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ABSTRACT. Two generations of a climate model are compared using the impact of a CO, doubling on the Hudson Bay region
as the means of diagnosing differences in model performance. Surface temperature, precipitation, sea-ice coverage, and
permafrost distribution are compared. The most striking difference is the response of the sea ice in the two models. In the coupled
atmosphere-ocean climate model, sea ice virtually disappears in Hudson Bay. This leads to a substantially higher regional
temperature response. We suggest that conductivity of sea ice and thermal diffusivity of seawater are key factors that cause the
difference in sea-ice response. It is recommended that a regional model be developed to produce more representative climate
change scenarios for the Hudson Bay region.
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RESUME. On compare deux générations d’un modele de climat en calculant I’incidence sur la région de la baie d’Hudson d’une
multiplication par deux du taux de CO, afin de diagnostiquer les différences dans la performance des deux versions du modele.
On compare la température en surface, les précipitations, la couverture de glace de mer et la distribution du pergélisol. La
différence la plus marquante apparait dans la fagon dont la glace de mer réagit dans les deux modeles. Dans le modele de climat
avec couplage atmosphere-océan, la glace de mer disparait pratiquement de la baie d’Hudson. Il en résulte une hausse notable de
la température régionale. On suggere que la conductivité de la glace de mer et la diffusivité thermique de I’eau de mer sont des
facteurs clés responsables de la différence dans le comportement de la glace de mer. On recommande 1’élaboration d’un modele
régional qui créerait des scénarios de changement climatique plus réalistes pour la région de la baie d’Hudson.

Mots clés: baie d’Hudson, modélisation climatique, scénarios de changement climatique, glace de mer, pergélisol, réchauffement

planétaire
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INTRODUCTION

One of the most striking features of the Hudson Bay region
is the complete annual cryogenic cycle. August and Sep-
tember are generally completely ice free, but seaice begins
to form in November and persists typically until June. The
presence of this vast ice blanket has a tremendous impact
on the regional climate. Rouse (1991) describes this influ-
ence as the ‘winterization’ of summer. Persistent sea ice
delays the onset of spring and allows for the southern
extension of permafrost along the western and southwest-
ern coasts of Hudson Bay. The moderating effect of the
Bay waters during the winter is literally cut off by the
complete ice cover. The ice acts as an insulator, blocking
the heat release from the Bay, mitigating land/sea differ-
ences during winter.

These unusual conditions have led to a unique ecosys-
tem involving a vast range of species. This system is
symbolized by the polar bear, the top of the food chain.
Polar bears use the ice as a platform to hunt seals during the
winter and spring. The bears increase in weight suffi-
ciently to survive the summer and fall months on land,

where food is scarce. Thus the continued presence of sea
ice is essential for the survival of the polar bear in this
region, and climate change poses a potential threat to the
bear population (Stirling and Derocher, 1993; Stirling et
al., 1999).

The presence of sea ice—induced permafrost has a sub-
stantial impact on the communities along the western coast
of Hudson Bay (Wolfe, 1999). For example, coastal com-
munities and transportation networks are now specially
designed to prevent permafrost degradation in the built
environment. Climate warming is likely to cause a signifi-
cant shift in the distribution of permafrost (Woo et al.,
1992) and thus in the built environment of the western
coastal communities of Hudson Bay.

To assess the impact of climate change on the Hudson
Bay region, climate change scenarios are needed. These
can take the form of climate analogues, synthetic sce-
narios, or general circulation model (GCM) scenarios
(Carter et al., 1996). In climate analogues, spatially or
temporally displaced climate data are used as climate
change scenarios. For example, this type of model has
been used to assess water levels in the Great Lakes (Mortsch
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and Quinn, 1996). Synthetic scenarios use reasonable but
idealized climate changes, such as 1°C, 2°C, or 3°C warm-
ing. Gough (1998a) used a synthetic scenario of 3°C to
assess future sea levels in the Hudson Bay region. This
scenario was loosely based on the results of general circu-
lation models (Kattenberg et al., 1996). General circula-
tion models are sophisticated, mathematically based
simulations of the world’s climate including atmospheric,
oceanic, cryospheric, and land surface components.

