Annals of Glaciology 25 1997
O International Glaciological Society

Physical characteristics of the Antarctic sea-ice zone
derived from modelling and observations

W. F. Bupp,' XinoreN Wu,"? P. A. REmD'
' Antarctic CRC, GPO Box 252-80, Hobart, Tasmania 7001, Australia
* Australian Antarctic Division, GPO Box 252-80, Hobart, Tasmania 7001, Australia

ABSTRACT. Antarctic sea ice plays a key role in the present climate system, providing
aregulating balance between the atmosphere and ocean heat fluxes, as well as inflluencing
the salt fluxes and deep water formation over the continental shelves. The severe winter
environmental conditions of the Antarctic sea-ice zone make it difficult to observe many of
the physical characteristics in a comprehensive way. The inter-relations hetween the vari-
ables mean that much can be learnt from the observations of some features along with
detailed numerical modelling of the whole system and the interactions hbetween the vari-
ables. This study therefore aims to use numerical modelling of the atmosphere, sea ice and
surface mixed-layer ocean in the sea-ice zone, together with observations to simulate a
comprehensive range of parameters and their variability through the annual cycle to pro-
vide a basis for further observations and model validation [or the present climate.

The model includes a coupled atmospheric general circulation model with an inter-
active dynamic and thermodynamic sea-ice maodel and surface mixed-layer ocean. The
deep ocean and ocean surface conditions outside the sea-ice zone are constrained to the
present mean climate conditions to ensure no climatic drift. The sca-ice model is similar to
previous published versions, but has refined schemes for partitioning of the freezing of
frazil ice within the leads and under the ice floes, and for rafiing. These perform well in
both polar regions with the same physics. The model simulates the annual cycle of atmo-
spheric and sea-ice features well in comparison with data from the global atmospheric
analyses, the satellite sensing of sea ice, and the limited in situ surface observations,

The output from the model also includes: all components of the heat fluxes, atmo-
spheric profiles and surface temperatures for air, ice and ice-ocean mixtures, open-water
fractions, surface snow and snow-ice depths, and the sea-ice convergencedivergence and
drift. The comparison of these features with additional observations provides a means for
further validating the model and representing the present climate more closcly.

BACKGROUND ness distribution (cf. Fig, 2), the depth of snow on the surface

and the ice movement. Some of the most important features
Many of the most important propertics of Antarctic sea ice that are not well known include the oceanic heat flux just
are difficult to measure, particularly through the complete
annual cycle and over the entire sea-ice zone. Some features,

such as ice concentration, can be observed to some extent in
this comprehensive way via satellite, but many features,
such as ice thickness, have only been observed by limited
sampling from ships or short-term field programs on the
pack ice. The objective of the present modelling study is to
provide a comprehensive, self-consistent set of derived fea-
tures of the sea-ice region, through the annual cycle from a
coupled atmosphere sea-ice model by matching the model
results to the observations available as well as possible. This
allows the observations of those features that are most read-
ily observed to be used to refine the model parameters and
narrow the uncertainties of the less-well-known features
that may be more difficult to observe directly.

A large number of model runs have been carried out
to obtain recasonable simulations of many of the present
[eatures of the sea-ice region in comparison with the still-

o

limited observational data available. Such features include

ice extent (the total sea-ice and water area within the outer Fig. 1. The mean sea-ice concentration from the model for the
sea-ice boundary of < 15% ice concentration), the sea-ice period of maximum extent ( near Seplember ). Conlowrs are in
area and open-water fraction (cf. Fig. 1), the sea-ice thick- 15, 30, 50, 80, 90 and 95% .
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Fig. 2. The monthly mean sea-ice drift from the model is
shown superimposed on the corresponding thickness field for
the period of maximum ice extenl. Iee-thickness contowrs are
0.2,04,07 10, 1.5 and 2.0 m.

below the sea ice, and the distribution of ice freezing within
the open-water leads area relative to the freezing at the base
of the sea ice. Large numbers of sensitivity studies have been
carried out to determine the “best fit” values of the more un-
certain parameters. The model results obtained from using

the best-fit parameters giving the closest matching to the
observed features have then been used to derive a compre-
hensive range of other features from the model that are con-
sistent in closures for mass, heat and salt, and that can be
used for further comparisons with observations.

