Annals of Glaciology 25 1997
© International Glaciological Society

Sensitivity of an atmospheric general circulation model
to the parameterization of leads in sea ice
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ABSTRACT. Open-water leads in sea ice dominate the exchange of heat between the
ocean and atmosphere in ice-covered regions, and so must be included in climate models.
A parameterization of leads used in one such model is compared to observations and the
results of a detailed Arctic sca-ice model. Such comparisons, however, are hampered by
the errors in observed lead [raction, but the parameterization appears to compare better
in winter than in summer. Simulations with an atmospheric general circulation model
(AGCM), using prescribed sca-surface temperatures and ice extent, are used to illustrate
the effect of parameterized lead fraction on atmospheric climate, and so provide some
insight into the importance of improved lead-fraction parameterizations and obser-
vations. The effect of leads in the AGCM is largest in Northern Hemisphere winter, with
zonal mean surface-air temperatures over ice increasing by up to 5 K when lead fraction is
increased from 1% to near 5%. The effect of leads on sensible heat loss in winter is more
important than the effect on radiative heat gain in summer. No significant effect on sca-
level pressure, and hence on atmospheric circulation, is found, however. Indirect effects,
due to feedbacks between the atmosphere and ice thickness and extent, were not included
in these simulations, but could amplify the response.

INTRODUCTION errors in the observed open-water fraction. The present
work illustrates the sensitivity of an atmospheric general
circulation model (AGCM) to variations in lead fraction
of this magnitude.

Much of the previous work relating to this topic addressed

Sea ice affects the climate at high latitudes by insulating the
occan from the atmosphere, and hy increasing the surface
albedo. Leads are narrow veins of open water and thin ice
the effect of variations in ice-edge position on atmospheric
climate in an AGCM where the sea-surface temperature
(SST) and sea-ice amount are specified. Extreme examples
are the complete ice-removal experiments of Royer and
others (1990 and earlier references therein) while less extreme
cases have been studied by Herman and Johnson (1978),
Mitchell and Senior (1989), and Raymo and others (1990).
Typical findings are that icc-edge retreat causes local atmos-

within the polar ice pack that occupy only a small fraction
of the ice-covered area, but that dominate the turbulent
heat exchange in winter by exposing relatively warm ocean
water to the cold atmosphere (e.g. Maykut, 1978). In this
paper the term “leads” is used rather loosely to mean any
open water within the ice pack. In winter, this open water
takes part in a negative feedback wherehy high heat loss
quickly forms ice that covers the open leads. On the other
hand, in summer the reduction of surface albedo by leads
and surface melt ponds enhances absorption of solar radia-
tion, accelerates ice melt, and hence contributes to the posi-

pheric warming of up to 20K and a lowering of surface
pressure by as much as 10 mb, but that away from the ice
anomaly the effects are weak.

The role of leads within the ice cover has reccived less
attention, but has been examined in an energy-balance
model by Ledley (1988), in an AGCM by Simmonds and
Budd (1991), and in a very low-resolution global coupled
atmosphere slab-ocean model by Vavrus (1993). Of these,
hoth Ledley (1988) and Vavrus (1995) consider the sensi-
tivity of a coupled climate model (including ice extent) to
varying lead fraction. Although such coupled models
provide an estimate of the coupled system’s overall sensi-
tivity to leads, this sensitivity depends on the accuracy of
the representation of all components in the coupled system.
In the present work we follow Simmonds and Budd (1991)
and focus only on the direct impact of leads on atmospheric

tive ice—albedo feedback. These feedbacks are largely
responsible for the enhanced greenhouse-gas warming at
high latitudes predicted by global climate models, and so it
is important to represent them accurately (e.g. Rind and
others, 1995). The parameterization of sea-ice processes in
global climate models is improving with the implementa-
tion of sca-ice dynamic schemes and prognostic equations
forlead fraction, but improvements arc hampered by uncer-
tainty in the actual lead fraction. Errors in passive-micro-
wave satellite observations of ice concentration (the
fraction of area covered by ice) arise from variations in sur-
face temperature and emissivity, atmospheric effects, and
the presence of surface melt ponds in summer. These errors

