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ABSTRACT. A global ocean general circulation model has been coupled with a dyna-
mic—thermodynamic sea-ice model. This model has been spun-up in a 1000 year integra-
tion using daily atmosphere model data. Main water masses and currents are reproduced
as well as the seasonal characteristics of the ice cover of the Northern and Southern Hemi-
spheres. Model results for the Southern Ocean. however, show the ice cover as too thin,

oy

and there are large permanent polynyas in the Weddell and Ross Seas. These polynyas are
due to a large upward ocecanic heat flux caused by haline rejection during the freezing of
sea ice. Sensitivity studies were performed to test several ways of treating the sea-surface
salinity and the rejected brine. The impact on the ice cover, water-mass characteristics,

and ocean circulation are described.

INTRODUCTION

The Hamburg Ocean Primitive Equation (HOPE) model
has already been used in coupled ocean—atmosphere experi-
ments investigating equatorial and low-latitude dynamics
on a decadal time scale (e.g. Latif and others, 1994). In these
experiments, sca-surface temperature (SST) and sea-
surface salinity (SSS) are relaxed to climatological data
at high latitudes. At these latitudes, however, water masses
are formed that ventilate the deep ocean. Since the sca-ice
cover effectively modifies the momentum, heat and fresh-
water exchange between the atmosphere and the ocean, it
should be accounted for in the coupled atmosphere-ocean
models that will be used in long-term integrations of the
climate system.

In order to allow the HOPE model to become a compo-
nent in a coupled ocean—atmosphere model for studying
climate, it has been coupled to a prognostic dynamic
thermodynamic sea-ice model. The sea-ice cover of a 1000
year spin-up experiment is described in the third section.
In general, the performance of the model is satisfactory. In
the Southern Ocean, however, the ice cover predicted by
the model is too thin and the minimum ice extent is too
small. This is due to excessive upward oceanic heat flux oc-
curring during the convective adjustment of hydrostatically
unstable water columns, The static stahility of the upper

ocean in ice regions depends on the vertical distribution of

salt, which is strongly influenced by haline rejection during
ice formation. Because of the lack of reliable fresh-water flux
data, and in order to prevent the ocean model drifting into
an unrealistic climate scenario, global ocean models are fre-
quently driven with salt or fresh-water flux derived from re-
laxing SSS to observed data. In coupled ice—ocean models,
this might seriously affect the salt flux by haline rejection at
the ice—ocean interlace. In the fourth section, the influence
of different treatments of SSS and rejected brine on the ice
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cover, water mass characteristics, and circulation in the
Southern Ocean are described.

MODEL DESCRIPTION

Details about the numerical formulation of the ocean and
ice model are given in a technical report (Wolff and others,
1997). The ocean model is based on primitive equations that
are discretised on a spherical global grid. The non-linear
equations are solved on 20 unevenly spaced horizontal
levels. The level separations increase with depth (10 levels
in the upper 250 m) in order to give a better representation
of the more variable upper occan. The first layer has a thick-
ness of 20 m. Since the height of the deepest box in each
column can be adjusted so that the sum of the height of all
overlying boxes equals the total water depth, the representa-
tion of hottom topography depends on the horizontal resolu-
tion of the model grid only. For the horizontal discretisation,
a staggered grid (Arakawa-E) is used with a 28" zonal and
meridional gridpoint distance in mid and high latitudes.
This corresponds to the grid of the atmosphere model that
produced the forcing data. To be able to investigate natural
variahility in the Equatorial ocean, however, the ocean
model resolution is increased in low latitudes. The meridio-
nal gridpoint separation decreases equatorward of 30
north and south, reaching its minimum of 0.5 at 10 north
and south. Prognostic variables of the ocean model are po-
tential temperature, salinity, horizontal velocities and sea-
surface clevation. Potential density is computed with the
non-linear UNESCO formula, and vertical velocity is cal-
culated from the incompressibility equation for sea water.
Sub-gridscale mixing is parameterised by horizontal har-
monic diffusion terms with the coefficients depending on
the horizontal velocity shear. Vertical viscosity and diflusiv-
ity depend on the local Richardson number. In cases of hy-
drostatically unstable stratification, “convective adjustment”
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takes place (that is, vertically adjacent gridboxes with un-
stable stratification are mixed ).