The advantages of using a prescribed surface ocean
mixed layer for this study, rather than a fully dynamic
ocean model, are that the ocean heat and water fluxes can
be diagnosed from prescribed temperatures, salinities and
ocean currents, based on observations combined with the
computed surface fluxes from the model.

The aim of this paper is to summarise work in progress
by Budd and associates. on derived physical characteristics
of the Antarctic sea ice zone, that illustrates a wide range of
the features and their variation through the annual cycle.
Examples are given of the comprehensive output available,
including plan maps, meridional sections, seasonal cycles,
vertical profiles through ocean ice-atmosphere, and net
budget closure summaries. Highlights presented here in-
clude the numerical values and relative magnitudes of the
various individual features of the sea ice and the heat and
fresh-water fluxes through the year (as given in'Table 1), the
dependence of mean ice thickness on oceanic heat flux (in
Table 2), the “self regulating” nature of the freezing and ice
concentration through the feedback with sensible heat flux
(inTable 3), and the variations of the dominant terms in the
scasonal cycle of the heat and water fluxes (in Figs 6 and 7,
to be discussed later). Complete results for the model vari-

Table 1. Values from the model, averaged over the sea-ice extent, for a selection of parameters involved in the heat and water balances
al different times of the year and for the annual means, over the areas of maximum and minimum ice extent. I he * indicates values

averaged over the ice-covered fraction only.

Parameter Jan min Jul max Anittygax Anngin
Surface temperature (*C 39 6.2 11.2 104 54 10.3
Surface air temperature (“C 1.2 70 97 9.3 52 9.2
Precipitation (mmd ! 1.69 236 240 215 230 2.05
Sea-ice concentration (% ) 73 70 a8 88 55 83
*Sca-ice thickness (m) 0.82 0.65 0.6 0.68 044 0.93
"Snow depth (m) 016 0.10 0.12 0.15 0.09 0.19
Zonal ice speed (ms ; 0,022 0.021 0.005 0.008 0.002 ~0.016
Medional ice speed (ms h 0.031 0.034 0.025 0.027 0.002 0.021
Sea-ice-covered days 29 28 29 28 228 345
Snow-covered days 24 24 28 27 213 326
Surface albedo (ave) 049 0.48 0.65 0.64 0.42 0.63
Sea-ice/snow albedo 0.59 0.58 = 0.69
Latent heat flux (Wm °) 279 35.3 20.8 23.0 25.8 230
Sensible heat flux (W m ) 126 84 -97.8 25.5 ~126 21.0
Longwave oul at top of atmosphere (W m ) 203.3 194.2 177.7 1794 190.8 186.4
Longwave downwards radiation (W m %) 186.5 178.8 163.1 ~164.1 1764 169.6
Longwave upwards radiation (W m ? 220.2 215.5 206.3 2084 217.5 2087
Shortwave radiation absorbed (Wm ¥ 60.1 -28.0 24 22.2 457 26.2
Net radiation (Wm %) 26.4 87 10.8 221 1.6 12:9
Conductive heat flux (W m * 28 14.2 17.5 —1%5 8.2 10.4
Ocean heat flux (Wm %) 30.0 15.0 15.0 15.0 17.5
Net heat flux (Wm %) 157 217 164 63 06 L8
Heat flux ice/snow surface melt (Wm ) -29 0.9 26 32 22 L1
Heat flux ice freczing/melting ice/water interface (Wm 2 21.8 8.9 9.1 3.3 1.0 -1.0
Heat [lux ice freezing/melting side (W m 4y -79 154 6.8 43 2.4 (|
Heat MMux ice/snow sublimation (W m 2 224 22,6 14.9 183 12.6 17.1
Surface melt (emmonth ) 234 0.69 211 2.52 176 0.84
Ice freezing/melting ice/water interface (cm month ') -1746 708 7.26 267 077 0.78
Ice freezing/melting side (emmonth ' 6.35 12.25 537 3.31 1.86 392
Iee/snow sublimation (cmmonth ') 212 214 1.41 1.68 117 1.59
Precipitation ice/snow (cm month ! 362 4.80 6.43 553 3.64 5.10
Precipitation leads (¢em month ) 1.09 1.88 0.51 049 (.56 0.79
Evaporation leads (cm month Y 0.52 1.07 0.34 0.32 0.1 0.52
Ice divergence (em month ) 762 565 3.80 3.31 261 5.30
Snow accumulation (em month ') 0.27 1.49 313 217 1.32 2358
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ables arc available in electronic form from the authors and a
user-ready version is being made accessible via the World
Wide Web site of the Antarctic CRC,