are largest during the summer melt period, and range from
roughly 2% to 7% in the Arctic and 3% to 10% in the Ant-
arctic (Cavalieri, 1992). This translates into nearly 100%
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climate, realizing that this may be moderated or enhanced
by other feedbacks in the coupled system.
The study of Simmonds and Budd (1991) focused on the
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Antarctic ice cover and consisted of perpetual July simula-
tions with lead fractions varying from 5% to 100%. They
found that the surface-air temperature over the Antarctic
sca ice increased by 20K when the lead fraction was
increased from 0% to 5%, by 125K when lead fraction
was increased to 50%, and by 175 K when the ice cover
was removed. They also found increases in sensible heat flux
of 12-103 Wm ? and a decrease in surface pressure of 0.2
3.3 mb for the same range of lead fraction. Their results for
0% and 5% lead fraction are the most relevant in the pre-
sent context, and these will be referred to later.

In the present work a somewhat higher-resolution model
than that of Simmonds and Budd (1991) was used, and simu-
lations were conducted that included the full annual cycle.
As described in the following section, some mean March
and September atmospheric surface quantities were com-
pared across the entire globe (representing the time of mini-
mum and maximum ice extent in each hemisphere).

MODEL DESCRIPTION, LEAD PARAMETERIZA-
TION AND EXPERIMENTAL DESIGN

The model used in the present study is a version of the
Canadian Climate Centre AGCM, called GCMII, des-
cribed by McFarlane and others (1992); this was also used
in the equilibrium climate-change experiments by Boer
and others (1992), Briefly the model has T32/L10 resolution
and interactive cloud and land-surface schemes. Although
the original model included an interactive mixed-layer
ocean and thermodynamic sea ice, the present version uses
a specified climatological annual cycle of sea-surface temp-
crature and ice amount obtained from the Atmospheric
Model Intercomparison Project (AMIP) dataset (Gates,
1992). The AMIP dataset does not include ice thickness, but
only mdicates its presence or absence, so ice thickness was
specified from climatological estimates based on mean sur-
face temperature. This version of the maodel has been used in
a varicty of AMIP simulations (e.g. Zwiers, in press). Since
the model and its equilibrium climate is described in detail
in McFarlane and others (1992), only that aspect of the
model formulation that is pertinent to the present set of ex-
periments, namely the parameterization of leads, is men-
tioned here,

Leads are parameterized in terms of ice thickness
according to the scheme presented in McFarlane and others
(1992), namely,

er = min{(hyin/h)", 1] (1)

where £, is the lead fraction (one minus the concentration),
h is the ice thickness, by, = 0.05m, and n is a dimension-
less parameter taken to be 1.25 by McFarlane and others
(1992).  According to this parameterization, thin ice
(<0.05m) is treated in the same way as open water, Simul-
tancous observations of lead fraction and mean thickness
are not available 1o verify this parameterization dircetly;
however the recent Arctic ice model results of Flato and Hi-
bler (1995) can be used to provide some indication of its suit-
ability. Figure 1 shows a scatter plot of the March and
September lead fraction vs thickness obtained from the
model developed by Flato and Hibler (1995) (there is one
dot for each model gridpoint for cach of the seven years of
their “standard” simulation). Also shown in this figure is
equation (1), with the standard value of n = 1.25. and also
with a “low-lead” value of n = 1.75 and a “high-lead” value
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Fig. 1. Scatter plot of lead fraction vs mean thickness oblained

Sram the model of Flato and Hibler (1995) for the Arctic in
March (a) and September (b). Superimposed are three
curves representing equation (1) with various values of n.
The heavy line is the standard case withn = 1.23,

of n = 0.75. In winter, the standard version of the para-
meterization reflects the trend of decreasing lead fraction
with increasing thickness reasonably well; but in summer,
the parameterized lead fraction is too low by roughly an or-
der of magnitude. This comparison highlights an immediate
shortcoming of the parameterization, namely that the seas-
onal cycle of lead fraction is not well reproduced. Neverthe-
less, the range of nn shown in the figure, corresponding to
lead fractions of 0.1%, 1% and 5% for a typical ice thick-
ness of 3 m, does span the range of modelled winter values
and is similar to the range of uncertainty in observed lead
fraction.

