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would be. However, this impact is localized and has little impact on the remainder of
Europe to the south.

Outside the limited regions in� uenced by changes in sea-ice cover the similarity
of the results of the two models suggests that mixed-layer depth variations are not
important to establishing the zonal climate asymmetries. The two models have nothing
in common in their physics or numerics. The reproducibility reassures us that the lack
of dependence of the zonal asymmetry on OHT is unlikely to be a model artifact.

(c) The shape of the Icelandic Low and the contribution of mountains to the
difference in winter temperatures across the North Atlantic

So far the results are consistent with the difference in winter temperatures across the
North Atlantic being determined by the simple contrast between a continental climate
in eastern North America and a maritime climate in western Europe. However, it is
likely that the exact position and strength of the Icelandic Low, which brings a northerly
component to the winds over America and a southerly component over western Europe,
is important.

Forcing by orography, asymmetries in the heating of the midlatitude atmosphere at
the surface, transient-eddy � uxes and tropical diabatic heating are the principal causes
of stationary eddies (see Held (1983) for a review). Held (1983) showed that when
mountains were removed in a GCM the � ow across the North Atlantic became more
zonal. This might be expected to in� uence the temperature asymmetry. We performed
another experiment with the CCM3 AGCM-ML model in which we used the speci� ed
q-� ux but removed the mountains. (The in� uence of mountains on surface temperature
was the same whether or not we included the q-� ux.)

Figure 14 shows the sea-level pressure and the deviation of surface temperature
from the zonal mean for the three model experiments with CCM3. In the absence
of mountains (Fig. 14(c)), the equivalent barotropic trough over the eastern North
American seaboard is considerably weakened compared to the case with mountains
(Fig. 14(a)). Consequently, the � ow is more zonal over North America, the North
Atlantic Ocean and western Europe than when the mountains are present. The weakened
northerlies over North America lead to a large warming, while the reduced southerlies
over the North Atlantic Ocean and northern Europe cause cooling. The part of the
Icelandic Low east of Iceland retains its full strength when the mountains are removed.
The difference between Figs. 14(a) and (b) shows the impact of the OHT. In this case
the trough over eastern North America remains but the portion of the Icelandic Low
east of Iceland is weakened. The � ow over western Europe also weakens but becomes
more southerly, maintaining the strength of the warm advection. The Icelandic Low
comprises an orographically forced trough over eastern North America and a thermally
and transient-eddy forced Low north-east of Iceland (e.g. Hoskins and Valdes (1990)).
The weakening of the eastern part of the Icelandic Low when OHT is removed is
consistent with our estimate that ocean heat-� ux convergence accounts for about half
of the winter heat release from ocean to atmosphere in this region (Fig. 7). The same
weakening occurred in the GISS model (not shown).

Figure 15 shows the effect of mountains on the surface temperature¤. The moun-
tains exert a stronger in� uence on the temperature contrast across the North Atlantic

¤ Some of the surface-temperature difference is caused locally by the change in surface height (e.g. over mountain
ranges and plateaux such as Africa) according to a lapse rate, but this does not appreciably in� uence the contrast
between eastern North America and western Europe which both have insigni� cant topography in the model.
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Figure 14. Sea-level pressure (mb) and zonal eddy surface temperature in degC (colours) for January for (a) the
case with mountains and q-� ux, (b) the case with mountains and the q-� ux set to zero, and (c) the case without

mountains but with the q-� ux.
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Figure 15. The difference in January surface temperature (degC) for the case with mountains minus the case
without mountains, as simulated by CCM3. Both models were run with the speci� ed q-� ux.

than does the OHT (compare Fig. 15 with Fig. 9). This is because the OHT generates
smaller temperature changes which have the same sign (warming) on both sides of the
North Atlantic. In contrast, orography (the Rockies are the dominant in� uence over
the Atlantic sector (Nigam et al. 1988)) creates a large zonal temperature asymmetry,
warming the British Isles and parts of Scandinavia by as much as 3 degC and cooling
North America by as much as 6 degC. Hence, the model results indicate about half of
the 15–20 degC difference in wintertime temperature between western Europe south of
60±N and eastern North America is due to the net forcing of the atmospheric stationary
waves by orography (the other half is due to the continental–maritime contrast plus
advection by the thermally forced stationary waves). The net effect of orography greatly
exceeds the direct mechanical forcing of the � ow by the mountains and also includes
the indirect effects of the reorganization of the patterns and amplitudes of the forcing of
the stationary waves by transient eddies and diabatic heating.

