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1. Introduction

Various observational and modeling studies
have noted several prominent changes in the
Arctic climate system over the past few decades.
A decline of sea ice volume (e.g., Rothrock et al,
1999) has been hypothesized to be related to an
amplified global warming in the Northern
Hemisphere (e.g., Manabe and Stouffer, 1994).
Also, average sea level pressure has dropped
over the central Arctic during the past few decades
(Walsh et al., 1996). Concurrent with the
decreasing sea ice extent, and changing air
circulation patterns, there have been positive
trends in the frequency and cyclonic storms in high
latitudes (e.g., Serreze and Barry, 1988).
McCabe et al.,, 2001 also suggest that the
increase in high latitude cyclone frequency,
associated with a northward shift of storm tracks,
is a regional trend for the Arctic under conditions
of global warming. This implies that interactions
between Arctic storms and the large-scale
circulation may play an important role in the
evolution of a global warming scenario in high
latitudes.

As such, studies of the development
processes within Arctic storms, as well as their
interaction with the background atmospheric
circulation, land surface, sea ice and ocean, are
needed. In our work we plan to investigate these
guestions with a coupled modeling system
denoted the “Arctic MM5”. The Arctic MM5
includes land surface, thermodynamic sea ice and
ocean mixed layer components coupled to the
atmosphere. In this paper, we briefly describe
aspects of the model and evaluate the Arctic MM5
performance on the simulation of two Pacifc/Arctic
cyclonic storm systems.

In the following section we first describe
aspects of the Arctic MM5 system. The
simulations of the Arctic storms used as case
studies will be given in section 3, with a brief
discussion in section 4.

2. The Arctic MM5 Model

2.1. General Comments

As noted above, the Arctic MM5 model
includes an atmospheric model, the PSU/NCAR
MMS5 (e.g., Grell et al 1994) that has been coupled
to land surface, sea ice and ocean mixed-layer
models: (1) a version of the land surface model
NOAH (e.g., Mitchell et al., 2002), (2) a
thermodynamic sea ice model (Zhang and Zhang,
2001) and (3) an ocean mixed layer model
(Kantha and Clayson, 1994).

The NOAH land surface model includes cold
season processes such as the spatial and
temporal variability of the snowpack as well as
frozen soils. A detailed description of the NOAH
model NOAH-LSM, and its coupling to the
PSU/NCAR MM5, have been given of Chen and
Dudhia (2001), Mitchell et al. (2002) and Koren et
al. (1999). We refer the reader to these papers for
details on the NOAH scheme.

2.2. Sea Ice and Mixed Layer Models

The thermodynamic sea ice model (Zhang
and Zhang, 2001) predicts changes in sea ice
concentration and sea ice temperature. As briefly
noted in Zhang et al (2001) and Zhang and Tilley
(2002), the treatment of sea ice thermodynamics
is similar to that in both Hibler (1979) and
Parkinson and Washington (1979). Sea ice
thickness h and concentration A at a grid cell are
described by the following equations:
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where hg = thickness of new sea ice (= 0.2m ).

Superscript “0” represents new ice forming over
open water while superscript “1” represents growth
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ice growth or melt, is determined from an energy
balance calculation:
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where qg is the latent heat of fusion for ice

(Values for constants are provided in Appendix
A).

H, has different definitions depending on
the surface types:

Hp =Ht, = net surface energy flux, open ocean
Hp = Htj = net surface energy flux, bare sea ice

Hp =Gj = conductive heat flux within snow-
covered sea ice

Details on Ht,, Hyi and G; are given in Appendix B.

Hy is the turbulent heat flux between the

sea ice bottom surface and the ocean, formulated
following Ebert and Curry (1993):
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where po is the ocean water density, cy, the
ocean specific heat, C; a bulk transfer coefficient
and T; the freezing temperature. T, is the ocean

temperature which is calculated by the ocean
mixed layer model.
The snow surface temperature Ts and the

sea ice surface temperature T; need to be defined

to close the equation set. A Newton/Raphson
iterative scheme is used to obtain T and T; from

surface energy balance. When there is no snow
cover on the sea ice, Tj is calculated by

linearizing the sea ice surface energy balance as:
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where T", T;"! are the sea ice surface

temperatures at the current iteration step and

n-1

previous step, respectively. Hr; is the sea ice

surface net energy flux calculated with Tin‘l. a

and b are constants used in the specific humidity
computation.

When the sea ice is snow-covered, a similar
relation is used to obtain Tg:
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where T", T and H; ! are defined

analogously to their counterparts in (7).