An alternative comparison that allows the use of mean
monthly passive-microwave estimates of ice concentration
(Gloersen and others, 1992) is provided by Figure 2. This fig-
ure compares the distribution functions of observed and
parameterized lead fraction for March and September in
both hemispheres. In the Northern Hemisphere, the model
results of Flato and Hibler (1995) are also shown. (Note that
errors in the specified climatological ice-thickness fields
translate directly into errors in the parameterized lead frac-
tion.) As was indicated by the comparison in Figure 1, the
standard parameterization in winter agrees well with the
results of Flato and Hibler’s (1993) model, but in this com-
parison both secem to underestimate the observed amount
of ice with high-lead fractions. In summer, the unreal-
istically low-lead fraction produced by the standard version
of (1) is apparent, whereas the high-lead case provides some-
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Fig, 2. Distribution functions of lead fraction ( i.e. the fraction of ice-covered area occupied by ice with a given lead fraction ). The
solid line is from the passive-microwave observations summarized by Gloersen and others (1992); the dashed line ( FH393) is from
the Arctic model of Flato and Hibler (1993); the symbols are the parameterized lead fractions used in the three AGCM simulations
described. (a) Northern Hemisphere in March. (b) Northern Hemisphere in September. (c) Southern Hemisphere in March.

(d) Southern Hemisphere in September.

what better agreement. In the Southern Hemisphere, the
parameterization does not appear to be especially good in
either season, although the high-lead case does agree better
with observations than the standard case. It is not clear how
the errors inherent in the passive-microwave observations
might distort the shape of the curves in Figure 2.

Setting aside the question of how to best parameterize
leads in an AGCM, we may still inquire as to the effect of
such parameterizations on the modelled climate. The pro-
gramme is to compare threc multi-year simulations per-
formed with the AGCM: a 40 year control run using the
standard parameterization; a 10 year “low-lead” experiment
with n =175, and a 10 vyear “high-lead” experiment with
n =0.75. Aside from the change in n, all other model para-
meters and boundary conditions (sea-surface temperature,
ice thickness, and solar constant) are kept the same. In par-
ticular, because the ice extent and thickness is specified, the
only aspect of the ice cover explicitly modified is the lead
fraction. Note that because the surface albedo depends on
surface temperature and snow amount, both of which
evolve freely in the model, there is the potential for some
feedback to the direct effect of changing lead fraction, Dif-
ferences between long-term means of these three runs are
therefore a result of the overall response of the atmosphere,
ice and land surfaces to the change in lead fraction, with an
additional contribution due to internal variability. The
effect of variability has been reduced by averaging over
multi-year model integrations.
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EXPERIMENTAL RESULTS

To illustrate the effects of lead fraction, differences are
plotted between the “high-lead” and standard case, and
hetween the “low-lead” and standard case. Figures 3 and 4
show these differences for March and September surface
(2m height) air temperature, while Figures 5 and 6 show
the differences for mean sea-level pressure.

The high-lead case has a more dramatic effect on air
temperature than the low-lead case, indicating that, in the
standard case, the effect of leads is relatively minor (iec.
further reduction of the lead fraction has little impact).
Zonal mean temperature in the Arctic in March is increased
by about 5K in the high-lead case, and decreased by only
about 1 K in the low-lead case. In the Antarctic in Septem-
ber the effect is weaker, with an increase of about 1 K in the
high-lead case and negligible change in the low-lead case.
South of 60° N and north of 60° S, there is no perceptible
effect in cither case. The change in lead fraction clearly has
the largest effect in the winter hemisphere, a result of the
importance of leads in ocean-sensible heat loss in winter.
Although not shown, the net surface-energy flux in the
high-lead case indicates enhanced ocean heat loss by about
20Wm “ in March, but only about 10 Wm .
gain in September. This supports the result of Vavrus
(1995), who found that increased lead fraction resulted in
more ice growth and hence a thicker ice cover.

more heat

Changes in surface pressure, shown in Figure 5, are rela-
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Fig. 5. March surface-air temperature difference between the high-lead and standard cases ( a ), and the low-lead and standard

cases (b ). The contour interval is 2 K; light shading indicates that the difference is significant at the 10% level, and dark shading
indicates differences significant at the 5% level.

