cloud
microphysics, cloud formation, and radiative transfer; and
[4] system consistency throughout all process modules by
utilizing unified water vapor saturation and solar zenith
angle functions, common physical constants and coherent
tunable parameters.
The concept of the CWRF is in its emphasis on the
“extension” of the WRF. This extension incorporates
inclusively all WRF functionalities for NWP while
enhancing the capability for climate applications. As such,
the CWRF can be applied for both weather forecasts and
climate predictions. This unification offers an
unprecedented opportunity to develop, test, and verify
new physical parameterizations of unresolved processes,
identify their systematic errors, and eventually improve
them over a wide range of frequencies from weather to
climate scales. A series of papers are being prepared to
document details of the CWRF formulations and skills in
weather forecasts and climate predictions. The first of the
series depicts the construction and implementation of
surface boundary conditions, where the CWRF concept
and its major modules representing surface-atmosphere
interactions are briefly described (Liang et al. 2004).
The CICE integrates several interactive components
(Hunke and Lipscomb 2004), including an energyconserving thermodynamic model that computes local
growth rates of snow and ice due to vertical conductive,
radiative and turbulent fluxes, along with snowfall (Bitz
and Lipscomb 1999); an elastic-viscous-plastic model
(EVP) of sea-ice dynamics (Hunke and Dukowicz 1997,
Hunke and Dukowicz 2002) predicting the ice velocity
and deformation rates; an incremental remapping
transport scheme describing the advection of the real ice
concentration, volume and thermodynamic properties
(Lipscomb and Hunke 2004); and a ridging
parameterization that transfers ice among five thickness
categories based on energetic balances and strain rates
(Thorndike et al. 1975).
CWRF and CICE Coupling
To couple with the CWRF, the CICE coding structure has
been modified to follow the WRF standard, which adopts
a layered software architecture promoting modularity,
portability, and software reuse (Michalakes 2000). The
architecture consists of three distinct model layers: a
solver layer that describes the core of a dynamic or
physical representation, a driver layer that is responsible
for allocating and deallocating space and controlling the
integration sequence and I/O, and a mediation layer that
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communicates between the driver and model layers.
The WRF incorporates a flexible approach for
parallelism through a two-level decomposition in
which the model domain may be subdivided into
patches that are assigned to distributed-memory
nodes and then may be further subdivided into tiles
that are allocated to shared-memory processors
within a node. This approach addresses all current
models for parallelism: single processor, shared
memory, distributed memory, and hybrid. The WRF
has a built-in Registry mechanism, which is invoked
at compile time to automatically generate interfaces
between the driver and model layers in the software
architecture, calls to allocate state fields within the
derived data type representing the computational
domains, communicators for various halo exchanges
used in the different dynamical cores, and calls to the
WRF input/output application program interface (I/O
API) for initial, restart, and history I/O.
The original CICE source code contains over 30 files,
having more than 120 subroutines/functions. All
variables are defined with the global dimensional
sizes; their I/O uses in individual subroutines/
functions and information exchanges between them
are not explicitly declared; and the parallel
processing is implemented with the MPI message
passing called in each subroutine as needed. We have
combined all files into a single package that consists
of 4 principle modules called in the sequential order:
initial, thermodynamic, dynamic (EVP and transport),
and ridging. The initial and dynamic modules require
specific halo structures for I/O variables depending
on adjacent grids, while the other two using only
local fields have none. Because the time-steps for the
thermodynamic and dynamic modules often differ,
the separation facilitates their easier implementation
into the WRF mediation layer. All key parameters
and predictive or diagnostic variables are defined in
the Registry with the global dimensional sizes
specified by the domains as well as their respective
halo structures if required. Intermediate variables
without I/O are declared as local working space with
exact array size bounds as needed.
In addition, the original code does not consider the
mapping projection factors. For a full, consistent
coupling with the CWRF, the mapping factors for
various projections are incorporated. For example,
the continuity equation is now written as:
∂ρ
∂t

+m

2⎧

∂ ⎛ ρu ⎞ ∂ ⎛ ρv ⎞ ⎫ ∂
⎨ ⎜ ⎟ + ⎜ ⎟⎬ + (ρw) = 0
⎩ ∂x ⎝ m ⎠ ∂y ⎝ m ⎠⎭ ∂z

where ρ is ice concentration, ( u , v, w ) ocean current,
and m the map scale factor from the CWRF.

