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ABSTRACT. The amount of Arctic sea ice predicted by the Hadley Centre Global
Climate Model (GCM) is evaluated using 15 vears ol passive-microwave data. While the
Hadley model repr oduces the seasonal cycle reasonably well, it underestimates the total
area of sea ice by more than 3 x 10° km” Tor most of the year. In the winter months, most
of the underestimate in ice area results from the prediction of far too little ice in Hudson
Bay and the Sea of Okhotsk, leading 1o an excess of up to 0.2 PW heat input to the atmos-
])lu re [rom Hudson Bay alone. The surface-energy budget of Hudson Bay is investigated
using a mixture of surface observations (POLES), satellite data (ATSR, SSM/I and
ISCCP) and output from the Goddard Data Assimilation Office analysis. Flux d(l;usl—
ments of the order of 200 Wm ~, resulting from anomalously high sca-surface temper-
atures in the Levitus (1982) (lmmu:log_\, are found to be the cause of the model’s
underestimation of sea ice in both Hudson Bay and the Sea of Okhotsk. The fact that flux
adjustments based on an inaccurate climatology will produce errors, even il the model
physics is correct, underlines the need both for improved climatologies and for models

accurate enough not to require flux adjustment.

INTRODUCTION

Sea ice is capable of exerting a major influence on the Earth’s
climate for a number of reasons: cold, dense brine rejected
during ice formation, particularly in the Labrador and
Greenland Seas, 1s believed o have a significant ellect on the
global thermohaline ocean circulation (Aagaard and others,
1985); of sensible and latent heat

hetween the ocean and atmosphere is reduced by more than

the turbulent transfer

two orders of magnitude in the presence of sea ice (Maykut,
1978); and the surface albedo of sea ice is an order of magni-
tude greater than that of open ocean, thus significantly alter-
img the surface-radiation balance. Furthermore, the well-
known positive feedback between temperature and surface
albedo (Ingram and others, 1989) is likely to amplifv green-
house-induced climate change. Tt is therefore essential that
sea ice, and its interaction with the atmosphere and oceans,
is properly represented in global climate models (GCMs),
This paper presents a preliminary evaluation of present-
day Arctic sea ice predicted by the control run of the UK
Hadley Centre GCM. The cause of significant errors in the
modelled winter sea-ice distribution is identified by examin-
ing the components ol the surface-energy budget governing
ice formation, and implications for climate modelling are

discussed.

HADLEY GCM

The Hadley GCM is a [ully-coupled ice atmosphere ocean
model with a resolution of 257 latitude by 375" longitude, 19

levels in the atmosphere, 20 layers in the ocean and 4 soil
lavers (Johns and others, 1997). "This model is derived {rom
that used in earlier (Murphy, 1995), but features
completely revised atmospheric dynamics based on a differ-

studies

ent grid type, and significant changes to the ocean and sca-
1ce components,

In order to prevent climate drift arising from systematic
model errors, the sea~surface temperature and salinity are
relaxed back to climatological values. This is achieved by
adding flux adjustments to the energy and fresh-water fluxes
of the ocean (Sausen and others, 1988). Monthly mean flux
adjustments were calculated at the end of the 510 year
coupled spin-up as Newtonian-relaxation terms propor-
tional to the differences between
temperatures and salinities, and climatological values [rom

modelled sea-surface
Levitus (1982). These Mux adjustments remained fixed in
subsequent runs. Although the model would still reach an
equilibrium state without Mux adjustment, it would have
an unrealistic climate, casting doubt on conclusions {rom
climate-change experiments.

Sea-ice  thermodynamics is based on the zero-layer
model of Semtner (1976), with ice concentration parame-
terised according to Hibler (1979). Sea-ice dynamics is based
on the simple scheme of Bryan (1969), in which ice thickness
and concentration and snow depth are advected using the
surface currents from the ocean model. Iee rheology is eru-
dely parameterised by preventing convergence of ice once
the depth reaches 4 m.

Climatological model data used in this study were aver-
aged over 15 years of the control run.
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VALIDATION DATA

Sea-ice concentration

Passive-microwave data from the Scanning Multichannel
Microwave Radiometer (SMMR) and Special Sensor Mi-
crowave Imager (SSM/I) (National Snow and Ice Data
Center, 1989) over a 15 year period from 1979 to 1994 were

used to calculate monthly mean sea-ice concentration using
the NASA/Team algorithm (Cavalieri and others, 1984).