The dynamic part of the ice maodel is based on the Hibler
(1979) sea-ice dynamics that are reformulated on the ocean-
model grid (i.c. the ice behaves like a viscous—plastic materi-
al with an elliptic yield curve). A 2-layer ice formulation is
used for the dynamics and thermodynamics, and in each
grideell thin ice (open water) and thick ice can be present.
Following Parkinson and Washington (1979), ice growth and
melt is calculated from heat-budget equations based on simple
bulk formulae for the turbulent and radiative heat fluxes
over water and ice, as described by Stossel and Owens
(1992). A prognostic snow layer is also included.

The coupled model integration was initialised with the
Levitus (1982) climatology, and with the ocean and ice
velocities at rest. The initial ice thickness was specified to
decrease from 2 m at the northernmost/southernmost ocean
cell to Om at the latitude of the observed ice edge. A 1000
vear integration has now been completed. It has been forced
with a 15 year period of daily data of net atmospheric heat
flux, 2m temperatures and dew points, cloudiness, precipi-
tation—evaporation, continental runoff, and windstress.
They were produced by the ECHAM4 atmospherce modecl,
which was run with a 28" resolution and climatological SST
of the Atmospheric  Model Project
(AMIP) period (1979-88) as lower boundary conditions.
The ECHAM4 model and its performance are described
in Chen and Roeckner (1996). A running-mean filter of
varying length has been applied to the first and last 10 days
of the 15 year period in order to eliminate sudden changes of
the forcing when it is cyclically repeated.

In order to prevent the ocean from drifting into a
climate state that is different from the present, the SST is
relaxed to the monthly AMIP SST with a relaxation con-
stant of 40 W/(m” K| corresponding to a time-scale of 24 days.

Int crcompa rison

The atmosphere model fresh-water flux (P — E and runofl)
is modified by an amount that changes the upper-ocean sali-
nities as if’ they were relaxed to the annual mean of the
Levitus climatology on a 30d time-scale. This is only
applicd outside the ice region as defined by the AMIP data,
so that the salt fluxes caused by the freezing and melting of
sea ice are not disturbed.

After the 1000 year integration, the model fields are al-
most cyclo-stationary (that is, the drift of level mean sali-
nities is Q10 psu/(100a)). The main oceanic water
masses and currents are reproduced. The Pacific equatorial
current system is shown in Legutke and others (1996). The
Gulf Stream, Kuroshio and  Antarctic Circumpolar
Current (ACC) have mean transports of 32, 50 and 110 Sy,
respectively. The maximum overturning transport in the
North Atlantic is 15 Sv of which 10 Sv are leaving at 407 S,
The Indian and Pacific oceans are ventilated by 5 Sv each,
which are flowing northwards in the deep layers from the
Southern Ocean. The Pacific-Indian throughflow amounts
to 13 Sv: 12 Sv are entering the South Atlantic in the Agulhas
Current. These transport values are consistent with obser-
vations.

In general, the model generates data where the deep
occan tends to be too fresh and too cold, and mean level sali-
nity and temperature are 0.06 psu and 0.4°C below values
predicted by the Levitus climatology. In the upper ocean,
the errors are of the same order but too warm and too saline.
The greatest errors occur in oceanic mid-depths (0.27 psu)
due to problems in representing accurately the Antarctic

https://doi.org/10.3189/50260305500013896 Published online by Cambridge University Press

Leguthe and others: Ocean—sea-ice coupling in a GCM

and North Pacific Intermediate Water, the simulated sali-
nity of which is about 0.3 psu too high.

