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ABSTRACT

The tropospheric response to a forced shutdown of the North Atlantic Ocean’s meridional overturning
circulation (MOC) is investigated in a coupled ocean—atmosphere GCM [the third climate configuration of
the Met Office Unified Model (HadCM3)]. The strength of the boreal winter North Atlantic storm track is
significantly increased and penetrates much farther into western Europe. The changes in the storm track are
shown to be consistent with the changes in near-surface baroclinicity, which can be linked to changes in
surface temperature gradients near regions of sea ice formation and in the open ocean. Changes in the SST of
the tropical Atlantic are linked to a strengthening of the subtropical jet to the north, which, combined with
the enhanced storm track, leads to a pronounced split in the jet structure over Europe. EOF analysis and
stationary box indices methods are used to analyze changes to the North Atlantic Oscillation (NAO). There
is no consistent signal of a change in the variability of the NAO, and while the changes in the mean flow
project onto the positive NAO phase, they are significantly different from it. However, there is a clear
eastward shift of the NAO pattern in the shutdown run, and this potentially has implications for ocean
circulation and for the interpretation of proxy paleoclimate records.

1. Introduction mobile synoptic-scale cyclonic systems that are respon-
sible for much of the region’s day-to-day weather. Large-
scale circulation patterns, such as the North Atlantic
Oscillation (NAO) are also to be affected.

This paper examines the wintertime [December—
February (DJF)] atmosphere’s response in the North
Atlantic region to a forced shutdown of the Atlantic
MOC in the third climate configuration of the Met Of-
fice Unified Model (HadCM3), adding detail to previous
studies that do not directly analyze the storm-track and
NAO responses. Overall, the MOC weakening is found
to produce a stronger North Atlantic storm track, driving
stronger westerly surface flow into Europe, but produc-
ing cooler surface temperatures and slightly reduced
precipitation, consistent with a study by Jacob et al.
(2005), who used a different climate model.

A brief description of the experimental configuration
is provided in section 2; this is followed by a discussion

) ) of the changes in the North Atlantic storm track and the
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In recent years there has been considerable academic
and popular interest in the possibility of a weakening
or even a shutdown of the North Atlantic Ocean’s me-
ridional overturning circulation (MOC). Indeed, the
fourth Intergovernmental Panel on Climate Change
(IPCC) assessment report states that, based on the
currently available simulations, it is very likely that the
Atlantic MOC will weaken over the twenty-first century
(Meehl et al. 2007), although the possibility of a com-
plete shutdown over longer time scales remains a matter
of considerable debate.

The impact of such a weakening will be communicated
to the European continent primarily through changes in
the atmosphere and, in particular, the North Atlantic
storm track, which describes the aggregate path of the
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Atlantic. Changes in the NAO pattern and its variability
are discussed in section 5. Section 6 presents a summary
discussion and the main conclusions.

2. Experiment outline

The experimental configuration is presented in detail
in Vellinga and Wu (2008) and a brief description of the
experiments is provided below.

The experiments use the HadCM3 coupled ocean—
atmosphere GCM. This model has a resolution of 2.5° X
3.75° in the atmosphere and 1.25° X 1.25° in the ocean
and has been extensively used for climate prediction
and research. Fixed preindustrial values are used
throughout this paper for the insolation parameters and
the chemical composition of the atmosphere.

A control run simulation of HadCM3 performed un-
der these conditions produces a stable North Atlantic
MOC of around 20 Sv (1 Sv = 10°m® s~ !). A shutdown
of the MOC is then forced by adding a continuous
freshwater flux (1.1 Sv) in the high-latitude North At-
lantic. “Hosing” the ocean in this manner reduces its
density at high latitudes and is a commonly used method
to weaken the MOC in GCM simulations. This hosing is
very strong and is not intended to be an accurate sim-
ulation of, for example, a realistic melting rate for
the Greenland ice sheet. The hosing is applied contin-
ually throughout a 240-yr integration to maintain a
forced “MOC-off” state. Only data from years 220 to
240 are used, when the model has reached a new quasi-
equilibrium state (as indicated by a net radiative bal-
ance at the top of the atmosphere). Data from 20 yr of
boreal winters (December—February) are collected
from the hosed simulation and are compared to 20 yr of
the control run.