The interface between snow and sea ice has
a balance between the conductive fluxes of snow
and sea ice:
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Using (7) and (8), we have:
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Thus from (1)-(10), the changes of sea ice
thickness and concentration, sea ice/snow
temperatures and flux exchanges between the
atmosphere and the surface can be predicted.

The ocean mixed layer model predicts the
change of ocean temperature T, , salinity, density,

mixed layer depth as well as heat flux exchanges
between the ocean and the sea ice. T, is used in

the calculations of Hy, and Hy in the sea ice

model. The mixed layer model (hereafter denoted
MLM) employed in the Arctic MM5 is the second-
moment closure model developed by Kantha and
Clayson (1994). This MLM model is based on
Mellor-Yamada'’s second-order turbulence closure
with improved parameterizations of pressure
covariance terms and the inclusion of shear
instability-induced mixing in the strongly stratified



region below the ocean mixed layer. The
governing equations of the MLM model include
conservation laws for mass, momentum, and
scalar mean quantities as well as conservation
relations for second-order turbulence quantities,
Reynolds stress, turbulent heat fluxes and the
temperature variance. We refer the reader to the
Kantha and Clayson (1994) paper for details.

3. Storm simulations

The Pacific/Arctic storm cases of December
16-21 1999 and February 8-13 2001 have been
chosen as our simulation objects. In this article,
we only include preliminary simulation results from
the storm case of December 16-21 1999. Further
analysis results and the second case simulations
will be presented at the conference.

The simulation domain covers the Arctic
Ocean, Alaska, northwest Canada, north Pacific
Ocean and east Russia, as shown in Figure 1. We
utilize a model grid resolution of 35km for this
domain on a computational grid of 165(X) x 165(Y)
x 31(Z). A model time step of 100s is used.
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Figure 1. Simulation Domain for the Arctic MM5
Simulations. Colors indicate land use types.

In all simulations, we employed the following
physical parameterizations: the Dudhia (1989)
simple ice microphysics scheme; the Grell (1993)
cumulus scheme; the MRF planetary boundary
layer scheme (Hong and Pan 1996); a simple
cloud radiative cooling scheme (Benjamin 1983);
and the land surface model NOAH-LSM (Mitchell
et al.,, 2002, Koren et al., 1999), in which a
thermodynamic sea ice model and mixed layer
ocean model as described in section 2 are
coupled. NCEP/NCAR reanalysis data are used to

provide initial and boundary conditions to the
modeling system. Initial sea ice concentration is
from NCEP/NCAR climate data assimilation
system (CDAS) in which sea ice concentration
grids are constructed from the SSMI sensor on the
DMSP F-13 (11) satellite.

By analyzing sea level pressure from the
NCEP/NCAR reanalysis, we can obtain the storm
trajectory. For the case of Dec.16-21 1999, the
storm trajectory is shown in Figure 2. It is shown
the storm is originated in the western Pacific
Ocean at O0OUTC Dec.16 and then moves
westward to the 180W longitude line at OOUTC
Dec.17. Then this storm system begins to move
northward and lands on the southwest Alaska at
12UTC Dec.19. From 12UTC Dec.19- 18UTC
Dec.20 the storm affected the whole east coast of
Alaska and finally ends in the Arctic Ocean at
18UTC Dec. 21.
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Figure 2. Analyzed storm trajectory for case of
December 16-21 1999

We perform simulations for this storm event
from OOUTC December 19-00UTC December 22
1999 with the Arctic MM5 model. And the results
show that the model basically simulates the whole
processes of the storm movement. As shown in
Figure 3a, a low center of sea level pressure
(SLP) (973 mb) is just located at the south of
Aleutian Islands at the beginning of simulation and
then this SLP low lands on the mainland of Alaska,
continuously moves northward and covers the
Norton Sound coast areas (with the low center 975
mb) at OOUTC December 20 (Figure 3b), which
matches the analysis data as shown in Figure 2
very well. Northward movement continues and the
SLP low center (985 mb) moves into the Arctic
Ocean at 0OUTC December 21 (Figure 3c), which
is also consistent with the analysis as shown in
Figure 2. At 00UTC December 22, as in Figure 3d,
the SLP low center is still located in the Arctic
Ocean but the strength of the low center
decreased to 995 mb. The Arctic MM5 model has
simulated the storm motion (track) reasonably.
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Figure 3. Simulated sea level pressure (mb) and surface
temperature (K) at 00 UTC Dec. 19 (a), 00 UTC
Dec. 20 (b), 00 UTC Dec. 21(c) and 00 UTC Dec.
22(d) 1999