Table 2. Average Anlarclic sea-ice thickness al maximunm ice-
extent dependence on mean oceanic heal flux

Ocean heat lux (Wm % 0 5 10 15 25 35

Mean thickness (m 15 1.2 0.8 0.6 0.35

ATMOSPHERE-SEA-ICE MODEL

The model used here is based on the scheme outlined by
Budd and others (1991) whereby an atmospheric general cir-
culation model (AGCM) is coupled to a dynamic-thermo-
dynamic sea-ice model with a prescribed diagnostic ocean
mixed-layer model. The atmospheric model is a spectral 21
(rhomboidal ) wave number version with nine vertical sig-
ma levels (pressure levels relative to the surface pressure),
and has been described by Simmonds (1985). Modifications
of the model to treat subgrid-scale sea ice and open water by
separate and mixed heat-balance calculations have been
described by Simmonds and Budd (1990, 1991). For this
study, to preserve the climatology as closely as practicable
to the present climate, the sea-surface temperatures (SST5)
outside the sea-ice region have been preseribed as their pre-
sent seasonally varying climatological mean values, except
for ocean points adjacent to the sea ice where heat-balance
calculations, with a prescribed mixed-layer depth, deter-
mine whether or not ice forms or remains, as well as the ice
fraction in the outermost grideell. A prescribed seasonal cli-
matological cloud distribution 1s also used to ensure a close
match to observed radiation balances.

The coupled sea-ice model used, which is also run at R21
resolution, has heen described in general terms by Budd and
others (1991) and in detail by Wu (1993) and Wu and others
(1997). In general the model is similar to the cavitating fluid
version of Flato and Hibler (1990) with only the compressive
stresses effective in the sea ice. In particular, in the present
model, for low ice concentrations, the sea ice moves in [ree
drift from wind forcing (at 2% of the wind speed and 257 to
the left in the Southern Hemisphere) until the ice concentra-
tion fraction ( f;) reaches a critical value (f; = f.), at which
stage the ice floes interact and further compaction is progres-
sively resisted by increasing thickness through rafting and
ridging. At a maximum ice concentration (fi = fiuax). in-
creasing thickness retards the compression and conserves
ice volume, For the results presented here the parameters
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have been set at fi; = 90% and fi. = 98%., for the South-
ern Hemisphere.

Another novel feature of the model is the partitioning
scheme for the two fractional parts of the total ice that freeze
in the water column of the leads, and that then accumulate
either on the base or on the sides of the ice floes. In brief this
depends on the open-water fraction ( f,) and the ice thick-
ness (7). The physical principles involved in this scheme are
based on the observations that the frazil ice formed from
freczing in leads is distributed over some depth in the water
column, but with concentration decreasing with depth. The
relative ocean currents move the frazil ice erystals horizon-
tally as they settle upwards, giving a fraction of the total ice
accumulating in the leads dependent on the open-water
fraction and the ice thickness. It is also assumed that the ice
accumulating in the leads accrues on the sides of the floes.
The following relation has been [ound to represent this pro-
cess in a reasonable way. The portion (£ ) of the total heat
(Qy) for freezing (or melting) that goes to the sides is given
by:

s o I
bh_(gll(j\\'+1+‘_:‘) (1)
where v = h;/h. and h, is a prescribed critical ice thickness.