The storm tracks are diagnosed by applying a 2-6-day
bandpass Lanczos filter (Duchon 1979) to 6-hourly
mean sea level pressure (MSLP) data to create variance
maps. Similar results are, however, obtained if either
alternative variance statistics (e.g., meridional heat
transport at 850 hPa) or Lagrangian feature tracking of
vorticity centers at 850 hPa (Hoskins and Hodges 2002)
are used. The statistical significance of the storm-track
changes are assessed using the Wilcoxon—-Mann—Whitney
test (Wilks 1995). The main changes in the storm track
described in this paper are significant at well over the
90% level.

The general characteristics of the storm tracks pro-
duced by this model are discussed by Greeves et al.
(2007), Ringer et al. (2006), Stratton (2004), and Pope
and Stratton (2002) in the context of their sensitivity to
spatial resolution and model development. Those au-
thors find that the model produces a reasonable repre-
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sentation of the Northern Hemisphere storm tracks
when compared to operational forecast models (Stratton
2004), although they tend to be rather weaker than and
shifted slightly southward of those in the observations
(e.g., Uppala et al. 2005), with the North Atlantic storm
track also tending to weaken more rapidly downstream
over Europe. Comparison between the storm track (as
measured by the MSLP variance) in the “preindustrial”
control run used in this paper and the 40-yr European
Centre for Medium-Range Weather Forecasts
(ECMWF) Re-Analysis (ERA-40; Uppala et al. 2005)
indicates similar differences, but, overall, the model
represents the expected large-scale features of the
storm track reasonably well (cf. Figs. 1a,c).

Changes in the NAO are assessed using both a sta-
tionary ‘‘box-averaged” method and an EOF analysis.
The details of this are described in section 5.

3. Storm-track changes

The changes in the North Atlantic storm tracks pro-
duced by the hosing are shown in Fig. 1. While both the
hosed and control runs show the track extending from the
Newfoundland, Canada, area into northwestern Europe,
the track in the hosed simulation is much stronger than
that in the control run and extends much farther into
Europe (the MSLP variance is approximately doubled
over Iceland, the United Kingdom, and Scandinavia).
Over the upstream (western) side of the Atlantic there is
evidence of intensification and a slight northward shift in
the track (the peak MSLP variance is almost 50%
stronger in the hosed run). In the Pacific, there is a similar
but weaker increase in storm-track intensity measured by
MSLP variance (not shown).

Because the storm tracks are responsible for much of
the poleward heat transport in the midlatitudes, the
changes in the poleward heat transport by the storm
track (2-6-day bandpass-filtered v'7" at 850 hPa, not
shown) are similar in structure to those seen in the
MSLP variance over the North Atlantic (Fig. 1). Over
the western Atlantic, the bandpass-filtered v'T" at 850
hPa is approximately doubled, with even stronger
fractional increases downstream over northern Europe.
Such changes are consistent with the atmosphere acting
to partially compensate for the reduced northward heat
transport by the ocean [Vellinga and Wu (2008) de-
scribe the changes in the zonal-mean energy transport in
these simulations].

