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Introduction

As a result of its high topography, Greenland significantly distorts the atmospheric
flow affecting local as well as remote weather systems and, via air—sea interaction
processes, the coupled climate system. During February and March 2007, a field
campaign was carried out to investigate this as part of the international Greenland
Flow Distortion Experiment (GFDex). The observational programme occurred
during anomalous conditions, relative to the climatological mean, that favoured the
formation of barrier flow along the southeastern coast of Greenland and easterly
tip jets at Cape Farewell, Greenland’s southernmost point, while inhibiting the
formation of westerly tip jets in the same region. The North Atlantic Oscillation
(NAO) index was positive, indicating a deep Icelandic Low. However, there was a
southeastward shift in the low’s centre and a more zonally oriented storm track that
we propose to be the result of the concurrent positive phase of the East Atlantic
(EA) teleconnection. Unlike the usual situation for an NAO positive state, there was
also a warming in the lower troposphere over the Labrador Sea that we argue was
the result of a relatively weak Canadian Polar Trough over the eastern Canadian
Arctic. It is shown that consideration of the strength of the Canadian Polar Trough
in conjunction with information on the phases of the NAO and EA provides for a
qualitatively better representation of the state of the atmosphere over the subpolar
North Atlantic during the winter of 2007, and by inference in general, than is possible
via the NAO alone. Copyright (©) 2011 Royal Meteorological Society
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as the windiest location on the ocean’s surface (Sampe and

The high topography of Southern Greenland results in
significant flow distortion that leads to the common
occurrence of high surface winds in the vicinity of Cape
Farewell, its southernmost point. Indeed, a recent global
climatology of surface marine winds identified this region
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Xie, 2007). Forecasters have been aware of this characteristic
of the region for some time, and there is even evidence that
these winds may have assisted in the Viking colonization
of Greenland and Vinland (Renfrew et al., 2008). The
first description in the scientific literature of these winds
was provided recently by Doyle and Shapiro (1999), who
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reported on the existence of an intermittent narrow region
of westerly high surface wind speed, a phenomenon they
referred to as a tip jet, that extended eastward from Cape
Farewell. Moore (2003) developed the first climatology of
high wind speed events near Cape Farewell. He found
that the zonal wind in this region was bimodal with an
increased probability of observing both westerly and easterly
high-wind-speed events. Through a composite analysis, the
westerly high-wind-speed events were found to be associated
with tip jets of the type identified by Doyle and Shapiro
(1999), while the easterly wind events represented a new
phenomenon which Moore (2003) called ‘reverse tip jets’.
Subsequently it was proposed to distinguish between the
two classes of Cape Farewell tip jets by the direction of
the flow, i.e. westerly or easterly tip jets (Renfrew et al,
2009a). We will adopt this convention in the present
paper.

Both classes of wind events are associated with the
interaction of synoptic-scale cyclones with the high
topography of Southern Greenland. Westerly tip jets
typically form when a synoptic-scale cyclone is situated
in the lee of Cape Farewell between Greenland and Iceland,
while easterly tip jets typically form when a synoptic-
scale cyclone is situated to the south of Cape Farewell
(Moore, 2003). In addition, Moore (2003) reported that
westerly tip jets were more common during periods when
the North Atlantic Oscillation (NAO) was in its positive
phase, while easterly tip jets were more common in its
negative phase. Bakalian ef al. (2007) subsequently argued
that the latitude of the centre of the Icelandic Low was
also important in diagnosing westerly tip jet development,
with these jets occurring more frequently when the low’s
centre was displaced northwards from its climatological
mean position.