The corresponding portion for the base is:

f

E): 1
1 (21 1+‘}

Sensitivity studies have been carried out for . in the
range of 0.05-1m, and the results presented here are with
he = 1m. Other features in the coupled atmosphere sea-
ice model described by Wu and others (1997) include prog-
nostic precipitation, evaporation and snow depth. A scheme
for “white ice” treats the formation of ice from snow when it
is flooded by sea water. A prognostic scheme for sea-ice and
snow albedo depends on ice thickness, snow depth and
temperature,

SERIES OF SIMULATIONS

The coupled atmosphere—sea-ice model was run globally
over a series of annual cycle simulations to test the sensitiv-
ities of the model sea ice to the major uncertainties in the
various parameterisations (e.g. oceanic heat flux, partition-
g fractions for the leads and basal freezing, the sea-ice
albedo, the ocean mixed-laver depth and the rafting and
ridging scheme). Some runs of six annual cycles were
obtained, but it was generally found that after spinning up
for one year, two years of repeatable annual eycles were suf-

Table 3. Ice concentration, surface temperatures and turbulent heat fluxes

Prescribed Interactive

Ice concentration C (% 100
Surface temperature | C)

Sea ice T 19.1

lee + leads i 19.1

Air i -16.6
AT, =T,)°6 -2.5
Sensible heat (W m™) -46.2
Latent heat (Wm %) +20.3
Turbulent (sensible and latent heat) (Wm™)  -25.9

95 80 50 20 0 83
17.9 =155 —11.4 85 119
17.1 12.8 6.6 3.1 1.8 10.2
154 12.7 9.0 6.5 -5:5 10.3

-1.7 -0.1 +24 +3.4 +3.9 +0.1

-34.1 -6.3 +294 +48.5 +56.7 -17.0
+24.1 +31.8 +43.1 +49.2 +48.3 +29.6
-10.0 +25.5 +72.5 +97.7  +105.0 +12.6
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ficient to establish a new seasonal climatology, and produce
clear differences from the 6 years of control results.

It was found that reasonable matches could be obtained
of the limited atmosphere, ice and surface-occan obser-
vations available for the major sea-ice-zone [eatures. Some
of these are illustrated in more detail in Wu and others
(1997). Here we note some of the compilations from obser-
vations of major sea-ice features as follows: ice thickness
from Budd (1982, 1986), Allison and others (1993) Worby
and others (1994), Allison and Worby (1994); ice extent and
concentration [rom Zwally and others (1983), Gloersen and
others (1992), also Allison and others (1993) and Worby and
others (1996); albedo from Allison and others (1993) and ice
drift from Budd (1986), Allison (1989), Martinson and Wam-
ser (1990) and Kottmeier and others (1992).

The most important unknown feature was the pre-
scribed oceanic heat flux, which was found to have a best-
fit annual average over the sea-ice-covered extent of about
10-15 Wm 2, with slightly higher values in summer than in
winter. The higher oceanic heat flux in summer is accompa-
nied by higher radiation absorption in the ocean and net
melting of the sca ice.