The results of the cyclone-tracking analysis are in
good agreement with the changes seen in Fig. 1, so they
are not shown here. In the tracking analysis the general
strength of the storm track is represented by the track

Unauthenticated | Downloaded ©03/29/24 11:58 PM UTC



3148

(a) Control:

MSLP variance
T

JOURNAL OF CLIMATE

VOLUME 22

(b) Hosed: MSLP variance
T =

e
BON |1

30N =

2e+5
(c) ERA—40: MSLP variance

Se+5

60N

30N 5=

30S L

2e+5

d) Hosed — Control: MSLP variance
n ——

S5e+5

90w

2e+5 Se+5

—1le+5 —5e+4 —2e+4 2e+4 5S5e+4  le+d

FIG. 1. The storm tracks (variance of 2-6-day bandpass-filtered MSLP). (a) The control run, (b) the hosed run, and
(c) ERA-40 (winters only from 1978/79 to 2001/02), with contours every 10° Pa® (d) The difference (hosed —
control), with negative changes indicated by dashed contours. Areas where the change is significant at the 99% level

are marked with “+”” symbols. All data are for DJF.

density, defined as the average number of cyclones per
winter per unit area, where one unit area corresponds to
a 5° spherical cap. The changes in track density mirror
those in Fig. 1d, showing that the increase in variance is
associated with higher storm counts. In contrast, the
tracking shows no significant change in the mean in-
tensity or lifetime of cyclone tracks in this region.
However, it should be noted that, when compared to
observations, the individual storms in the model tend to
be too weak and too long lived, and have slower growth
and decay rates (Stratton 2004; Greeves et al. 2007). It is
therefore possible that this result could be affected by
these model deficiencies.

The pattern of change in the North Atlantic storm
track is consistent with the changes in the surface tem-
peratures of the region. Comparing Fig. 2b with Fig. 2a
shows that the hosing leads to cooler sea surface tem-
peratures (SSTs) in the North Atlantic (the difference is
shown in Fig. 2c¢) and a marked increase in the sea ice
extent in the northern oceans. This leads to a tightening
of the surface temperature gradients throughout most
of the North Atlantic, but particularly in the region of

Newfoundland (near the southern edge of the sea ice in
Fig. 2b) and in the open ocean to the west of Portugal,
Spain, and the United Kingdom. The increases in the
surface temperature gradient are consistent with in-
creases of the near-surface baroclinicity (measured by
the Eady growth rate) in these regions as shown in Fig. 2d,
which leads to the changes in the storm track shown in
Fig. 1. In agreement with this, the tracking analysis
shows that cyclogenesis in the Newfoundland region is
increased by around 40% (measured in average number
of genesis events per winter per unit area).

Despite the increase in strength of the storm track in
the hosed experiment, the precipitation over the North
Atlantic and European area is slightly reduced (Fig. 3).
This is consistent in sign with the reduction in surface
temperature throughout the sector, which reduces the
saturation water vapor pressure of the air as expected
from the Clausius—Clapeyron relationship. The surface
climate of Europe is therefore cooler and drier, despite
the storm track driving a stronger westerly maritime
flow, in agreement with the results presented by Jacob
et al. (2005).
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FIG. 2. Surface properties. (a),(b) Sea surface temperature (contours at 5°C, dashed for negative) and area of sea
ice cover (shaded where sea ice fraction in a grid box exceeds 4%) for the control and hosed experiments, respec-
tively; (c) the change in surface temperature (hosed — control, including changes over land areas); and (d) the Eady
growth rate anomaly (hosed — control) at 850 hPa (s !). All data are for DJF and negative values are indicated by

dashed contours.

4. Tropical and subtropical changes

In addition to providing a “local” forcing of the storm
track through changes in the North Atlantic surface
temperatures, the freshwater hosing also modifies the
climate in remote regions. Examining Fig. 2c shows that
while the North Atlantic SST is cooled by the hosing,
parts of the tropical and southern Atlantic are warmed.
This is consistent with the 5°-10° southward shift and
intensification of the tropical precipitation over the
ocean in the hosed experiment (Fig. 3). The changes in
diabatic heating over the tropics are discussed in more
detail by Vellinga et al. (2002).