Two types of warming scenarios have been developed.
Older simulations examined the difference between two
equilibrium simulations, one with the present CO, levels
(1 xCO,) and a second with twice the current levels of CO,
(2 x CO,). More recent simulations have examined the
transient response to gradually increasing CO, levels.
Typically a CO, doubling is linearly increased over a
period of 70 to 100 years. The large thermal inertia of the
ocean component of the model prevents an assessment of
a new climate equilibrium. The transient response of the
ocean to gradual changes in the atmosphere is substan-
tially different from the equilibrium response (Gough and
Lin, 1992). Most climate change impact assessments,
however, have used the first type of scenario (e.g., Woo et
al., 1992; Cohen et al., 1994). Thus it is of interest to
compare the two types of GCM scenarios.

We examine here the two types of warming scenarios
from two versions of the Canadian generation circulation
model (Boer et al., 1992; McFarlane et al., 1992; Boer et
al., 2000; Flato et al., 2000), focusing on the sensitive
Hudson Bay region.

METHODS AND ANALYSIS
Models

Our analysis uses the results from two models. The first
is the second generation of the Canadian general circula-
tion model (GCM II). The atmospheric component is a
sophisticated atmospheric general circulation model. The
ocean component is represented as a simple two-layer slab
ocean 50 m thick. Horizontal redistribution of ocean heat
is prescribed in order to reproduce climatological values
of sea surface temperatures and sea-ice distributions. Once
a grid pointisice-covered, a prescribed under-ice heat flux
replaces the slab ocean. The heat flux is prescribed so as to
produce current sea-ice distribution as described in
McFarlane et al. (1992). They also used a simple thermo-
dynamic ice model that consists of both an ice layer and a
snow layer and represents leads as fractional ice coverage.
For further details, see Boer et al. (1992). Two simulations
were used. In the first, CO, levels were fixed at current
levels. In the second, CO, levels were doubled. Both
simulations were run to equilibrium. Twenty years of
simulation data were available for analysis. These
simulations have been cited in the climate change assess-
ments of Woo et al. (1992) and Cohen et al. (1994).
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The second model is the Canadian first-generation cou-
pled general circulation model (CGCM I). This model
results from the coupling of the model described above
(GCM II) with an ocean general circulation model replac-
ing the slab ocean. Hudson Bay is represented by several
dynamic vertical levels. Flux corrections are employed in
order to reproduce current climatology. Two 200-year
simulations beginning in 1900 are used: a control simula-
tion using current greenhouse gas levels and a greenhouse
gas increase scenario. After 1995, greenhouse gases were
increased at the rate of 1% per year with a corresponding
increase in sulphate aerosols (Boer et al., 2000; Flato et al.,
2000). This increase simulation will be referred to subse-
quently as GHGA. Flato et al. (2000) reported on the
ability of the model to reproduce broad features of the
current climate successfully; however, they noted lower
fidelity at the regional scale.

Since both models have the same spatial resolution,
both represent Hudson Bay as a group of eleven grid points
forming an enclosed sea. In the coupled model, there is a
diffusive link to the rest of the ocean via Hudson Strait,
although it is not a dynamic link like that found in some
other world ocean representations (Gough and
Allakhverdova, 1999).