Analyzed sea level pressure (mb) and surface
temperature (K) as shown in Figure 4 can be used
to compare the spatial distribution and magnitude
of the simulations. The simulation, as mentioned
above, begins at 00 UTC December 19, so the
reanalysis at this time hasn’'t been included in
Figure 4. Comparing Figure 3b with Figure 4a, we
find that the initial storm with a center value
973mb has been divided into two centers in the
simulation after 24 hours. The stronger one lands
on Alaska and the center value is lower than the
analysis by about 10mb. The simulated surface
temperatures under storm cover areas as well as
the low SLP areas (e.g., Laptev Sea and central
north Russia) are warmer than the analysis, which
may imply there is strong interaction between the
land/sea surface and the atmosphere in the
model. But the simulated surface temperatures
over the south Bering Sea and Sea of Okhostk are
colder than the analysis, which may result from an
excessive increase of sea ice concentration over
these areas (not shown) in the simulation.

At the 48" simulation hour (Figure 3c and
Figure 4b), the simulated storm center locates in
the Arctic Ocean and is still stronger than analysis
by about 10mb. The simulated surface
temperature over the storm cover areas in the
Arctic Ocean is warmer than analysis. But the
simulated surface temperature over Alaska
decreases quickly once the storm leaves and is
colder than the analysis temperature by about 15
degree over the eastern Alaska. This result again
implies the strong interaction between the surface



and atmosphere in the model. Meanwhile we also
notice a low center over the southwest Bering Sea
and it is related to the upper atmosphere structure
by analyzing the geopotential height in the upper
atmosphere.

At the end of this simulation, the simulated
storm center over the Arctic Ocean is decaying
(Figure 3d), but still a bit stronger than analysis
(Figure 4c) by about 5mb. The high SLP in the
simulation dominates the most part of Alaska with
very low surface temperature, not like in the
analysis, in which only northwest Alaska is
exposed to the high SLP and cold temperature.
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Figure 4. Analysis sea level pressure (mb) and surface
temperature (K) at a) 00 UTC Dec. 20, b)00
UTC Dec. 21 and c) 00 UTC Dec. 22 1999
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Appendix A: Sea lce/MLM Constants

Here we provide a list of values of significant
constants used within the sea ice and MLM
models.

qo = heat of fusion for ice =302x10%m33 1,

0o = ocean water density = 1026.0kgm_3

Cpo = ocean specific heat = 4218.0Jkg -1kt

Ct = bulk transfer coefficient =1.16x10 °ms ™1,

a =21.87 ; b=7.66=specific humidity constants.
a, = ocean surface albedo = 0.1

o = Stefan-Boltzmann constant = 5,67 ><10‘8 .

Ls = 2.834><106.]kg'1 = latent heat of sublimation
for sea ice

dos = heat of fusion of snow =110 x108m33-1

Cs =0.3098 Wm™K~1;C; = 2.0344 wm™k 1
= thermal conductivity, snow and sea ice

Appendix B: Heat Flux Computations

For open ocean conditions, Hr, is the
residual of an ocean surface energy balance:

Hr,=Ro-Fg+Hg +Eq (A1)

[0}
where Ry, Fo, Eo and Hq represent net shortwave
flux, longwave flux and atmospheric latent and
sensible heat fluxes, repsectively, computed
using standard formulae. Note that in this
computation atmospheric temperature and mixing
ratio, T, and g, , are utilized as is the ocean

temperature T,, T, and q, are defined from the

atmospheric model while T, is calculated by the
MLM.

If no snow cover is present on the sea ice,
Ht; is calculated similarly to Hrt, except that the

incoming total radiation R; includes the effect of
penetration of solar radiation within sea ice, given
by the following relation:

Rij = (1-ig)x (1—ai)?s +R) +igx(L-aj)Rg >((]__e—l.Sh)



(A2)

where R is the same as the corresponding
variable in Equation (A1) except applicable to the
sea ice surface. ip =0.17 is the fraction of solar
radiation penetration, a; is the sea ice surface
albedo, and h is the thickness of sea ice.

If snow cover is present on the top of sea
ice, both sea ice melt and snow melt need to be
considered as follows:
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where hg = thickness of snow;
dos = heat of fusion of snow,
Ht = net energy flux at the snow surface,
Gs , Gj = conductive heat fluxes within

snow and sea ice, respectively, computed
from standard formulae.

Note that in the computation for G5 and G;, three
temperatures are used: the snow surface
temperature, Ts , the sea ice top temperature T; ,
and the sea ice bottom temperature T, (defined as
the freezing point of seawater) respectively.

Net energy flux over the snow surface Hg

is computed via a similar energy balance relation
as Equation (Al):

where Ry ,F,H ,E, are the same as the

corresponding variables in Equation (Al) except
that apply to the snow surface.