SEA-ICE COVER OF THE LONG-TERM
INTEGRATION

In this section, we deseribe the ice cover between the years
10001014 (mean of one forcing period) of the spin-up run,
The computed 15 year mean scasonal cycle of Arctic ice
extent compares reasonably well with observations (Fig. 1

although the winter-ice extent is overestimated, Note, how-
ever, that the ice extent tends to be overestimated if it is
computed from data averaged over a long period, and if
there are regions where the position of the ice edge changes
from year-to-year. In February, ice concentration is above
95% in the central Arctic while in September, 5 10% of
the water is free of ice. Towards the coast, the fraction of
open water increases (this can be as high as 70% in the
Kara Sea). Off Greenland and the Canadian Archipelago,
the ice cover remains compact (>95%) all year due to ice
convergence (not Sh('}\\'n 5

21 T

—

10 11 12
Fig. 1. Seasonal cyele of observed ( dashed line ) and simulated
(full line) ice extent of the Northern and Southern Hemi-
spheres. The observations are reproduced from Gloersen and
others (1992).

The model also shows the ice as too thick in northern
Baffin Bay, which, at least partially, can be attributed to the
coarseness of a model grid that does not allow for an appro-
priate heat flux from the North Atlantic nor [rom the central
Arctic into this region. Regions of increased ice thickness
also exist off Greenland and the Canadian Archipelago,
which is consistent with observations. A second region of
thick ice predicted by the model is found in the East Siber-
ian sector of the central Aretie, while thin ice is present near
the Bering Strait and in the Beaufort and the Kara Seas.
This distribution is similar to that computed by Flato and
Hibler (1995) with observed atmospheric-pressure analyses
from 1979 to 1985.

Mean upward oceanic heat flux in the central Arctic is
estimated to be about 2Wm * (Maykut and Untersteiner,
1971), with much higher values (30 W m ) in the Eurasian
Basin (Aagaard and Greisman, 1975). The modelled-area
mean upward heat flux in the ice region is 10-25 Wm *
during the freezing scason (not shown).

The Southern Ocean winter-ice extent is in reasonable
agreement with observations, but in the other seasons it is
severely underestimated (Fig 1). Due to weaker stratifica-
tion, the upward heat flux in the Southern Ocean is much
larger than in the Arctic (Iig. 2). Annual mean heat flux
cstimates for the Southern Ocean ice region are about
30 Wm ? (Gordon, 1981). As in the Arctic, the convective-
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Fig. 2. Seasonal cyele of heal fluxes into the upper ocean layer
in the ice region of the Southern Hemisphere. Convective
adjustment is the full line; vertical diffusion is the dot-dash
line; upwelling and horizontal advection and diffusion is the
dotted line; atmosphere is the dashed line.

adjustment heat flux is highest in the freezing season. The
largest values occur in the Weddell and Ross Seas. This is
reflected by the mean September ice concentration: in the
castern part of the Weddell Sea it is below 20%, while in
the Ross Sea, there is a large region with no ice at all (Fig, 3).

The mean September ice thickness is underestimated by
a factor of ~2 (not shown).

Fig. 5 Mean (vears 1000-1014) simulated ice concentration
in the Southern Hemisphere in September. Contour lines are ()
20,40, 60, 80 and 90 % .

SENSITIVITY EXPERIMENTS

Since salinity dominates potential density at low temper-
atures, it is the destabilisation of the upper ocean by haline
rejection that causes the overturning, and is thus responsible
for the strong upward oceanic heat flux. This is demon-
strated by the geographical distribution of ice compactness
in an experiment where the salt flux during ice melting or
freezing was turned off (Fig. 4). The September ice cover is
shown to be compact almost ('\'t‘l‘}'wllt‘l't' [except near (]u])('
Norvegia at 0° E; in this area large off-shore polynyas are
frequently observed). This distribution relates much better
to observations (Gloersen and others, 1992). The frequently
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Fig. 4. Mean ( years 76-90) simulated ice concentration of
explfi (no brine release) in the Southern Hemisphere in Sep-
tember. Contour lines are 0, 20,40, 60, 80 and 90% .

observed regions of reduced ice concentration or open water
adjacent to the coast, which were reproduced by the long-
term experiment described in the previous section, however,
are now missing. The ice is thicker than 60 cm in the region
where the ice concentration is above 80%, reaching values
of about 1 m near the coast and up to 2 m at the cast coasts of
the Weddell and Ross Seas (not shown).