The coarse resolution of the climate model and the
simplification of model components required to run the
models efficiently necessitate caution in the use of such
model output. Gough and Allakhverdova (1999) examined
the coarse grid representation of Hudson Bay and sur-
rounding waters using a similar ocean general circulation
model, in which Hudson Bay formed an advective link
with the Labrador Sea by suppressing the orography of
Baffin Island. However, they concluded that the advective
link played a relatively minor role in determining the
response of Hudson Bay sea ice to climate change sce-
narios. Far more important was the sensitivity to model
parameters such as the thermal conductivity of sea ice and
the thermal diffusivity of seawater as shown in a follow-up
study (Gough, in press). Thermal diffusivity is a parameter
that accounts for sub—grid scale processes such as mesoscale
eddies, internal wave breaking, double diffusion, and small-
scale convection. Gough and Allakhverdova (1998) have
also shown that modest variations of vertical and horizon-
tal diffusivity in an ocean general circulation model have
more impact on ocean flow and tracer uptake than did
typical warming scenarios.

Analysis

For the Hudson Bay region, we used data from 53.81 to
68.65°N and from 97.5 to 71.25°W. This area consisted of
40 grid points, of which 12 were ocean points (11 for
Hudson Bay and Foxe Basin and 1 for Hudson Strait) and
28 were surrounding land points. Surface temperature,
precipitation, sea-ice cover, and number of permafrost
points were examined. To illustrate the influence of ice
cover, land and ocean points were analyzed separately. For
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TABLE 1. Annual average surface temperatures (°C) for GCM II and CGCM I simulations.

Simulation 1x CO, 1xCO, 2x CO, 2x CO, 2xCO,-1xCO, 2xCO,-1xCO,
(land) (ocean) (land) (ocean) (land) (ocean)
GCM II -7.5 -6.2 2.4 -1.6 5.1 4.6
CGCM 1 -6.7 -4.9 2.4 1.6 4.4 6.5
CGCM I-GCM I 0.8 1.3 0.0 32 -0.7 1.9
TABLE 2. Annual average precipitation (mm/month) for GCM II and CGCM I simulations.
Simulation 1xCO, 1xCO, 2x CO, 2x CO, 2xCO,-1xCO, 2xCO,-1xCO,
(land) (ocean) (land) (ocean) (land) (ocean)
GCM II 24.0 20.6 27.2 24.7 32 4.1
CGCM 1 24.5 21.4 26.3 222 1.8 0.8
CGCM I-GCM I 0.5 0.8 -0.9 2.5 -1.4 3.3
. 15 0.8
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FIG. 1. Temperature difference (°C ) for GCM 11, 2 X CO, - 1 x CO,

the GCM 1I results, ice cover was deduced from surface
temperature. For the CGCM 1 results, sea-ice data were
directly available.

The GCM II data consisted of two 19-year equilibrium
simulations, one for 1 X CO, and the other for 2 x CO,. The
CGCM 1 data analyzed consisted of two 200-year
simulations (from 1900 to 2100). For purposes of compari-
son to the GCM II results, the CGCM I control simulation
is considered to be the 1 x CO, case, and the CGCM 1
GHGA simulation is considered to be the 2 X CO, case,
using a 10-year average centred at 2050. Because of the
thermal lag of the world ocean, it is likely that the full
effect of the CO, doubling has not yet been felt, even
though the concentration has doubled (relative to the
1980s) by this time. Thus, these results may represent a
slight underestimate of 2 x CO,.

RESULTS
GCM I1

On average, the Hudson Bay regional temperatures
increase by 5.0°C. This increase, which combines a 5.1°C
rise in land temperatures and a 4.6°C rise in ocean tem-
peratures (Table 1) for 2 x CO,, compares to a 3.5°C
warming globally (Boer et al., 1992). Figure 1 depicts the
annual cycle of temperature differences between 2 x CO,

FIG. 2. Precipitation difference (mm/month) for GCM II, 2 X CO, - 1 x CO,.

and 1 X CO, for land and ocean. The warming for both land
and ocean is amplified in the winter, with the greatest
warming occurring in January over the ocean. The land
warming experiences a secondary peak in June and July.
The ocean peak is likely the result of sea-ice depletion, as
will be seen below. The summer land peak is likely due to
a drier land surface: greater evaporation leads to drier soil
under warming conditions.