In the time mean, the latent heat released by the
precipitation is balanced by adiabatic cooling and as-
cent, leading to convergent horizontal flow in the lower
troposphere and divergent horizontal flow in the upper
troposphere (through conservation of mass). Following
Sardeshmukh and Hoskins (1988), and ignoring vortex
twisting terms, it is possible to write the vorticity equation as

8¢

5 +vy - V{=—-(V-v,—v,-V[+F,

Q)

where { is the absolute vorticity, v, and v, are the
horizontal velocity fields associated with rotational and
divergent flow, respectively, and F is the frictional term.
Considering the time mean and decomposing the di-
vergence terms into their mean and transient parts then
gives

vy V(=LY V0,V VE-{'V -V ,—V, -V +F,
(2)

where ¢ is the relative vorticity, while bars and primes
indicate time means and anomalies, respectively.

The terms on the right-hand side of Eq. (2) can
therefore be considered as a vorticity source that is
balanced (in the time mean) by the advection of vorticity
by the rotational flow. The structure of the first two
terms for both the upper and lower troposphere is shown
in Fig. 4 (the magnitude of the third term, [v, - V€, is
rather small in practice). From these figures it is there-
fore possible to assess the vorticity tendency that would
be associated with each of the terms and to consider the
rotational flow that would be consistent with balancing
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FIG. 3. Precipitation (mm day ') in (a) the control run and (b)
the hosed run; contours at 1, 2, 3, 5, and 10 mm dayfl. (c) The
difference (hosed — control), with negative changes indicated by
dashed contours. All data are for DJF.
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that forcing if all the other terms were assumed to be
negligible (unfortunately data are not available to assess
the transient terms). These assessments can then be com-
pared against the observed rotational flow as indicated by
the time-mean streamfunction.'

Consider first the upper troposphere. Figure 4a shows
that the region of increased precipitation (a band run-
ning from 35°W to 10°E at 10°-15°S) is collocated with
upper-tropospheric divergence and the generation of a
positive vorticity tendency (i.e., anticyclonic flow in the
Southern Hemisphere). This is consistent with the an-
ticyclonic anomaly to the south (the streamfunction
minimum centered at 20°S, 30°W), which acts to balance
this by the northward advection of high negative vor-
ticity air on its eastern side (i.e., vyf3 is positive there).
The vorticity forcing associated with the convergence
anomaly above the region of decreased precipitation to
the north (0°-5°N, 50°-20°W) is rather weak because |f]
and, consequently, |£V - ¥, | are small near the equator.

The second term —v,8 is large and negative over the
equator to the north of the divergence region (centered
on 0°N, 25°W in Fig. 4b) and is due to enhanced
northward divergent flow across the equator in the up-
per troposphere. The anticyclonic rotational flow
anomaly (negative vorticity anomaly) centered on 15°N,
10°W is consistent with balancing this forcing resulting
from the southward advection of high-vorticity air on its
eastern side (i.e., vy is negative there). This anticyclone
is then consistent with the enhancement of the sub-
tropical jet in the Northern Hemisphere in the region
around 20°-30°N, 30°-10°W (Fig. 5). This analysis
therefore suggests that changes in the tropical SST
structure in the Southern Hemisphere are impacting the
subtropical jet structure of the Northern Hemisphere
and are capable of acting as a source of Rossby waves
in the Northern Hemisphere (as in Sardeshmukh and
Hoskins 1988), although such waves are not examined
in detail here.