The intense air—sea interaction that is associated with
these high wind speed events is important for both surface
and deep ocean circulation and mixing in the region.
For example, the surface wind stress in the vicinity of
Southern Greenland plays a role in the forcing of the
East Greenland Current and Coastal Current (Spall and
Price, 1998) and the East Greenland Spill Jet (Pickart
et al., 2005), as well as in cyclonic recirculation gyres in
the Irminger and Labrador Seas to the east and west of
Cape Farewell, respectively (Lavender et al., 2000; Spall
and Pickart, 2003). In this regard, Doyle and Shapiro
(1999) showed that there were large-momentum fluxes
associated with a westerly tip jet event, while Martin
and Moore (2007) showed the same applied to easterly
tip jets. Doyle and Shapiro (1999) also noted that there
were high fluxes of heat and moisture associated with the
particular tip jet that they simulated. It has since been
argued that these elevated heat fluxes are responsible for
deep oceanic convection in the Irminger Sea (Pickart et al.,
2003; Vage et al., 2008; Vage et al., 2009). In the southeastern
Labrador Sea, high heat fluxes associated with easterly tip
jet events occur as well (e.g. Martin and Moore, 2007),
but these appear not to be the norm, as demonstrated
by Sproson et al. (2008). Winds along the southeast coast
of Greenland, in the form of barrier winds (Moore and
Renfrew, 2005; Petersen et al., 2009), also frequently lead
to elevated air—sea turbulent fluxes and these have been
shown to be important for glacier melting through fjordic
circulation changes (Straneo et al., 2010) and modulating sea
ice concentration (Dickson et al., 1988). Confirmation of
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the importance of air—sea fluxes in driving the oceanic
circulation in the region has been provided by Haine
et al. (2009), who showed, through high-resolution ocean
modelling experiments, that the resolution and magnitude
of the wind forcing along with the fresh water flux due
to precipitation are crucial for a realistic simulation of
the surface mixed-layer development, current velocities
and shelf-break volume fluxes along the southeast coast
of Greenland.

Investigation of the flow distortion near Greenland has,
until recently, relied mainly on global reanalysis products,
surface wind speed retrievals from the QuikSCAT scat-
terometer and numerical weather prediction model output.
The lack of in situ data with which to validate these remotely
sensed data sources and model results has hampered our
understanding of the structure and dynamics of these jets
as well as their impact on the ocean. The Greenland Flow
Distortion Experiment (GFDex) was proposed to improve
this situation through the collection and analysis of in situ
meteorological and oceanographic data. An overview of
the experiment is provided by Renfrew et al. (2008) and
the reader is referred to that publication for details on
the observational plan and a summary of the data col-
lected.

One unexpected aspect of the GFDex observational
period, which occurred during late February and early
March 2007, was the dearth of westerly tip jet events and the
frequent occurrence of easterly tip jets (Outten et al., 2009,
2010; Renfrew et al., 2009a) — even though the NAO was in
its positive phase. The NAO is associated with out-of-phase
sea-level pressure anomalies between its two centres of
action: the Icelandic Low and the Azores High. During its
positive phase, the Icelandic Low is deeper than usual, while
the Azores High is shallower than usual (Hurrell et al.,
2003; and see Figure 7(a) for an illustration). This regime
is typically associated with enhanced storm activity over the
North Atlantic, a northeasterly shift of the storm track, a
high occurrence of cold-air outbreaks in the Labrador Sea
and an increase in the occurrence of westerly tip jets, as well
as a reduction in the occurrence of easterly tip jets (Hurrell
et al., 2003; Moore, 2003).

It must be emphasized, however, that the NAO explains
only approximately 40% of the variance in the winter
sea-level pressure field over the North Atlantic (Hurrell
etal.,2003). This suggests that there may be other circulation
patterns that are important in characterizing the climate of
the region. In this paper, we investigate the role that two
additional teleconnections, the East Atlantic and Baffin
Island—West Atlantic patterns, have on the anomalous
conditions observed during the GFDex observational period
as well as more generally on the climate of the subpolar
North Atlantic.

The East Atlantic (EA) teleconnection was first identified
in the empirical orthogonal function (EOF) analysis of
Barnston and Livezey (1987). After the NAO, it is the
leading mode of variability in the sea-level pressure field
in the North Atlantic sector. It consists of a well-defined
centre near 52.5°N, 27.5°W, with a more meridionally
diffuse centre of the opposite phase over North Africa and
the Mediterranean (Barnston and Livezey, 1987; Clinet and
Martin, 1992; and see Figure 7(b) for an illustration). Its
positive phase is associated with anomalously low sea-level
pressure in the vicinity of its primary centre. Unlike the
NAO, there has been relatively little research on the EA
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pattern and its impact on the climate. There is evidence
that it modulates precipitation over southwest England
and the Iberian Peninsula (Rodriguez-Puebla et al., 1998;
Murphy and Washington, 2001) as well as playing a role
in the positioning of the primary North Atlantic storm
track (Seierstad et al., 2007; Woolings et al., 2010). As one
would expect, being the product of EOF analyses, indices of
the NAO and EA are uncorrelated (Barnston and Livezey,
1987). During the GFDex observational period, we will
show that both the NAO and EA were in their positive
phase.