Data Assimilation Office (DAO)

The DAQ dataset (Schubert and others, 1993) was produced

by assimilating rawinsonde reports, satellite retrievals of

geopotential thickness, cloud-motion winds, and aircraft,
ship and buoy reports with short-term model forecasts from
the Goddard Earth Observing System (GEOS) GCM. This
GCM was constrained at the surface by observed sea-sur-
face temperature and soil moisture, Climatological monthly
mean values were obtained by averaging eight years of data
from 1986 to 1993, and used in this study to evaluate the
Hadley GCM surface-energy budget.

Shortwave and longwave radiation

In addition to the DAO fluxes, shortwave- and longwave-ra-
diative fluxes at the surface (calculated by the Goddard In-
stitute of Space Sciences (GISS) radiative-transfer model
incorporating measurements from the International Satel-
lite Cloud Climatology Project (ISCCP) (Zhang and
others, 1995) were obtained from GISS. Preliminary valida-
tion against surface measurements at Barrow, Alaska, and
the South Pole indicates uncertainties of about 253 Wm * in
this dataset in polar regions (Rossow and Zhang, 1995).
Comparison with the measurements by Fletcher (1965) of in-
coming longwave radiation over the central Arctic indicates
an annual root mean-squared (rms) error (calculated as the
rms difference of monthly means) of 23 Wm * for the GISS/
ISCCP data and 53 Wm ? for the DAO data.

Sensible heat flux

Sensible heat flux (FL) towards the surlace was calculated in
this study from the bulk acrodynamic formula

Fo = patyCaV(T, = T3) @

where p, (1.2kgm % and cp (3930 J kg Ly ]) arc the den-
sity and specific-heat capacity of air, V' is the surface wind
speed, 7}, is the surface-air temperature, 7} is the surface
temperature, and Cyy is the sensible-heat transfer coellicient.
In the Hadley model, Cyy is calculated as a function of the
atmospheric stability using the Monin—Obukhov similarity
theory. In the absence of observed-stability information,
however, Cj; was taken in this study as a constant 0.00175
following Parkinson and Washington (1979).

In addition to the DAO output, the [ollowing data were
used to calculate sensible heat fluxes. Monthly mean SSM/I
wind speeds over the ocean were obtained [rom the Jet Pro-
pulsion Laboratory (Halpern and others, 1995) for the years
1989-92, Monthly mean surface-air temperatures from land
stations, ship observations, Soviet North Pole drilting-ice
stations and Arctic drifting buoys from 1979 to 1992 were
obtained from the Polar Exchange at the Sca Surface
(POLES) program, University of Washington, Scattle.
Monthly mean sca-surface temperatures (SS15) from the
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Along-Track Scanning Radiometer (ATSR) (Zavody and
others, 1995; Jones and others, 1996) between 1991 and 1995
were obtained from the Rutherford Appleton Laboratory.

Mean, minimum and maximum fluxes using the whole
range of data sources were calculated in order to represent
the uncertainty in the validation data. DAO air and sea-ice
surface temperatures, however, appear to be too low com-
pared with the POLES surface-air temperatures, resulting
in anomalously large Muxes of sensible heat calculated using
a mixture of the two. In the absence of accurate sca-ice sur-
face temperatures, therefore, only the self-consistent DAO
information was used to calculate sensible heat fluxes over
consolidated sea ice. Comparison with the measurements
by Fletcher (1965) indicate an annual rms error of 13 Wm :
for the sensible heat flux over consolidated ice in the central
Arctic.

Latent heat flux

Latent heat lux (F£) towards the surlace was calculated
from the bulk acrodynamic formula
fi = fa LC]-;V(% = Q\} (2)

where L is the latent heat of vaporisation (2.5 x l()"_] kg y
or of sublimation (2.834 x 10° ] kg ') depending on whether
an ice cover exists, C'g: is the latent heat exchange coellicient
taken as 0.00175 following Parkinson and Washington (1979),
and ¢, is the surface-air specific humidity (from DAO). The
surface-specific humidity ¢, is related to the saturation
vapour pressure € through the equation
€6,

:p-— (1:=€)es L

s

where ¢ =0.622 is the ratio of the molecular weight of water
vapour to that of dry air, p (1014 x 10" Pa) is the surface
pressure, and ¢, is given by (Parkinson and Washington,
1979)

e, = 611 x l(}a[?lf'_’T:Ll(i]/(I-h] {4)

where the coeflicients (a, b) = (9.5, 7.66) il an ice cover ex-
ists, or (7.5, 35.86) for open water. As with the sensible heat
flux calculations, T, was obtained from both DAO and
ATSR. Comparison with the measurements by Fletcher
(1965) indicate an annual rms error of 9 Wm ? for the latent
heat flux over consolidated ice in the central Aretic.