(d ) The contrast between the maritime air temperatures of western Europe and
western Canada and Alaska

North of about 40±N there is considerably more poleward OHT in the Atlantic
Ocean than in the Paci� c Ocean because of the contribution of the thermohaline
circulation which has its sinking branch in the North Atlantic (e.g. Broecker 1997).
While poleward OHT does not contribute strongly to the east–west asymmetry of
winter temperatures across the oceans, is it the cause of the noticeable difference in
temperatures between the west coasts of Europe and North America?

Table 1 lists the difference in January surface air temperatures, Atlantic minus
Paci� c, at various latitudes along the west coasts of Canada and Alaska and in the
British Isles and Norway, for observations and the CCM3 and GISS model runs with
and without OHT. At 50±N (Cornwall in Europe and Vancouver Island in Canada) the
observed surface air temperature from NCEP is 5 degC warmer in Europe than Canada.
At 55±N (Donegal in Ireland and Prince of Wales Island in Alaska) the difference is
5 degC and at 60±N (just south of Bergen in Norway and Icy Bay in Alaska) the
difference is 7 degC. These temperature differences are reasonably well simulated in
the GISS and CCM3 model runs accounting for the OHT. In the experiments without
OHT these differences between the Atlantic and the Paci� c are maintained. Hence, at
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TABLE 1. ATLANTIC MINUS PACIFIC NEAR SURFACE COASTAL
AIR TEMPERATURE (degC)

GISS-ML CCM3-ML

Observations OHT no OHT OHT no OHT

60±N 7 11 10 9 10
55±N 5 4 7 7 8
50±N 5 5 6 6 5

OHT D ocean heat transport. The Models GISS-ML and CCM3-ML
are explained in the text.

least in these models, heat transport by the thermohaline circulation is not required for
maritime Europe to be warmer than the Paci� c coast of Canada and Alaska.

So why is the Atlantic coast of north-west Europe warmer than the Paci� c coast
of north-west America? A full explanation of this temperature contrast is beyond the
scope of the current work but our GCM experiments indicate that OHT and orographic
forcing are not responsible for this asymmetry, because the asymmetry remains in the
experiments with no OHT and with no mountains. The difference in SSTs between the
two coasts is actually less than the difference in surface air temperature, suggesting
that the coastal regions of north-western America have more continental in� uence than
the coastal regions of north-western Europe. The more fundamental reason must be
the different geographies of the two basins. The open ocean stretching north-east north
of 60±N in the Atlantic means that the Icelandic Low is placed further north than the
Aleutian Low. It also extends further into the eastern part of the ocean basin. This
arrangement favours warming south-westerly winds that sweep across the maritime
areas of north-west Europe and which have no counterpart on the Paci� c coast of North
America at the same latitudes.

4. POSSIBLE SENSITIVITY OF RESULTS TO MODEL ERRORS AND ASSUMPTIONS

We have used two independent atmospheric GCMs coupled to different mixed-layer
oceans and with different treatments of sea ice. In the CCM3 model the ocean mixed
layer has a � xed depth and the q-� ux accounts for OHT as well as the effects of heat
exchange with layers below that occurs in nature as the mixed-layer depth varies. In the
GISS model the mixed-layer depth variations are speci� ed and the q-� ux more closely
accounts for OHT alone. Comparison of the results demonstrates that the treatment of
the mixed layer does not substantially affect the results, except in western boundary
currents where winter heat loss is opposed by mixed-layer deepening. In these regions
the GISS model, which better accounts for entrainment than does the CCM3 mixed-layer
model, cools less than CCM3 when the q-� ux is removed. The next step of inclusion of
a fully interactive mixed layer is unlikely to change the main results presented here.

More problematic for certain regions is the treatment of sea ice. In CCM3 we held
the ice cover � xed, but when it was allowed to vary in the GISS model removal of
OHT caused a large expansion of seasonal ice cover in the Kamchatka region and in the
Norwegian and Barents Seas, cooling the air above and to the east. The thermodynamic
sea-ice model in the GISS GCM probably overestimates the increase in sea-ice extent.
(A more reliable estimate requires a dynamic ice model that accounts for the drift of
sea ice by winds.) The GISS and CCM3 models probably bracket the in� uence of sea
ice and demonstrate that the impact of changes in ice extent on winter temperatures is
regional, not in� uencing temperatures in western Europe south of southern Norway.
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The north-eastern part of the Icelandic Low in CCM3 extends too far east into
northern Europe which could, perhaps, mean that, as this part weakens when OHT is
removed, the impact on winter temperatures also extends too far east. The structure
of the Icelandic Low is better represented in the GISS model, with strong pressure
gradients parallel to the north-west European coast. Comparison of the results of the
two models indicates that these differences in simulation of the Low have little impact
on the main results presented here, certainly less impact than the treatment of sea ice.