The so-called Baffin Island—West Atlantic (BWA) tele-
connection was identified by Shabbar ef al. (1997) through
an EOF analysis of the winter mean 500 mb geopotential
height field. They argued that this teleconnection provides
information on the strength of the Canadian Polar Trough
(CPT), the upper-tropospheric feature that is an important
component of the stationary Northern Hemisphere win-
ter wavenumber 3 pattern (Palmén and Newton, 1969; Held
et al.,2002; and see Figure 7(c) for an illustration). The BWA
teleconnection is similar to the Western Atlantic telecon-
nection identified by Wallace and Gutzler (1981). Shabbar
et al. (1997) suggested that a strengthening of the CPT that
occurred around 1970 was responsible for the long-term
cooling of the Labrador Sea region that started around that
time. It is conventional in the literature to consider variabil-
ity in the CPT as simply being the upper-level expression of
the NAO (Hurrell et al., 2003; Van den Dool et al., 2006) and
as such it is tacitly assumed that an index of the BWA con-
tains no additional information. However, the correlation
coefficient between the Jones et al. (1997) index of the NAO
and a similarly defined index of the BWA during the winter
months is approximately 0.7, indicating that variability in
the NAO explains only 50% of the variance in the BWA.
While this confirms that the two modes are related, there
are likely situations where a consideration of the state of the
BWA provides independent information on the climate of
the subpolar North Atlantic that is not captured by the NAO
alone. Indeed, as we shall show, the GFDex observational
period was just such a situation; one during which the NAO
and BWA were out of phase.

2. Methods

The National Centers for Environmental Prediction (NCEP)
Reanalysis was one of the first reanalysis efforts to employ
a frozen or time-invariant forecasting system to assimilate
all available historical atmospheric and surface data (Kalnay
et al., 1996). It is available every 6 hours and covers the
time period from 1948 to the present, with a horizontal
resolution of approximately 2° at the surface and with 17
levels in the troposphere and stratosphere. With respect
to the subpolar North Atlantic, Renfrew et al. (2002)
showed that the NCEP Reanalysis was able to represent
the observed synoptic variability during a 40-day ocean
cruise in the Labrador Sea during the winter of 1997.
Renfrew et al. (2009b) reached a similar conclusion with
respect to the aircraft observations made during GFDex,
although they emphasized that this global product was too
coarse to capture the correct magnitudes of the mesoscale
features present around Greenland, such as tip jets and
barrier winds.

For the purposes of this paper, we have chosen to use
the period 15 February to 15 March 2007 to characterize
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conditions during the GFDex observational period. Strictly
speaking, the observations occurred between 21 February
and 10 March 2007 (Renfrew et al., 2008). However, no
significant differences were found in mean conditions for
these two slightly different time periods and so the longer
period was chosen to provide a more robust climatology.
Conditions during 2007 were compared to climatological
values calculated over the same month-long time period
based on data from 1948 to 2010.

The sea-level pressure field from the NCEP Reanalysis
was used to compute indices of the NAO, the EA and
the BWA for the period 15 February to 15 March, as well
as for each of the winter months (December, January,
February and March) for each of the years from 1948 to
2010. Following Jones et al. (1997), an NAO index was
computed from the normalized sea-level pressure difference
between Gibraltar (36.1°N, 5.3°W) and southwest Iceland
(65°N, 22.8°W). For the months of February and March,
the correlation coefficient between the instrumental NAO
index of Jones et al. (1997) and the corresponding index
derived from the NCEP Reanalysis was 0.98, confirming
that the NCEP Reanalysis is able to capture the variability
associated with the NAO. An index for the EA was computed
as the normalized sea-level pressure anomaly at its primary
centre at 52.5°N, 27.5°W (Murphy and Washington, 2001).
As we will show, the NAO and EA indices that were derived
in this way are uncorrelated. In similar fashion, an index
for the BWA was computed using the 500 mb geopotential
height field from the NCEP Reanalysis. Following Shabbar
et al. (1997), centres of action over Bermuda (30°N, 60°W)
and Baffin Island (65°N, 60°W) were used to compute this
index. The centres used by Wallace and Gutzler (1981)
in their definition of the Western Atlantic teleconnection
are similar but not identical to those used by Shabbar
et al. (1997). In addition, our BWA index differs from
that used by Shabbar et al. (1997) so as to make it more
consistent with and easier to compare to the NAO and
EA indices; In particular, our BWA index is defined as the
difference between the normalized anomalies in the 500 mb
geopotential height field at the southern and northern
centres of action. In contrast, Shabbar et al. (1997) defined
their BWA index as one-half of the difference between
unnormalized anomalies at northern and southern centres
of action.