In order to see the impact of other treatments of the 5SS
in use by occan modellers, we gradually increased the
impact of brine releasc during freezing in several experi-
ments. In one experiment (named expl2), SSS were relaxed
to climatological values everywhere. In a second experi-
ment (expll)the salinity of sea ice was increased from 5 to
32 psu. A third experiment (exp09) relaxed the SSS on the
ice-free part of each grideell only, while in a fourth experi-
ment (exp03) SSS was not relaxed in the climatological ice
region and was run long-term. In a fifth experiment (expl0)
relaxation was not applied at all while in the last experiment
(exp06) 30% of the brine released during [reezing was
immediately transferred to level 2 of the ocean model. After
about 45 years of integration, the ice cover reached a nearly
cyclo-stationary state in all experiments. In general, the ice
arca decreased in the order the experiments are listed above
(with the exception of exp06) (Fig. 5). Thus, the more the
brine release becomes important, the less ice was present.
None of the experiments, however, realistically reproduced
the observed summer ice arca of at least 2 x 10 m?* (Gloer-
sen and others, 1992),

The ice areas of the experiments are similar from Janu-
ary to June with the exception of expl0 (no relaxation). The
experiments with no brine release, salty ice, and relaxation
of SS5 to climatologics in all grideells also have similar
values from July to December. The upward oceanic heat
fluxes simulated in the experiments are displayed in Figure
6. Large values correspond to small ice areas. The experi-
ment without SSS relaxation (expl0) has mean heat-flux
values of more than 150 Wm “ from April to September,
which is far above observational values. The salinity relaxa-
tion equatorward of the ice edge is necessary to keep the 585
low there. This is probably due to the low ice production
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Fig. 5. Mean (years 76-90) seasonal cyeles of ice area in the
Southern Hemisphere ( gridbox area mulliplied by compact-
ness) of the sensitivity experiments. The experiments are
explained in the text.
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Fig. 6. Mean ( years 76-90) seasonal eyele of oecanic heal fTux
by convective adjustment wn the ice region of the Southern
Hemasphere. The experiments are explained in the text.

near the coast that does not provide enough ice for melting
further offshore.

Of course, the heat flux is not without influence on the
temperatures of the deep water masses. Mean temperature
profiles o the Weddell and Ross Seas are shown in Figure 7.
None of the experiments could reproduce the observed (full
thick line) pronounced temperature maximum at 800 m in
the Weddell Sea though exp05, exp06, and exp09 display a
weak maximum at this level. The saliy-ice (dotted), the no-
relaxation experiment (short-long dashed) and the no-brine
experiment (short dashed) have their maxima located too
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Fig. 7. Mean ( years 76-90) temperature profiles in the Wed-
dell and Ross Seas. The contour styles correspond to the same
experiments shown in Fig, 5. The thick full line is dertved from
the Levitus climatology.
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high in the water column. The profiles are well-mixed down
to the bottom except in experiments with salinity relaxation
in the ice region (exp09 and expl2), where the overturning
reached only 2000 m resulting in second deep maxima, In
the Ross Sea, the profiles are better reproduced, except
again in those experiments with salinity relaxation in the
ice region. The best fit is obtained when 30% of the rejected
brine is immediately transferred to the second model layer.
In this case. less frequent overturning of the fresh and cold
surface water results in saltier and warmer deep water.

The influence of the treatment of SSS on the strength of
the ACC is demonstrated by the time series of volume trans-
ports in the Drake Passage (exp05 and expl2) (Fig, 8). Atfter
an initial decrease during the first 60 years, the time series
are cyclo-stationary, reflecting the repeated application of
the 15 years of forcing data. We see a pronounced difference
between the two time series in the sirength of the 15 year eycle.
Obviously, on this time-scale, the thermohaline forcing of
the circulation (via brine release and subsequent overturn-
ing) through the so-called JEBAR (Joint Effect of Baroclini-
city and Bottom Relief) dominates. This constitutes a
positive forcing of the ACC. Large-scale global circulation
is. of course, also influenced by the SSS boundary condition
(the more rigorous overturning in the Southern Ocean in
exp05 results in a global meridional overturning cell in the
deep occan that is twice as strong as that in expl2 (not
shown) ).