In the lower troposphere, Fig. 4c shows that the
anomalous convergence associated with the increased
precipitation acts as a source of negative vorticity. This
is therefore consistent with the cyclonic streamfunction
anomaly to the south (centered on 25°S, 30°W), which
again acts to balance this tendency. The origin of the

"It should be noted that the left-hand side of Eq. (2) also con-
tains transient components (i.e.,vy - V¢ = vy, - V' + 7, - V{) that
cannot be accounted for by examining the time-mean stream-
function. The term vy, - V{’, and the transient terms on the right-
hand side of Eq. (2), may modify the details of the tropical re-
sponse. However, despite this limitation, analysis of the time-mean
components still provides useful insight into the tropical forcing
and the circulation response that it supports.
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FIG. 4. The tropical response to the hosing. The shading in (a) and (b) shows the anomaly (hosed — control; s ) in
first two terms in Eq. (2) calculated at 250 hPa: (a) —{V -V, and (b) —,8. Positive values can be interpreted as a
positive vorticity tendency that must be balanced by the rotational flow (see text). Contours indicate streamfunction
anomalies at 250 hPa (contours every 2 X 10°m?s ™!, with negative values indicated by dashed contours). The + and X
symbols in (a) indicate regions where precipitation is increased/reduced by more than 5 mm day . (c),(d) Same as

(a),(b), but for the 850-hPa level. All data are for DJF.

signal in the rotational flow to the north is less clear, but
is, however, consistent with similar arguments. The ro-
tational flow anomalies in the lower troposphere there-
fore lead to a westerly flow anomaly over tropical South
America (as indicated by the streamfunction values in
Fig. 4c), weakening the trade easterly winds and reducing
the supply of moisture and precipitation to the conti-
nental interior (approximately 5°S, 60°W in Fig. 3).
Examination of Figs. 4b,d also suggests that the re-
sponse to the tropical SST anomalies could alternatively
be considered as a zonally localized enhancement of
the Hadley cell (cf. Zhang and Delworth 2005) and,
consequently, the subtropical jet (these figures show
—v,8; therefore, the negative values in Fig. 4b indicate a
northward flow at upper levels, whereas the positive
values in Fig. 4d indicate a southward flow at lower
levels). This enhancement of the subtropical jet in the
North Atlantic (and indeed downstream into northern
Africa and Eurasia) is associated with increased bar-

oclinicity along its northern flank in the upper tropo-
sphere (not shown). However, while the increase in
baroclinicity is consistent in sign with the changes in the
storm track, it lies far to the south (the northern flank of
the subtropical jet lies at around 20°-30°N, whereas the
storm track occurs at 45°-50°N; cf. Fig. 1 with Fig. 5).
This leads to a clear split between the eddy-driven and
subtropical jets in the upper troposphere over Europe in
the hosed simulation (Fig. 5b) and a stronger subtropi-
cal jet downstream toward India.

5. NAO

The NAO is the dominant pattern of atmospheric
variability over the Atlantic, and is of particular interest
here given that changes in the NAO can potentially feed
back onto the MOC (e.g., Marshall et al. 2001). This
section investigates whether the nature of NAO varia-
bility is affected by a shutdown of the MOC.
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FIG. 5. Zonal wind at 250 hPa in (a) the control run and (b)
the hosed run; contours at —10, 0, 10, 15, 20, 25, 30, 40, 50, and
60 m s~ L. (c) The difference (hosed — control). All data are for
DIJF and negative values are indicated by dashed contours.
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In each experiment, the NAO is identified as the first
empirical orthogonal function (EOF) of DJF monthly
MSLP anomalies over the Northern Hemisphere sector
of 120°W-90°E. The resulting patterns are shown in Fig. 6
by regressing the MSLP onto the principal component
time series. Both patterns account for similar amounts of
variance (32% and 35%, respectively), and the patterns
are not sensitive to changes in the region used for the
analysis (e.g., over the Atlantic/European region the
leading EOFs of hemispheric MSLP are very similar to
those shown). The hosing run shows a clear eastward
shift of the NAO pattern and a downstream extension of
the northern center. The pattern shifts to the extent that
in the hosed experiment Iceland experiences the tem-
perature variations associated with the NAO, while in
the control run Iceland sits on the middle of the tem-
perature “‘seesaw” between Greenland and Scandinavia
(as seen in observations). This is seen by regressing lower-
tropospheric temperature on the principal component
time series, as shown in Fig. 7. These changes in the NAO
pattern are consistent with the storm-track extension
described previously, because the NAO is closely linked
to variations in the orientation of the North Atlantic
storm track. If the storm track extends farther down-
stream, then so will the signature of its variations.