The variation of mean ice thickness (at the time of max-
imum ice extent) with the magnitude of the prescribed
oceanic heat flux, from the series of annual cycle simula-
tions, for sensitivity tests, is summarised in’lable 2,

Further runs were carried out with the sea-ice concen-
tration prescribed as the seasonally varying mean values
taken from Zwally and others (1983). The results from these
runs in general differed only slightly from the best-fit inter-
active runs, However some [eatures, such as the heat flux,
freezing and ice dynamics, can differ significantly between
interactive and prescribed conditions, as shown by Wu and
others (1996), The best-fit interactive runs were used to
derive a comprehensive set of features for the sea-ice region
as indicated below. ‘

SUMMARY OF KEY CHARACTERISTICS

Table 1 summarises the major components of the heat, mass
and fresh-water budgets. Values are given for the averages
over the sea-ice zone (i.c. the sca-ice and ocean area inside
of the maximum sea-ice extent), for the annual mean, the
near-solstice periods (January and July) and near the max-
imum and minimum sea-ice extent. These allow the pri-
mary features of the annual cycle to be discerned. This
seasonal variation is further illustrated by Figure 3, which
shows the annual cycles of extent and area, and Figures 4
and 5, which show examples of some features in the zonal
mean varying with latitude through the annual cycle. In
particular the latent heat flux from the total freezing or
melting is shown in Figure 4a, and the total surface fresh-
water flux which, besides freezing and melting, includes pre-
cipitation minus evaporation (P — E) and the effects ol ice
movement, is shown in Figure 5a. These figures also show
the seasonal cycles of the arca averages over the different
occan regions defined by Zwally and others (1983) as well
as for the total Southern Ocean sea-ice zone. Net balance
closures for heat, mass, fresh water and salt can be carried
out over the upper and lower ice (or snow) surfaces, the ice
and snow column total, the open-water surface and the
average over a gridbox, with weighting for the ice concen-
tration and open-water [ractions.

https://doi.ordy/10.3189/50260305500013707 Published online by Cambridge University Press

20 == T T T T T T T T T T

18 —— Model Extent S — g
——-  Obs Extent = R 1

16 —— Model Area % )
——= 0Obs Area

14
12

G T 1 I G S R L

Sea Ice Area (10° km?)
=

o N s O O

Fig. 3. Seasonal cycle of simulated ( solid lines) and devived
Jrom satellite ( SSM/I), (dashed lines) monthly averaged
sea-ice extent (the ice and leads area lo the ice edge— thin
lines) and ice area (ice fraction only — bold lines) in unils
10° k. Surface observations in winter indicale the satellite-
derived concenlralions and ice area may be too low.

508

558

608

Latitude
o
o0
7]

708 f

TESH/

I | | | | | | | 1 | |
80
?AN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC JAN
Time
40 T T T T T T T T T T T
L e b
80 A1 .
20 = o
E 10 = fg 0000000 eSS ]
= 0
b 2
3
=10 Weddell Sea , i
= ——- Indian Ocean
g‘zo fffff Western Pacific Ocean ]
30 ——=- Ross Sea
----- Bellingshausen Amundsen Seas
—40 —— Southern Ocean PR\
\ .
-50 -

L 1 1 1 L | 1 1 1 1 1 = -4
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC JAN

Fig. 4. Seasonal cycle of (a) zonally averaged and (b) area-
weighted averaged lalent heat flux from total freezing /melting
(Quom = QU+ Q%+ QU+ QI ) i the Southern
Hemisphere sea-ice covered zome. The contour intervals are
10 W m *. Posilive values correspond lo sea-ice freezing.
Examples of balance closures can be seen in'lable 4.
The variation through the year of the major components
in the heat and [resh-water balances over the sea-ice zone
are shown in Figures 6 and 7 respectively. The averages are
computed in two ways: firstly over the fixed region of max-
imum seca-ice extent; and secondly over the instantancous
sea-ice extent as it varies in arca through the year.


https://doi.org/10.3189/S0260305500013707

508

558 —

608

Latitude
{e:]
151
w

708

758

| | | | | | | | | | l

80

?AN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC JAN
Time

50 T T T T T T

Weddell Sea i|
Indian Ocean

Western Pacific Ocean

Ross Sea

Bellingshausen Amundsen Seas
Southern Ocean

-
(=]
T

L
o

0
o

—-
(=]

(=}

—-
o

Fresh Water Flux (cm month™!)
o
o

-30 1 L L 1 Il 1 L L 1
JAN FEB MAR APR MAY JUN JUL AUG SEP OéT NéV DEC JAN

Fig. 5. Seasonal cycle of (a) zonally averaged and (b) area-
weighted averaged net fresh-woater balance for the water column
(OFW /L) in the Southern Hemisphere sea-ice-covered zone.
The contour intervals are 10 em month ' (water equivalent ).