3. Conditions during 2007

Figure 1 shows the NAO, EA and BWA indices for the period
15 February to 15 March for each of the years from 1948
to 2010. As one can see, 2007 was characterized by positive
values of the NAO and EA indices and a negative value of
the BWA index. Figure 2 shows scatterplots of the EA and
BWA indices against the NAO index for this period during
each of the years from 1948 to 2010. As discussed above, the
NAO and EA indices have a low degree of correlation that
is manifested by the approximate equipartition amongst
the four quadrants. The situation in 2007, in which the
NAO and EA indices were both positive, occurs 27% of
the time. In contrast, the NAO and BWA indices exhibit
a higher degree of correlation, with the indices being of
the same sign 76% of the time. More generally, these same
approximate partitions also occurred during the months
of December to March for the period 1948—2010 (not
shown).

Q. J. R. Meteorol. Soc. 137: 757-767 (2011)
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Figure 1. Indices of (a) NAO, (b) EA and (c) BWA teleconnection derived
from the NCEP reanalysis during the period 15 February to 15 March
for the years 1948—2010. For ease of comparison, all indices have been
normalized to have unit standard deviation.

Figure 3 shows the mean-sea-level pressure field for
the period 15 February to 15 March 2007 as well as the
climatological mean of this field for the period 1948-2010
and the difference between the two. Consistent with the NAO
index, one sees that the GFDex period was characterized by
an increase in the meridional pressure gradient, with the
central pressure of the Icelandic Low lowered from 1004
to 992 mb, while the central pressure of the Azores High
increased from 1020 to 1024 mb. Note that there was also
an anomalous region of high pressure over Hudson Bay
during 2007 that contributed to an enhancement in the
zonal pressure gradient over the Labrador Sea. The anomaly
field (Figure 3(c)) clearly shows the southward movement
of both the Icelandic Low and Azores High as well as the
increase in pressure over Hudson Bay.

Figure 4 shows the corresponding 500 mb geopotential
height fields. The dominant feature, the CPT, was weaker
and had its centre displaced northwards in 2007 as compared
to climatology. In addition, there were lower geopotential
heights extending from the eastern seaboard of North
America across to the British Isles and higher geopotential
heights in the vicinity of the Cape Verde Islands. As a result,
the geopotential height anomaly over the Eastern Canadian
Arctic was out of phase with that in the vicinity of Iceland
(Figure 4(c)).

Figure 5 shows the corresponding 1000—500 mb thickness
fields expressed as temperatures. The figure indicates that
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Figure 2. Scatterplot of NAO and (a) EA and (b) BWA indices derived
from the NCEP reanalysis for the period 15 February to 15 March for the
years 1948—2010. Also indicated are the percentage occurrences in each of
the four quadrants defined by the sign of the two indices.

over much of Eastern Canada and the subpolar North
Atlantic the troposphere was warmer in 2007 as compared
to climatology by up to 4°C over the Labrador Sea
and Western Greenland. In addition, the troposphere
over Western Europe was also warmer than climatology,
while over the eastern seaboard of North America it was
colder.

In Figure 6 we present a Eulerian diagnostic of synoptic-
scale cyclone activity: the 2- to 6-day bandpass-filtered
variance of sea-level pressure (Blackmon et al., 1977).
The location of regions of enhanced cyclonic activity are
represented by high values of this field. During the 2007
GFDex period (Figure 6(a)), the storm track had a zonal
orientation, with centres of high variance over the Great
Lakes and to the south of Iceland just west of the British
Isles. The climatological mean field (Figure 6(b)) shows
that the storm track across the subpolar North Atlantic
is typically oriented from the southwest to the northeast,
extending from Newfoundland to Scandinavia. The anomaly
field (Figure 6(c)) indicates that there was an increase in
cyclonic activity over the western Great Lakes of North
America, a reduction in cyclonic activity over much of the
eastern North Atlantic northwards towards Greenland, as
well as an increase in cyclonic activity to the south of Iceland
extending eastwards towards the British Isles and Western
Europe.