SEA ICE COMPARISON

Figure | shows the 15 year mean, minimum and maximum
annual cycle of total Arctic sea-ice area predicted by the
Hadley GCM, compared with satellite observations. The
Hadley GCM reproduces the seasonal cycle reasonably
well, but underestimates the Arctic ice area by more than
3 x 10° km? for most of the year.

The mean distribution of sea ice for March is shown in
Figure 2. The Hadley GUM slightly overestimates the ice
concentration in the Greenland Sea, possibly as a result of
the crude advection parameterisation, but significantly
underestimates the concentration in Hudson Bay, the Sea
of Okhotsk and the Labrador Sea. Failure of the model to
produce sea ice in Hudson Bay alone results in an excess of
heat input to the atmosphere of up to 0.2 PW during the
winter.

In order to establish the cause of the underestimation of
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Fig. 1. Awetic sea-ice area from the Hadley GCM and
SMMR/SSMI observations. Symbols show the 15 year mean,
and shaded regions show the variability.

sea ice by the model, the surface-energy budget for Hudson
Bay is investigated in the next section.

SURFACE-ENERGY BUDGET OF HUDSON BAY

Parameters relevant to the energy budget of Hudson Bay are
shown in Figure 3. There is excellent agreement between the
validation data and the Hadley GCM in August and Sep-
tember, but the failure of the Hadley model to produce sea
1ce results in overestimated values of surface-air temper-
ature, specific humidity and cloud in the winter months. A
comparison of surface fluxes 1s presented in Figure 4. The
Hadley shortwave and longwave fluxes are generally within
the range of the DAO and GISS/ISCCP fluxes. The Hadley
sensible and latent heat fluxes also agree very well with the
validation data for the summer and autumn months (June

October). The formation of ice in November, however,
rapidly closes the sensible and latent heat loss. Heat loss
from leads has not been included in the validation data.
but is likely to be small given that the winter-ice concentra-

tion in Hudson Bay is typically greater than 95%. lailure of

the Hadley model to produce ice results in a net heat loss
. ¢ r 2 :
from the ocean of up to 200 Wm * throughout the winter.

Smith and others: Fvaluation of Hadley GCM Aretic sea ice

DISCUSSION

In the absence of advection, the ocean-surface temperature
is governed by the net surface flux. A simple energy-balance
calculation, assuming a mixed-layer depth of 30 m and an
oceanic heat flux of 2Wm ? (Parkinson and Washington,
1979). reveals that the net Hadley heat loss from Hudson
Bay is easily large enough to produce sea ice. Sea ice is pre-
vented from forming in the Hadley model by the [lux adjust-
ment (shown in Fig. 4), which, when added to the net flux,
results in a heat loss that is far too small during the critical
freeze-up period. A similar analysis (not shown) reveals
that large flux adjustments also restrict ice formation in the
Sea of Okhotsk.

The flux adjustment is intended to prevent modelled
SSTs from drifting away from the Levitus (1982) climatol-
ogy. Due to a lack ol winter observations, however, the
Levitus climatology appears to be inaccurate in sea-ice cov-
ered regions. For example, Figure 5 shows December Levi-
tus SST anomalies, defined as the temperature above the
freczing point of sea ice in the Levitus data in ice-covered
regions, SST anomalies as large as 5" C in Hudson Bay and
the Sea of Okhotsk translate to flux adjustments of more
than 200 Wm 2 (Fig. 5b) and explain the lailure ol the Had-
ley model 1o produce ice in these regions. The Levitus SST
climatology has recently been updated (Levitus and Boyer,
1994), but very similar SST anomalies persist in the Arctic
regions. In the 1994 climatology (not shown), the magni-
tude of the SST anomaly is slightly reduced in the Sea of
Okhotsk but increased in the Kara Sea in winter compared
with the 1982 climatology.