Fig. 4. September surface-air temperature difference between the high-lead and standard cases ( a ), and the low-lead and standard
cases (b ). The contour interval is 2 K; light shading indicates that the difference is significant at the 10% level, and dark shading
indicates differences significant at the 5% level.
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Fig. 5. March mean sea-level pressure difference between the high-lead and standard cases (a ), and the low-lead and standard
cases (b ). The contour interval is 2mb; light shading indicates that the difference is significant at the 10% level, and dark
shading indicates différences significant af the 5% level.

Fig. 6. September mean sea-level pressure difference between the high-lead and standard cases ( a), and the low-lead and standard
cases (b). The contour interval is 2 mb; light shading indicates that the difference is significant at the 10%% level, and dark
shading indicales differences significant al the 5% level.
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tively modest compared to changes in air temperature, and
in fact are generally insignificant (at the 3% level, about
3% of the area shows as significant purcly by chance). This
indicates that, in spite of the local changes in surface heat
budget and air temperature, changes in lead fraction of the
magnitude considered here do not significantly alter the
climatological atmospheric circulation patterns. Precipita-
tion patterns were likewise found to be unchanged.

DISCUSSION AND CONCLUSIONS

Sea ice, and the open-water leads within it, are important
features of the climate system, and more sophisticated sca-
ice dynamic and thermodynamic schemes are being incor-
porated in climate models. However, simple lead parame-
terizations have been widely used and will remain useful in
many idealized climate simulations. It is therefore of interest
to examine the fidelity of such a parameterization, and to
mvestigate the sensitivity of the climate system to inaccura-
cies in the parameters and uncertainty in the actual lead
fraction that such schemes attempt to reproduce. Compari-
son of one such lead-fraction parameterization, (1), with the
model results of Flato and Hibler (1995) and observed lead
fraction, indicate that it performs best in the Northern
Hemisphere winter, with some shortcomings that might be
improved by allowing the parameter n to vary with season.

Climate simulations with an AGCM illustrate the direct
effect of changes in lead fraction on atmospheric climate.
The results indicate that the sensible heat-loss effect of leads
in winter is more important than the radiative heat-gain
effect in summer. For variations in lead fraction roughly
commensurate with the uncertainty in observed values, the
largest response is found in the Northern Hemisphere
winter. That is, for an increase in lead fraction from about
1% to about 5%, a 5 K increase in surface-air temperature
over the ice-covered area in March in the Arctic, versus only
1 K in September in the Antaretie, is found. The lower sen-
sitivity in the Antarctic is due to the higher lead fraction in
the standard case (because the ice is typically thinner than
in the Arctic). This implies a proportionally smaller increase
in lead fraction in the high-lead experiment. We can com-
pare the results obtained here with those obtained earlier
for the Southern Hemisphere by Simmonds and Budd
(1991) (bearing in mind that the present model simulates
the entire annual cycle, and we examined the sensitivity at
the times of minimum and maximum extent, namely
March and September, whereas the model of Simmonds
and Budd (1991). was run in perpetual July mode). Our

results for increasing lead [raction are similar o those of

Simmonds and Budd (1991) who found a 1.2 K increase in
surface-air temperature over Antarctic sea ice and a gener-
ally insignificant change in sea-level pressure for an increase
in lead fraction from 0% to 5%.

It must be stressed that the experiments consider the
they do not
consider the full range of feedbacks hetween the atmosphere
and ice cover. So, although the results indicate that plausible

direct effect of leads on atmospheric climate
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variations in lead fraction affect only local ocean—atmos-
phere heat exchange and have no significant effect on
atmospheric circulation, this would not necessarily be the
case in a fully coupled model, in which ice extent and ocean
temperature evolve freely. Indeed, the results of Vavrus
(1995) indicate that these feedbacks are important and they
will be investigated in future work with coupled atmos-
phere—slab-ocean versions of the AGCM.
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