When CO, is doubled, precipitation increases by 15% in
the Hudson Bay region (Table 2) compared to a 4%
increase globally. The increase tends to be larger (20%)
over the ocean. Figure 2 shows the annual cycle of precipi-
tation differences for ocean and land. The greatestincrease
in precipitation occurs in the spring and summer months,
May, June, and July, corresponding to earlier ice breakup.
A secondary peak in October corresponds to later freeze-
up. The seasonal bias of the precipitation change is par-
ticularly notable for the ocean.

Ice distribution is determined by examining the tem-
perature of the ocean points. Complete ice cover occurs
when all twelve ocean points are below -2.0°C. Annually,
6.3 points are ice-covered on average for the 1 x CO,
climate, and 4.6 points for the 2 X CO, climate (Table 3).
Figure 3 shows the average distribution of ice by plotting
the number of grid points covered by ice (“sea ice points™)
as a function of the month of the year. For the 1 x CO,
simulation, all points are completely ice covered for four
months (January through April) and completely ice free



TABLE 3. Annual average number of sea-ice points for GCM IT and
CGCM 1. Total number of ocean points is twelve.
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TABLE 4. Annual average number of permafrost points. For the
Hudson Bay region, a permafrost point is defined as a grid point for
which the annual average temperature is colder than -5.0°C.

Simulation 1x CO, 2x CO, 2xCO,-1xCO,
Simulation 1x CO, 2x CO, 2xCO,-1xCO,
GCM 1T 6.3 4.6 -1.7 - -
CGCM I 7.8 2.5 5.4 GCM II 183 10.6 77
CGCM I'GCM II 1.5 '2.1 '3.7 CGCM I 17.9 9‘2 _8‘7
CGCM I-GCM I -0.4 -1.4 -1.0
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FIG. 3. Average annual cycle of sea-ice coverage for GCM II, expressed as
number of ice-covered grid points. Twelve grid points represent complete sea-
ice coverage.

for three months. This result is in reasonable agreement
with observations (Gough and Allakhverdova, 1999). For
the CO, doubling case, all points are completely ice cov-
ered for three months and ice-free for five months. Spring
breakup takes place approximately one month earlier and
freeze-up begins a month later than in the 1 X CO, case.
The earlier breakup coincides with the timing of increased
spring precipitation. Once the ice cover melts, the region
gains a large source of potential water vapour. The later
freeze-up coincides with the largest temperature differ-
ence over ocean points in January. With incomplete ice
cover, the Bay waters act as a local heating source.

The line of continuous permafrost in the Hudson Bay
region occurs around the -5°C annual isotherm (Cohen et
al., 1994). The temperature data were re-examined using
this threshold to determine how many of the 28 land points
met this criterion. In the 1 X CO, simulation, 18.3 points on
average satisfied the permafrost criterion (Table 4), with a
standard deviation of 1.0 for the 19-year simulation. For
the 2 X CO, simulation, 10.6 points on average qualified as
permafrost, with a standard deviation of 1.8. This repre-
sents a reduction of approximately 42%. The average land
point temperature increased from -7.5°C to -2.4°C (Table 1).

CGCM 1

As discussed above, the methodology for the coupled
model (CGCM ) simulations was different from that used for
GCM II. Rather than a 2 X CO, equilibrium simulation, a
series of 200-year simulations beginning at 1900 were done.
For this analysis, we focus on the temporal evolution of the
simulation, emphasizing the difference between periods in
the time series. In addition, we compare two of the 200-year
simulations, one with no future increases in CO, and aerosols

FIG. 4. Temporal evolution of surface temperature (°C) for CGCM I. The solid
line represents land temperatures. The dashed line represents ocean temperatures.