Q. J. R. Meteorol. Soc. 137: 757-767 (2011)
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Figure 3. Sea-level pressure (mb) from the NCEP reanalysis for the
period 15 February to 15 March for (a) mean conditions during 2007,
(b) climatological mean 1948-2010 and (c) anomaly during 2007.

To summarize, although February—March 2007 was a
high-NAO period, its two centres of action were displaced to
the south and the sea-level pressure anomaly over the Eastern
Canadian Arctic was out of phase with that associated with
the Icelandic Low. In addition, there was a more zonally
aligned storm track with warmer temperatures over the
Labrador Sea and Western Europe. These conditions are not
typically associated with a positive NAO index.

4. Use of the NAO, EA and BWA to characterize
conditions during 2007

In addition to being a high-NAO period, the GFDex months
of February and March 2007 were also characterized by
a positive value of the EA index and a negative value of
the BWA index (cf. Figure 1). In this section, we seek to
quantify and diagnose to what degree conditions observed
during this period were anomalous as compared with those
typically found when the NAO index is positive, and what
additional information is gained by consideration of the
variability in the EA and BWA teleconnection patterns.
To accomplish this, a traditional composite analysis has
been used to identify the atmospheric circulation patterns
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Figure 4. Geopotential height of the 500 mb surface (m) from NCEP
reanalysis for the period February 15 to March 15 for (a) mean conditions
during 2007, (b) climatological mean 1948-2010 and (c) anomaly during
2007.

associated with positive and negative NAO conditions. In
this case the composite is defined to be those winter months
(December, January, February or March) during the period
from 1948 to 2010 in which the magnitude of the NAO
index was either positive or negative. Assuming a linear
response, the difference between these two composites will
be used to characterize the atmospheric response to the
NAO (Wallace and Gutzler, 1981; Hoerling et al., 1997).
In a similar fashion, difference composites were created to
characterize the atmospheric conditions associated with the
EA and BWA teleconnections. The sign of the difference
composites shown is that associated with a positive value
of the respective index. These three difference composites,
which will be referred to as ‘NAOC,” ‘EAC’ and ‘BWAC’
respectively, will be compared to one generated for
conditions during which the NAO and EA are of the
same sign while the BWA is of the opposite sign — this
is assumed to be representative of conditions during the
GFDex observational period (cf. Figure 1) and which
will be referred to as ‘GFDexC’. Note the use of other
thresholds for inclusion in the composites yielded similar
results.

Q. J. R. Meteorol. Soc. 137: 757-767 (2011)
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Figure 5. Thickness of the 1000—500 mb layer expressed as temperature
(°C) from the NCEP reanalysis for the period February 15 to March 15 for
(a) mean conditions during 2007, (b) climatological mean 1948—2010 and
(c) anomaly during 2007.

Figure 7 shows the difference composites for the
sea-level pressure field. The NAOC (Figure 7(a)) shows
the conventional meridional dipole with a reduction in
sea-level pressure near Iceland and an increase in pressure
near the Azores (Hurrell et al., 2003). The dipole extends
zonally across the subpolar North Atlantic from Eastern
North America eastwards to Europe and, in this case,
the sea-level pressure in the Eastern Canadian Arctic is
in phase with that near Iceland. The EAC (Figure 7(b))
shows a well-defined monopole with a centre to the south
of Iceland and to the west of the British Isles (Barnston
and Livezey, 1987). The BWAC (Figure 7(c)) shows a
meridional dipole shifted westward from that associated with
the NAO. The GFDexC (Figure 7(d)) shows a southwest-
to-northeast aligned tripolar structure with higher sea-level
pressures centred over the Hudson Bay and North Africa
and lower sea-level pressures extending across the subpolar
North Atlantic, with a southward displacement of both the
Icelandic Low and Azores High. In addition for this case, the
sea-level pressure anomaly in the Eastern Canadian Arctic
is out of phase with that near Iceland. We would argue that
this composite (Figure 7(d)) provides a considerably better
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Figure 6. Bandpass 2- to 6-day filtered variance of the sea-level pressure
expressed as standard deviation (mb) from NCEP reanalysis for the
period February 15 to March 15 for (a) mean conditions during 2007,
(b) climatological mean 1948-2010 and (c) anomaly during 2007.

representation of conditions during February—March 2007
(Figure 3(c)) than that provided by the NAOC (Figure 7(a)).