The results of this study highlight a problem with the
flux-adjustment procedure, arising from inaccuracies in the
observed climatology. Even a perfect model will produce er-
roneous results if the cimatology used to calculate flux ad-

Jjustments is inaccurate. The manner in which errors in the

climatology influence the final solution, however, depends
on the way in which the model spin-up and flux adjustment
is implemented. The Hadley model was spun-up with the
atmosphere and ocean coupled, continuously modifying

GCM (c) Difference

(a) Satellite
) )

(b) Hadley
2

centration (%)

Fig. 2. Mean Arctic sea-ice distribution for March. The difference is satellite minus Hadley. T he contour interval is 20% . Doited

contours represent negative values.
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Fig. 3. Evaluation of parameters relevant to the surface-energy

budget of Hudson Bay.

the sea-surface temperature and salinity with restoring
terms proportional to the difference between modelled and
climatological values. These restoring terms were diagnosed
at the end of the spin-up, and used as fixed-flux adjustments
in subsequent control and climate-change runs.

Other models (Manabe and others, 1991; Cubasch and
others, 1992) spin-up the atmosphere and ocecan separately,
and calculate flux adjustment as the difference between the
surface [luxes diagnosed in the atmosphere and ocean
models. If; for example, the atmosphere model was spun-
up with the correct sea-ice climatology instead of the Levi-
tus climatology, then it is likely that the flux adjustment
would be completely different from that calculated from
the Hadley approach. Indeed, it is possible that the flux ad-
justment in Hudson Bay could be negative, leading to exces-
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Fig. 4. Evaluation of surface-energy fluxes over Hudson Bay.
Fluxes towards the surface are positive.

sive ice build-up. The point is that the flux adjustment,
however implemented, is likely to produce erroneous results
if it is based on an inaccurate climatology. Furthermore,
while the errors in the Levitus SST climatology are rela-
tively large in sea-ice covered regions of the Arctic, it is pos-
sible that much smaller errors occurring on a global scale
might have a significant effect on the predicted climate.
Future work should therefore be aimed both at improving
the accuracy of global climatologies, and at improving the
accuracy of climate models so that flux adjustment may be
eliminated.

Failure of the Hadley model to produce enough sea ice in
Hudson Bay and the Sea of Okhotsk does not explain the
underprediction of the total sca-ice area in the summer
(Fig. 1), because these regions are not ice-covered during


https://doi.org/10.3189/S0260305500014397

(a) Levitus SST anomaly

87

SST anomaly (°C)

05 15 25 35 45

Smith and others: Evaluation of Hadley GOM Aretic sea ice

(b) Flux adjustment

% R -

-250 -150 -50 O 50

150 250

Fig. 5. Levitus SSTanomaly ( a ). defined as temperature above freezing point of sea ice in ice~covered regions, and Hadley GCM
Slux adjustment (b ) in December. Negalive values are shown by dotted contours.

the summer. The winter ice in the Beaulort Sea 1s <2m
thick in the Hadley model, compared with measured thick-
nesses >4 m (Bourke and McLaren, 1992). It would appear,
therefore, that the winter ice is too thin in the Hadley
model, enabling too much to melt away in the summer.
Iurther work is required to establish the extent and cause
of this underprediction of ice thickness.

CONCLUSIONS

An evaluation of Arctic sea ice predicted by the Hadley
GCM against passive-microwave sea-ice concentrations
reveals that, while the seasonal cyele 1s reasonably well re-
produced, the Hadley model underestimates the total arca
of sea ice by about 3 x 10° km® throughout most of the year.
Most of the error in winter ice area is accounted for by the
[ailure of the Hadley model to produce ice in Hudson Bay
and the Sea of Okhotsk. As a consequence, the heat input
to the atmosphere from Hudson Bay alone is too large by
up to 0.2 PW during the winter. The underestimated ice con-
centration in Hudson Bay and the Sea of Okhotsk was found
to be caused by inaccuracies in the Levitus (1982) SST
climatology on which flux adjustments are based. Although
it would be relatively easy to correct climatological SSTs in
ice-covered regions (by resetting them to the [reezing point
of sea ice), and hence overcome some ol the problems re-
ported here, it is possible that flux adjustment based on un-
certain climatological SS1s in other regions might lead to
significant errors in the predicted climate. It is therefore
important to develop improved climatologies, and, in the
long term, models accurate enough not to require flux ad-
justment.
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