(control) and the other with 1% per year increases in CO, and
equivalent increases in aerosols (GHGA). In the results
below, these two simulations are compared to the GCM II 1
x CO, and 2 x CO, scenarios, respectively.

Table 1 lists the annual averages for land and ocean
temperatures. The CGCM 1 results are approximately 1°C
warmer than the GCM II results for the 1 x CO, (control)
simulations. In addition, for CO, doubling, the ocean is
almost 2°C warmer and land is 0.7°C cooler in the CGCM
I than in the GCM Il results. Figure 4 depicts the evolution
of land and ocean temperatures over 200 years for the
coupled simulation (GHGA). The ocean temperature in-
creases by 6.5°C and the land temperature by 4.4°C com-
pared to the control run. Figure 5 shows a time series of the
difference between the average temperatures on land and
ocean. For the early years of the simulation, up to approxi-
mately year 2035, the difference between land and ocean
temperatures hovers around 2°C. After 2035, the tempera-
ture difference jumps to over 3.5°C. This jump corresponds
to an increase in the number of ice-free points, as shown
below. Complete ice cover enables the ocean temperature
to fall well below the freezing point because of the insulat-
ing properties of the seaice. Once this ice coveris no longer
present, the intense winter cooling of the ocean is limited
to about -2°C, the freezing point of seawater.

The CGCM I precipitation was marginally (2-4%) higher
than in the GCM II results for the 1 x CO, simulations.
However, precipitation increased by only 5% for the 2 X
CO, simulation, considerably less than in the GCM 1I
simulation. There is an asymmetric response for land and
ocean. In the GCM II simulation, the ocean precipitation
increases more than the precipitation on land, while the
opposite is true for the CGCM I simulations. The reason
for this result is unclear.
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FIG. 5. Temporal evolution of temperature difference (°C) between ocean and
land points for CGCM 1.

The average number of sea-ice points (7.8, see Table 3)
for the CGCM I simulation is higher than in the GCM II
simulation (6.3) for the 1 X CO, simulations. The response
to a CO, doubling, however, is more dramatic, so that the
annual average number of sea-ice points is lower for the
CGCM I simulation (2.5, versus 4.6 for GCM II). Figure 6
shows the annual average as a function of time. In the 20th
century, the value hovers around 7.0, dropping to 6.0
shortly after the imposition of the 1% per year increase.
Around 2035 there is a further decrease to 2.0 points on
average, and this figure falls below 1.0 by the end of the
simulation. To illustrate the seasonal impact of this evolu-
tion, Figure 7 depicts the ice amount in kg/m? at five
different times (in 1940, 1980, 2020, 2060, and 2100). By
2100, the only remaining ice occurs at the two most north-
ern points (Foxe Basin) and persists only for a few months.
A comparison of the curves for 2020 and 2060 shows a
dramatic change in sea-ice amount. This change corre-
sponds to the drop in the number of sea-ice points around
2035 and the increase in average ocean temperature.

The number of permafrost points shows the least differ-
ence between models of all the diagnostics examined. The
CGCM I simulations have a marginally smaller number of
permafrost points (17.9, see Table 4). The reduction of
permafrost points was slightly higher for the GHGA
scenario even though the warming over land was less for
CGCM I than for the corresponding GCM 11 points. This
seeming contradiction arises because the CGCM I land
temperatures for 1 X CO, are closer to the -5°C permafrost
threshold and thus are more sensitive to temperature
change. The close agreement between models is likely the
result of all permafrost points being on land, since the
ocean points displayed a greater and more variable re-
sponse to CO, doubling. In a spatial analysis of permafrost
points for both models (not shown), permafrost exists on
the eastern and western coasts of Hudson Bay. However
the distribution is symmetric, contrary to observations,
and there are no permafrost points on the southern shore
of Hudson Bay, which is also inconsistent with observa-
tions. These inconsistencies suggest that neither model
captures the Bay’s modifying effect, which produces frost
points well south of those in surrounding regions.