Figure 8 shows the analogous difference composites
for the 500 mb geopotential height field. The NAOC
(Figure 8(a)) is similar to that of the sea-level pressure
composite (Figure 7(a)), with the exception of a slight
westward shift in the two centres of action as compared
to their locations at the surface. Clearly, when one con-
siders just the NAO index, variability in the CPT is in
phase with variability of the Icelandic Low. The EAC (Fig-
ure 8b) has the same monopole structure, also with a
slight westward shift in its centre as compared to the
situation at the surface (Figure 7(b)). The BWAC (Fig-
ure 8(c)) shows a well-defined dipolar structure with
centres over Baffin Island and the southwest North Atlantic
near Bermuda. The GFDexC (Figure 8(d)) has the same
tripolar structure seen in the sea-level pressure field (Fig-
ure 7(d)). As a result, the 500 mb geopotential height
anomaly over the Labrador Sea is out of phase with the
sea-level pressure anomaly near Iceland. These
characteristics are similar to those that occurred in
February—March 2007 (compare Figure 8(d) to Figure 4(c)).

Q. J. R. Meteorol. Soc. 137: 757-767 (2011)
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Figure 7. Composites of the mean-sea-level pressure (mb) from NCEP reanalysis for the winter months (DJFM) from 1948 to 2010 for (a) the NAOC
case, (b) EAC, (¢) BWAC and (d) the GFDexC case. See text for a description of the various cases.
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Figure 8. Composites of the 500 mb geopotential height (m) from the NCEP reanalysis for the winter months (DJFM) from 1948 to 2010 for (a) the
NAOC case, (b) EAC, (¢) BWAC and (d) the GFDexC case. See text for a description of the various cases.

Figure 9 shows the difference composites for the
1000—500 mb thickness field expressed as a temperature.
The NAOC (Figure 9(a)) indicates that when the NAO
index is positive it is colder in the troposphere over
the Labrador Sea and across the subpolar North Atlantic
to Iceland, with warmer tropospheric temperatures over
Scandinavia and Europe. The EAC (Figure 9(b)) shows
a similar zonally oriented dipole similar to that for the

Copyright (© 2011 Royal Meteorological Society

NAO (Figure 9(a)) except for a southward shift in its
axis. The BWAC (Figure 9(c)) shows a similar pattern to
that for the NAO (Figure 9(a)) except for southwestward
movement of the cold anomaly over the Labrador Sea
and an elongation towards the southeast. The GFDexC
(Figure 9(d)) has a tripolar structure, similar to that
seen in the corresponding sea-level pressure and 500 mb
geopotential height composites (Figures 7(d) and 8(d)).

Q. J. R. Meteorol. Soc. 137: 757-767 (2011)
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Figure 9. Composites of the thickness of the 1000—500 mb layer expressed as temperature (°C) from the NCEP reanalysis for the winter months (DJEM)
from 1948 to 2010 for (a) the NAOC case, (b) EAC, (c) BWAC and (d) the GFDexC case. See text for a description of the various cases.
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Figure 10. Composites of the bandpass 2- to 6-day filtered variance of the sea-level pressure expressed as standard deviation (mb) from the NCEP
reanalysis for the winter months (DJFM) from 1948 to 2010 for (a) the NAOC case, (b) EAC, (c) BWAC and (d) the GFDexC case. See text for a

description of the various cases.

We suggest that this composite (Figure 9(d)) represents
conditions during February—March 2007, in contrast to the
NAOC (Figure 9(a)). In particular, it captures the observed
meridional dipole that extends from the Eastern Canadian
Arctic to the Eastern Seaboard of North America, as well as
the warming over Europe (Figure 5(c)). However it does not
capture the warming over Scandinavia observed in 2007.