The fact that the NAO pattern has changed may have
implications for the interpretation of paleoclimate rec-
ords. When using proxy data at a given location to infer
climate data, it may be important if variations in the
NAO have affected that location differently during
different periods. The change in pattern may also have
an effect on the ocean, as follows. Over the Labrador
Sea the pressure gradient associated with the NAO
pattern is much weaker in the hosing run. Variability of
the NAO therefore has a weaker influence on surface
winds there than it does in the control run, and thus a
potentially weaker influence on Labrador Sea deep
convection (Dickson et al. 1996). In the model runs this
is not particularly relevant, because in the hosing run
there is no deep convection in any case. The relevance
to the real world presumably depends on the extent to
which the pattern changes if the MOC is just weakened
rather than shut down.

Following Stephenson et al. (2006), a stationary NAO
index is defined as the difference in absolute MSLP
averaged over the southern (20°-55°N, 90°W-60°E) and
northern (55°-90°N, 90°W-60°E) halves of the Atlantic
sector. This index can be interpreted as an absolute
measure of the strength of zonal flow, and its daily
distribution is shown in Fig. 8a for both runs. There is an
increase in the mean value of this index, from 1.4 hPa in
the control run to 4.3 hPa in the hosing run, consistent
with the enhanced storm track driving stronger westerly
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b) HOSING

FIG. 6. First EOF of DJF monthly mean MSLP over the Atlantic
sector from the (a) control and (b) hosing runs. Contours are
drawn every 1 hPa per standard deviation of the principal com-
ponent time series, with negative contours dashed and the zero
contour omitted.

flow across the Atlantic. The mean surface pressure
change is very similar to that shown in Vellinga and
Wood (2002) and, while this projects onto the stationary
NAO index, the pattern is significantly different from
that of the NAO. This increase in surface westerlies
over the Atlantic potentially has consequences for the
gyre circulation in the ocean (Marshall et al. 2001).
There is no significant change in the variance of this
index between the two runs, so that the magnitude of
variations in the NAO is unchanged.

In Fig. 8a there appears to be a change in the skew-
ness of the NAO index, suggesting a change in the na-
ture of NAO variability so that the positive phase is
realized more often. If the data are sampled every
10 days to account for autocorrelation, then the distri-
butions are only just significantly different from normal
at the 90% level using a Lilliefors test. However, a
different daily NAO index, calculated by projecting the
daily MSLP anomalies onto the pattern of the first EOF
(Fig. 8b), does not suggest any change in the nature of
variability, and in both runs this index is normally dis-
tributed. This difference arises because there is an
asymmetry between the positive and negative phases of
the NAO, and it is especially clear for the hosing run,
where extreme positive NAO days have a weaker pro-
jection onto the box index than extreme negative days.
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a) CONTROL

b) HOSING

FI1G. 7. Temperature at 850 hPa regressed onto the principal
components of the MSLP EOFs in Fig. 6. Contours are drawn
every 0.5 K per standard deviation of the time series, with negative
contours dashed and the zero contour omitted.

This occurs because the southern center is weaker and
the northern center more confined in the positive phase
when compared with the negative phase.

There is therefore no consistent signal of a change in the
variance or distribution of the NAO, although the pres-
ence of stronger westerlies in the time mean is clear.
However, the changes in the NAO pattern described
above also emerge as a robust feature of several other
methods of analysis, for example, a regression of MSLP or
850-hPa temperature onto the stationary box index, and
also a teleconnectivity analysis of MSLP (not shown).