DISCUSSION OF RESULTS

Ice concentration and thickness

The distribution of ice concentration at the time of maxi-
mum sea-ice extent is shown in Figure 1. This compares
reasonably well with the observations from satellite as
derived by Gloersen and others (1992) but the model results
tend to be higher near the coast. The annual cycle of ice
extent and area is shown together with that from the SSMI
satellite data in Figure 3. The model ice arcas and concen-
trations tend to be higher than the satellite-derived arcas

Table 4. Examples of balance closures included ( at the surface)

Budd and others: Physical characteristics of Antarctic sea ice

throughout the winter. However the direct surface obser-
vations carried out in the winter of 1995 by Worby and
others (1996) obtained even higher concentrations. These
and other similar results raise questions concerning the al-
gorithms that have been used to derive the ice concentra-
tions {rom the satellite radiances, insofar as the extensive
arcas of thin, dark ice may be missed.

The ice-thickness distribution, near maximum extent, is
shown (along with the mean ice drift) in Figure 2, and it
also appears reasonable in comparison with the limited
observational data available e.g. Budd (1991), Allison and
Worby (1994), Worby and others (1994).

It is found that the ice thickness in the model is very sen-
sitive to the preseribed oceanic heat flux, whereas the ice
concentration is much less dependent. A similar result was
also found for the Arctic. The dependence of the maximum
a\'(‘mgc sea-ice thickness over the Antarctic sea-ice zone on
the magnitude of the prescribed constant oceanic heat flux
is shown inTable 2. The observations support a mean thick-
ness near maximum ice extent of about 0.6-0.8 m, which in-
dicates that an annual average oceanic heat flux over the
area in the range of 10-15 W m * is most appropriate. It is
important to note that the model calculations are carried
out over fixed geographical grid arcas and include the
cffects of the continual motion of the ice. The mean move-
ment of the ice at the time of maximum extent, as illustrated
in Figure 2, agrees reasonably well with the mean drift rates
derived from buoys (cf. Budd (1986. 1991), Allison (1989),
Kottmeier and others (1992),

Summary of major variables

Table 1 gives a selection of the values of many of the key vari-
ables averaged over the sea-ice zone for the annual mean,
and at times of the year of particular interest to indicate
the seasonal changes (January, minimum extent (February
to March), July, and maximum extent (September to
October) . Annual averages are also shown computed over
the fixed arcas of maximum ice extent ( Anmy.y) and mini-
mum ice extent (Anny, ). These results clearly show the
relative magnitudes of the various terms in the heat and
water balances and how they vary through the year. Note
that the region of the Anmny,., extends further north, so that
the average ice thickness is less, and the average temper-
ature higher, than for the Ann,;, region.

In general, the parameters are computed as equivalent
weighted averages over the total sea-ice and leads area,
except as marked by the * (such as ice thickness), where
the values apply to the ice-covered fraction only. The values

(i Net radiation = Longwave in
lel = Q'\\'l l
(i1 Net heat balance = Net radiation +  Sensible heat lux
Qum = anl + Q:\ru
(it Latent heat total from = Surface melt T

freezing/melting

Qo = (54 +

(iv Fresh-water total = Precipitation

JOFW) FWoep

Longwave out

Basal [reezing/melting — +

Evaporation

FWeiap i

Shortwave in Shortwave out

Qwr T ‘ Qiwr | s 1
Latent (evaporation +  Surface meliing — + lee condition
and sublimation conduction
$ e
¥ Qs T Qm ik Cleen