Finally a comment is in order concerning the statistical signi� cance of the results
presented. The temperature changes caused by removal of OHT in the models are
robust. Over the midlatitude oceans they correspond to several standard deviations of
the internal variability (estimated from the control runs). The temperature changes over
land are more typically the same size as the internal variability. However, by looking
at the individual years, we found that in all regions of noticeable change (more than
2 degC) removal of OHT causes a cooling relative to the control run in almost every
single winter, indicating the robustness of the results despite the relatively short periods
of integration.

Together these considerations argue that the main results presented here are not
sensitive to the peculiarities of the models used and that improvements in aspects of the
models will change the results only locally.

5. CONCLUSIONS

We have sought to explain why winters in western Europe are much milder than
those in eastern North America and other places at the same latitude. The principal
� ndings are as follows.

(i) Experiments with atmospheric GCMs, coupled to mixed-layer oceans in which
the OHT is either accounted for or not, indicate that OHT warms winters over land in
a quite zonally uniform way and warms the North Atlantic Ocean itself by much more.
In the case where the sea-ice cover is held � xed, the area average warming of the area
north of 35±N caused by the global OHT (1.3 PW across 35±N in the annual mean,
taken to be an upper bound on the winter value) is 4.5 degC. The warming would be
larger but the atmosphere heat transport partially compensates for the imposed change in
OHT. This warming contrasts with the 27 degC area average warming due to the larger
atmospheric heat transport (about 6 PW across 35±N in winter) and another 27 degC
area average warming due to the seasonal ocean heat storage and release. When sea ice
was allowed to vary in one of the models, removal of OHT caused the area average
warming north of 35±N to increase to 6 degC as sea ice extended in the Norwegian
and Barents Seas, greatly cooling the air above and to the east. However, the impact on
winter temperatures south of 60±N was small. These results are broadly consistent with
prior results (e.g. Manabe and Stouffer (1988); Rind et al. (2001)) that probably also
overestimated the increase in sea-ice cover (see previous discussion).

(ii) In contrast, the difference in winter temperatures between western Europe and
eastern North America can exceed 15 degC and, in the models, is hardly affected
by the OHT except at the latitude of northern Norway. This contrast is explained by
interactions between atmospheric advection and the seasonal storage and heat release
by the ocean. This is consistent with observational evidence that the winter heat release
from the North Atlantic Ocean to the atmosphere is primarily sustained by seasonal heat
release while ocean heat-� ux convergence contributes signi� cantly only in the western
boundary current region east of the United States and in the area north of Norway.
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(iii) Advection by the stationary waves—the Icelandic Low over the North Atlantic
Ocean—adds to the effect of zonal advection of the land–sea temperature contrast by
bringing cold north-westerlies to eastern North America and mild south-westerlies to
western Europe.

(iv) The Icelandic Low is forced thermally and by the net effects of orography,
which are the result of a complicated interplay between the direct (mechanical) effect
of orographic forcing, the transient � uxes, and diabatic heating. Further model exper-
iments indicate that the net effect of orography intensi� es the trough over the western
North Atlantic that brings cold north-westerlies into eastern North America and warm
south-westerlies to western Europe. This accounts for almost half of the observed winter
temperature contrast between these areas. Advection by the sum of the zonal-mean west-
erlies and the thermally forced stationary waves—as diagnosed in a model experiment
with no mountains—accounts for the other half of the observed temperature contrast
across the North Atlantic Ocean.

(v) In all the model experiments the Atlantic coast of Europe remained much
warmer than the Paci� c coast of Canada and Alaska when the OHT was removed, as
both areas cooled by similar amounts. The Atlantic–Paci� c contrast (5 to 7 degC) is
larger than can be accounted for by OHT and must be a consequence of the pattern of
atmospheric heat transport. It probably arises because the different geographies of the
two oceans allow less continental in� uence at the European coast than at the American
coast and causes the Icelandic Low to adopt a more northerly position, and extend
further into the eastern part of the basin, than the Aleutian Low.

In conclusion, while OHT warms winters on both sides of the North Atlantic Ocean
by a few degC, the much larger temperature difference across the ocean, and that
between the maritime areas of north-western Europe and western North America, are
explained by the interaction between the atmospheric circulation and seasonal storage
and release of heat by the ocean. Stationary waves greatly strengthen the temperature
contrast across the North Atlantic and are themselves heavily in� uenced by the net
effect of orography. In contrast, transport of heat by the ocean has a minor in� uence
on the wintertime zonal asymmetries of temperature. Even in the zonal mean, OHT has
a small effect compared to those of seasonal heat storage and release by the ocean and
atmospheric heat transport. In retrospect these conclusions may seem obvious, but we
are unaware of any published explanation of why winters in western Europe are mild
that does not invoke poleward heat transport by the ocean as an important in� uence that
augments its maritime climate.
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