6. Discussion and conclusions

This note has discussed the changes in the winter
(DJF) North Atlantic storm track, the subtropical jet,
and the NAO produced by an artificially induced shut-
down of the MOC in a freshwater hosing experiment, as
described in Vellinga and Wu (2008). The prolonged
MOC shutdown and the associated changes in the North
Atlantic SST are found to greatly increase the strength
of the storm track throughout the North Atlantic sector
and (more weakly) throughout the whole of the north-
ern midlatitudes. The North Atlantic storm track shifts
slightly northward near the east coast of North America
and penetrates more deeply into western Europe. Despite
the increased westerly flow bringing more maritime air
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F1G. 8. (a) Distribution of the daily-mean MSLP difference: southern box — northern box.
Vertical lines mark the means. (b) Distributions (std dev) of the NAO index obtained by an
area-weighted projection of daily MSLP anomalies onto the leading EOF patterns. The dashed
lines are for the control run and the solid lines are for the hosing run.

into Europe, surface temperatures and precipitation are
reduced consistent with the cooler upstream ocean (as
seen in previous studies).

The increases in storm activity are closely related to
changes in the near-surface baroclinicity in the region.
These changes are consistent with the increased SST
gradients in the mid-Atlantic and the tight surface
temperature gradients produced near the southern edge
of the sea ice that forms off the coast of Newfoundland
in the hosed simulation.

The MOC shutdown also leads to a southward shift of
the ITCZ in the tropical Atlantic and complex patterns
of change in precipitation over tropical South America.
This drives an enhanced subtropical jet over the tropical
North Atlantic, which, when combined with the increase
in the storm-track strength farther to the north, leads to a
clear split in the upper-tropospheric jet over Europe. The
enhancement in the subtropical jet also continues well
downstream of the Atlantic sector toward India.

Previous studies (Brayshaw et al. 2008; Nakamura
et al. 2004) have indicated that the relative latitudinal
positions and intensities of the midlatitude surface tem-
perature front (MSTF) and the subtropical jet (STJ) are
closely linked to the strength of the storm track and the
position of the eddy-driven jet. In particular, when
starting from a position where the MSTF and STJ are
well separated, the storm track tends to become stronger
as they are brought closer together (see Table 2 in
Brayshaw et al. 2008). It is therefore interesting to note
that the relationship between the MSTF and the STJ in
the North Atlantic sector has changed in the hosed sim-
ulation relative to that in the control run, and that the
separation between them has slightly increased [Figs.
2a,b show that the MSTF has intensified and perhaps
shifted slightly northward over the upstream part of the
Atlantic (also seen in the change in the near surface

baroclinicity in Fig. 2d), while the STJ is enhanced over
the North Atlantic Ocean but perhaps shifted slightly
southward over the Sargasso Sea; see Fig. 5c]. This sug-
gests that the increase in the intensity of the storm track
in the North Atlantic sector of the hosed simulation
could be even stronger if the MSTF-STJ separation was
reduced (i.e., the storm track might have been stronger if
the MSTF-STJ separation had remained the same as it
was in the control simulation). Further experiments
would, however, be required to investigate this possibility
and its impact on the poleward energy transport by the
atmosphere (Vellinga and Wu 2008).

The pattern of changes in the mean flow projects onto
the positive NAO state (whether defined by box-averaged
or EOF techniques). However, the pattern of mean flow
change is significantly different from that of the NAO,
and there is no significant change in the occupancy of
the positive and negative states of the NAO. There is a
clear eastward shift of the NAO pattern in the hosed
simulation, and this has several implications. It has an
important effect on the nature of the variability seen at
various locations. For example, the influence of the
NAO on surface pressure over Scandinavia is doubled,
and both Iceland and northern Russia experience tem-
perature variations associated with the NAO, while they
did not in the control run. The pattern change may have
implications for the interpretation of proxy records for
climate data, which assume that patterns of variability
are unchanged even in quite different climates. Finally,
the changes in both the mean flow and the NAO pattern
may potentially feed back onto the ocean circulation.
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