Leads lreczing + Leads freezing
melting to base melting to sides

Q]\m.- s ()llln 4 It

fom fom from

Ice freezing or melting  + lee

dynamics adveetion
and divergence

FWiin + FWiys
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are monthly averages over the sea-ice and leads region for
January, the minimum ice extent (min) about March, for
July, and for the time of maximum ice extent (max), about
September. The annual averages are calculated over the
fixed regions of maximum ice extent (Annuax) and the
region of minimum ice extent (Anny, ).

The snow depths and precipitation correspond to a
mean density of 0.33 Mg m * The signs of the heat fluxes
are taken as positive upwards except for the ice conductive
heat Mlux, which is negative upwards (towards the ice sur-
face). Within the pack-ice zone it has been assumed that the
sea waler remains at freezing point while ice is present. This
means that the sea-ice-surface temperature and the ice con-
centration determine the average surface temperature,
through a weighted mean.

The largest terms in the heat balance are the inward-
and outward-radiation terms, and the greatest variability
and uncertainties are associated with cloud cover. These
terms can be assessed by satellite data for outward short-
wave and longwave radiation. The net surface radiation,
shortwave absorbed and longwave emitted are strongly de-
pendent on the sea ice, particularly the concentration, and
open-water [raction.

Summary of heat-balance components

Figure 6 shows the annual cycle of the net radiation, along
with the other major components of the heat balance. The
turbulent heat flux is the sum of the sensible flux and the
latent flux from evaporation and condensation.

During the winter the Antarctic pack ice is relatively
much more open than in the Arctic. The high average
open-water fraction of 15-20% is maintained by the active,
and largely divergent, ice dynamics and the [eedback
hetween the sensible heat, the freezing and the ice concen-
tration. Table 3 shows that the sensible heat and the net tur-
bulent heat fluxes change sign close to the observed range of
ice concentrations. This feature of the sea ice resembles a
“sclf-regulating system”, with the sea-ice concentration
tending towards the observed values under the balance
between the net radiation heat loss, and the freezing and
net ice divergence, through the feedback of the sensible heat
flux. The sensible heat is particularly sensitive to the ice con-
centration, which in turn has a strong influence on the mean
surface temperature and the air-surface temperature differ-
ence. This is more clearly illustrated in'lable 3, which shows
the surface- and air-temperature dependence on ice concen-
tration in July (from the model), in conjunction with the key
heat-flux components. These results are from an extension of
the studies by Simmonds and Budd (1991) whereby the sea
ice was prescribed at a fixed concentration over the entire
sea-ice zone [or perpetual July simulations with different
values of the given ice concentration. Table 3 shows some
results for ice concentrations of 100, 95, 80, 50, 20 and 0%,
plus results from an interactive run for July with the coupled
atmosphere—sea-ice model for which the mean sea-ice
concentration averaged 83%. The table shows that the net
radiation and latent heat fluxes change slowly with concen-
tration, but the air-surface temperature difference, the sen-
sible heat flux and the net turbulent heat flux can change
sign around the general region of the observed predominant
sea-ice concentrations. 'T'his gives the basis for the tendency
towards the self-regulating system whereby the ice concen-
tration strongly adjusts to give the balance through the feed-
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Fig. 6. A summary of the seasonal cyele of some of the major
components in the heat balance is shown ( a ) averaged over the
actual sea-ice region as tl varies through the year and (b ) over
the fixed region of maximum sea-ice extenl. The nel freezing/
melling responds strongly to the net radiative and turbulent
frcing, but in turn most strongly influences the ice concentra-
tion and sensible heat.

backs with sensible heat and ice freezing (primarily in the
leads) compensating for the thermal heat losses (primarily
radiative and latent) and the effects of ice movement (pre-
dominantly divergent).