10 20 30 40 50 60 70 80 90 100 110 120 130 140
years

Fig. 8 Time series of monthly mean volume iransporis of the
ACC in exp0s ( thin line) and expl? ( thick line ).

Some modellers use fresh-water fluxes diagnosed in pre-
vious experiments with salinity relaxation to drive their
occan(—sca-ice)] model. In order to assess the impact of
annual mean [resh-water fluxes diagnosed with different
treatments of SSS, some of the experiments were continued
to year 150 with the salinity-relaxation surface-boundary
condition replaced by the 15 year mean fresh-water flux of
years 76-90 as diagnosed in the experiments described
above. With the beginning of the use of time-constant
fresh-water forcing, new internal time-scales of about 30
years come into play. They are superimposed on the 15 year
and short-term fluctuations forced by the atmosphere model
data with even larger amplitudes. The strength of the ACC
is strongly correlated with the sea-ice volume on longer
time-scales with the latter leading some years (not shown).

CONCLUSION

A coupled world-ocean—sea-ice model has been integrated
for 1000 years forced by 15 years of daily atmosphere model
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data. The observed mean state of the ocean is reasonably well
reproduced, as is the ice cover of the Northern Hemisphere.

In the Southern Hemisphere, however, the predicted
values show that the ice is too thin and the summer ice
extent too small. This can be attributed to excessive occanic
heat flux by convective adjustment in the ice region caused
by rejection of brine during the freezing of sea ice. Martinson
(1990) has shown that with the temperature and salinity
stratification in the Southern Ocean, open-ocean convec-
tion acts as an upward pump of salt and heat. This is also
the case in our model with, however, open-ocean convection
extending to the bottom. If, on the other hand, we try to
reduce the convective adjustment (e.g. by relaxing the SSS
to the Levitus climatology, which induces a fresh-water
flux), the deep ocean warms up excessively. The upper
1000-2000 m become [resher than without relaxation due
to the continuous (lux of fresh water and the reduced over-
turning depth. In large-scale occan models, which do not
resolve the water circulation on the shelves adequately, there
is no way of forming cold high-salinity shelf water that is
assumed to mix with modified Atlantic water to form Ant-
arctic bottom water. Nor is the heat consumption by ice-
shelf melting accounted for. In order to prevent the decp-
ocean temperatures from becoming too warm, other pro-
cesses providing upward heat flux have to be included. In
our model, this is the deep-reaching open-ocean convection
with the demonstrated consequences for Southern Ocean
sea icc.

Some improvement of the results can be obtained by
artificially transferring some of the brine into deeper layers
similar to the approach used by Maier-Reimer and others
(1993). With that admittedly ad hoc parameterisation, the
strength of surface-to-bottom overturning can be reduced
without artificial fresh-water fluxes. Cold and fresh surface
water is less frequently mixed downward, and deep water
becomes warmer and more saline. Thus the deep-water
mass characteristics are improved.

Observed temperature and salinity profiles are much
better reproduced in the Ross Sea than in the Weddell Sea.
This might indicate that open-ocean convection is more
important there. This is supported by observed ice concen-
trations that are less compact in the Ross Sea than in the
Weddell Sea. In addition, the Ross Sea ice pack starts to
open up carly in the year (October) and is free of ice from
December to March, at a time when to the east and the west
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of the Ross Sca there is still ice present (see Gloersen and
others, 1992). Since reliable [resh-water flux data (precipita-
tion and glacier melting) in the Southern Ocean are not
available, salinity-relaxation boundary conditions are com-
monly used by modellers. Not only the sea-ice cover, but
also the strength of the ACC and its fluctuations seem to be
very sensitive to the salinity surface boundary conditions.
This should be borne in mind when interpreting modelled
ACC and ice-cover variability.
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