FIG. 6. Sea-ice point count for 200-year CGCM I simulation. Greenhouse gases
increase at a rate of 1% per year after 1995, with corresponding changes to
aerosols.
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FIG. 7. Sea ice amount (kg/m?): seasonal cycle at 40-year intervals for
CGCM L.

DISCUSSION

Climate change impact assessments rely on climate
change scenarios, which are commonly obtained from
sophisticated climate models (Carter et al., 1996). In this
work, we have examined the results from two generations
of the Canadian climate model for the Hudson Bay region.

The more recent results (CGCM 1) have a muted ther-
mal response to a 2 X CO, scenario for land but a more
dramatic change in sea ice. Sea-ice coverage virtually
disappears. This has important consequences for the re-
gional climate and local biota, such as the local polar bear
populations (Stirling et al., 1999). Under the GCM II
results, the ice platform remains; however, it disappears
for the most part in the CGCM 1 results.

Since the stakes are so high, it is important to assess the
cause of the difference and the issues related to our de-
pendence on modelling. Gough and Allakhverdova (1999)
and Gough (in press) have examined the importance of the
representation of ocean bathymetry and the model
parameterization of sea-ice conductivity and seawater
diffusivity. Gough and Allakhverdova (1999) concluded
that model parameterization played a more important role
than ensuring an advective link into Hudson Bay from the
Labrador Sea. Gough (in press) showed that numerous
different combinations of the vertical diffusivity of seawater
and thermal conductivity of sea ice can correctly repro-
duce current sea-ice climatology (as measured by the peak



sea-ice thickness). For larger values of thermal conductiv-
ity, the thermal diffusivity needed to be increased to
achieve the same ice thickness. However, it was also found
that these different combinations produced very different
responses to a climate warming. The thermal diffusivity
was the dominant factor in determining the response to a
climate warming: the larger the value of the thermal
diffusivity, the larger the response in ice-thickness changes.
A similar thermodynamic ice model was used in both the
GCM II and the CGCM I simulations, but the representa-
tion of the oceans differed. The CGCM I model had an
ocean model with a vertical diffusivity of 0.3 cm?/s, at the
low end of values typically used in ocean modelling
(Gough, 1998b). It also had a diffusive link through
Hudson Strait and used flux corrections. In the GCM 11, the
50 m slab ocean was replaced after ice formation by under-
ice heat fluxes. These fluxes were adjusted to reproduce
current sea-ice climatology. As a tuning exercise, this is
equivalent to tuning to the vertical diffusivity, as was done
in Gough (in press). The differences between GCM II and
CGCM I results suggest that the under-ice heat flux tuning
for the GCM Il is equivalent to a vertical diffusivity lower
than that used in the CGCM 1. That is, there is greater ice
reduction in the CGCM I simulation for a CO, doubling.
This strong dependence on model parameterization sug-
gests that climate change scenarios derived from general
circulation models must be used with caution.

The comparison of the various simulations of the im-
pact of CO, doubling on Hudson Bay revealed substan-
tially different responses in sea-ice distribution. This is a
key issue for the Bay region because the ice distribution
has a dominating influence on the local climate and biota.
To resolve this issue, we recommend developing a re-
gional model that can be embedded into a larger scale
model (such as that of the Canadian Centre for Climate
Modelling and Analysis [CCCma]). This type of model-
ling allows for the finer resolution needed in the Hudson
Bay region but without the exorbitant computational over-
head of a uniformly fine grid model (Giorgi, 1990;
McGregor, 1997). Regional model capability has been
developed for the CCCma model (Cayaetal., 1995; Laprise
et al., 1998; Caya and Laprise, 1999). Development of a
regional model based on the CCCma model would allow a
more accurate representation of the bathymetry of Hudson
Bay, the interaction with the Labrador Sea and Foxe Basin,
and the parameters of sea-ice conductivity and thermal
diffusivity of seawater.
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