Domain and Experiment Design
The testing domain is designed to include the Arctic
region that has available data measured by the Scanning
Multichannel Microwave Radiometer (SSMR) on board
the Nimbus-7 satellite (http://geochange.er.usgs.gov/pub/
sea_ice/). It has 168×235 grids at 50 km spacing, using a
polar stereographic map projection centered at 90°N,
45°W. The domain covers an extended area where most
of the Arctic sea ice presents.
The CICE simulation starts from rest, where ice cover and
thickness are prescribed depending on the initial input of
sea surface temperature and salinity distributions.
Monthly mean sea surface temperature, salinity (Steele
and Ermold 2001), and current (Mariano et. al. 1995) data
are available at a global 1° longitude-latitude grid mesh.
They are specified as initial or surface boundary
conditions, linearly interpolated in time during the entire
integration. The NCEP-DOE AMIP II reanalysis (R-2,
Kanamitsu et al. 2002) during 1981-1985 at 2.5° grid
spacing and a 6-hourly interval are used to drive the CICE.
All data were linearly mapped onto the CWRF grid. In
this standalone simulation, ice-free is assumed in the
lateral buffer zones. To achieve a quasi-equilibrium in
initialization, the CICE integration driven by the 1981
time-varying conditions is repeated (i.e., cycling
throughout the year) for 5 years. After this perpetual run,
a full integration begins where the driving conditions vary
as observed during 1981-1985. The integration is repeated
for a 2nd cycle, whose result shows small differences from
the 1st cycle, indicating that a quasi-equilibrium state has
been reached.
Results and Discussion
The Arctic sea ice cover reaches a maximum in March
and a minimum in September. Figure 1 compares 19811985 averaged March and September mean sea ice cover
distributions between SSMR measurements and CICE
simulations. In general, the CICE captures well the ice
formation and melting processes during the year. The
model seems to overestimate the rates for both processes,
producing more extensive ice over in September and less
in March. On an annual average, the CICE has sea ice
cover over 11.64×106 km2, which is more than the SSMR
value of 8.97×106 km2. On the other hand, the in situ data
(see Fig. 2.15 of IPCC 2001) shows an ice extent of
approximately 12×106 km2. We are not certain what is the
ground truth since the extent, assuming binary ice cover,
does not consider leads (the presence of open water
within an ice pack), causing an overestimation, while
SSMR may also be biased to underestimation as derived
from the SSM/I algorithm, especially during melting
seasons (Steffen et al. 1992).
Several additional uncertainties may attribute to the CICE
and SSMR differences. First, the R-2 uses a coarse
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resolution, where sea ice is defined as binary. The
driving meteorological conditions based on the R-2
may likely contain cold biased in winter, leading to
more ice cover in the model. Sensitivity experiments
with different reanalyses as the driving conditions
and comparisons with the POLES surface air
temperature data (Martin and Munoz 1997) are in
progress to determine the existence of R-2 cold
biases and its impact. Second, the sea surface
temperature, salinity, and current distributions are
long-term climatological means at a coarse resolution,
and may not represent the real conditions during
1981-1985, especially over the sea ice margins.
Given that the CICE predicts sea surface temperature
variations in a mixed-layer ocean as a result of the
energy balance driven by the R-2 reanalysis, the sea
surface temperature input may not be important. We
anticipate that the sea surface current is a sensitive
driving factor, the uncertainty of which is large.
Third, in the standalone mode, the lack of surfaceatmosphere interactions may cause the CICE to
overestimate the sea ice formation, as we have
experienced in global model simulations. All these
issues will be more thoroughly studied by applying
the CWRF that fully coupled with the CICE and
MOM.
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Figure 1. Sea ice area cover (%) simulated by CICE (left) and observed by SSMR
(right) in March (top) and September (bottom) averaged during 1981-1985.
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