Summary of fresh-water balance components

Figure 7 summarises the variation through the year of some
of the more important terms in the ice and [resh-water
balance. The net basal freezing shown includes the contri-
bution from the leads. The precipitation minus evaporation
(P — E) only varies slightly through the year, with higher
values in winter than summer, and is largely balanced by a
net mean northward transport and divergence of the ice
from the dynamics. The freezing and melting have relatively
large seasonal cycles and only contribute to the net annual
mean flux through the net dynamical transport. The total
freczing is dominated by the freezing in the leads, and in
particular, that part which adds to the sides or the ice arca.
The relatively substantial amount of freezing in the leads
that also accumulates at the base (as is shown inlable 1),
together with the effects of rafting, indicates that ice cores
can be expected to show relatively large fractions (/50%)
of frazil ice. This has been born out in observations (e.g. see
Allison and others (1993)). The large amount of freezing in
the leads is also a factor in the large fraction of young thin
ice with relatively small snow depths in comparison with
relatively high precipitation rates of around 600 mma J
Many features, such as ice-thickness distributions, snow-
depth distributions, sea-ice-surface temperature, ice move-
ment and divergence, can be observed and compared with
model output. The results obtained from the 1995 winter
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Fig. 7. A summary of the seasonal cycle of major components in
the tolal fresh-water balance is shown (a) averaged over the
actual sea-ice region as it varies through the vear and ( b ) over
the fixed region of maximum sea-ice extent. The ice drifi lends
to compensate the (P — E) with relatively small seasonal
cvele amplitude compared with that of the fieezing/melling.

cruise described by Worby and others (1996) have been par-
ticularly valuable and provide encouraging confirmation of’
the model predictions provided before the voyage.

SUMMARY AND CONCLUSIONS

In spite of the variability of Antarctic sca ice and the asso-
ciated meteorological variables over the region, the clima-
tological mean net surface flux components are becoming
reasonably well known and constrained to about + a few
Wm % More extensive observations of the mean sea-ice-
thickness distribution, and to a lesser extent the ice concen-
tration, can provide the tightest control on net surface
fluxes. A comprehensive dataset for the annual cycle of sca-
ice-thickness distribution around the Antarctic would pro-
vide the basis for a more accurate estimate of the distribu-
tion of the net oceanic heat [luxes.

Sensible heat flux is the most sensitive major heat-flux
component to ice concentration and, along with freezing in
leads and ice divergence, acts to regulate the concenlralion
towards the observed mean values. Checks on the sensible heat
[lux can be obtained from comprehensive observations of
mean air-minus-surface-temperature differences (T, — T1)
along with the other usual meteorological variables such as
wind speed. For the [resh-water balance, the excess of preci-
pitation over evaporation is largely balanced by a net north-
erly transport of snow and ice, and an excess of melting over
freezing [rom the net northerly ice drift. This does not take
account of iceberg melt, which is of similar magnitude over
the area and needs to be included in coupled models.

The comprehensive range of output available from the
model provides a wide range of atmosphere, ice and ocean
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features that can be compared to observations to constrain
more tightly the less well-known [eatures. In particular the
surface fluxes derived here, 1o match the observed sca-ice
distribution, provide a sound basis to constrain the oceanic
surface heat fluxes in [ully coupled atmosphere—ocean
global climate models and thereby reduce the need for
applying the large surface flux corrections that have been
used in the coupled models to prevent model climatic drift.
T'he present model has also been used 10 derive surface
fluxes over the sea-ice zone initalised by the daily analyses
[rom the global forecasting centres. It should be noted how-
ever that so [ar the analysis centres are not yet using real-time
observed sea-ice distributions with interactive sea-ice models.
The interactive model in these cases needs to be spun-up for a
period long enough for adjustment to the computed fluxes.
The results obtained here indicate that considerable improve-
ments to the diagnosis of surface fluxes from the daily anal-
yses can be expected when the analysis centres routinely use
interactive sea ice in their analysis and forecast models.
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