Copyright (© 2011 Royal Meteorological Society

Finally, Figure 10 shows the difference composite anoma-
lies for the 2- to 6-day bandpass-filtered variance of sea-level
pressure. The NAOC (Figure 10(a)) indicates an increase in
cyclone activity across much of the subpolar North Atlantic,
extending northeastward from Newfoundland to Scandi-
navia. The EAC (Figure 10(b)) indicates an increase in
cyclone activity to the south of Iceland and to the west
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of the British Isles, with a decrease in cyclone activity
over the Eastern Canadian Arctic, Greenland and Scan-
dinavia. The BWAC (Figure 10(c)) shows a northward
shift in the storm track, with a maximum near Cape
Farewell. The GFDexC (Figure 10(d)) shows a southwest-
to-northeast oriented dipolar pattern, with an increase in
cyclone activity extending from south of Iceland to the
British Isles and a decrease in activity extending from the
Eastern Seaboard of North America to Greenland. This
pattern was also observed during February—March 2007
(Figure 6(c)).

To summarize, a composite of NAO-positive, EA-
positive and BWA-negative conditions for the winter
months provides a qualitatively accurate representation
of the key features of the synoptic-scale circulation of
February—March 2007 for the subpolar North Atlantic. In
contrast, consideration of each of these circulation patterns
in isolation does not.

5. Discussion

During any field programme one has a limited time in
which to make observations and it is therefore important
to describe the large-scale meteorological conditions during
the data collection period in order to place the observations
in their proper climatological context. This is especially
true during an experiment such as GFDex, in which the
processes under investigation have an impact on timescales
much longer than that of the observation period. Although
the NAO index was positive during the field phase of GFDex,
surprisingly no westerly tip jets were observed (Renfrew et al.,
2008). As we have shown, the mean conditions during the
field phase of GFDex were anomalous with regard to typical
positive NAO conditions in that the centres of the Icelandic
and Azores High were displaced southwards, the storm track
was more zonally oriented, tropospheric temperatures over
Greenland were warmer than usual and the CPT was weaker
than usual. In terms of teleconnection indices, the NAO and
EA indices were positive, while the BWA index was negative
(Figure 1).

As we have shown in Figures 7-10, conditions that
occur when the NAO and EA indices are of the same
sign while the BWA index is of the opposing sign
are markedly different from those that occur when one
considers only the sign of the NAO index. In particular,
the former situation results in the existence of tripolar
anomalies in the mass field across the subpolar North
Atlantic, with opposing signs in the anomalies situated to
the west and east of Greenland, along with a southward
migration of the Icelandic Low and the Azores High.
Such opposing anomalies and the southward migration
were key characteristics of the GFDex observational period
(Figures 3(c)—6(c)).

Our analysis suggests that all three teleconnection patterns
contributed to the anomalous conditions observed during
the GFDex observational period as well as being required
to fully capture the complexities of the climate of the
subpolar North Atlantic. However, it is unclear what the
individual contributions of the EA and BWA patterns are
and whether both are necessary to adequately capture the
complexities seen during the GFDEX observational period.
Figure 11 shows the composite difference fields of the
sea-level pressure and 1000—500 mb thickness fields for
the case in which the NAO and the EA indices are
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of the same sign (irrespective of the BWA index) and
the case in which the NAO and BWA indices are of
opposing signs (irrespective of the EA index). The sea-
level pressure composite for the case in which the NAO
and EA indices are of the same sign (Figure 11(a))
when compared to the corresponding NAO composite
(Figure 7a) clearly shows the southward migration of
the Icelandic Low and Azores High that is the result of
the consideration of the phase of the EA teleconnection
pattern. In contrast, inclusion of variability in the BWA
teleconnection pattern (Figure 11(b)) captures the dipolar
nature of the sea-level pressure field present during the
GFDex observational period, with conditions to the west
of Greenland being out of phase with those to the east.
The composite of the 1000—500 mb thickness field for
the case in which the NAO and EA indices are of the
same sign (Figure 11(c)) retains the structure seen in
the NAO composite (Figure 9(a)) but with a southward
migration in the anomaly over the Labrador Sea, whereas
the corresponding composite for the case in which the NAO
and BWA indices are of opposing sign (Figure 11d) has
thermal anomalies of opposing sign to the west and east of
Greenland.

It is therefore clear, qualitatively, that the combination of
just these pairs of indices produces composites that do not
match the February—March 2007 period as well as using all
three indices (compare Figure 11 to Figures 3(c) and 5(c)).
These results, however, do shed light on the relative
contributions of the EA and BWA patterns to conditions
observed during February—March 2007. In particular, the
positive phase of the EA was responsible for the southward
movement of the centres of action of the NAO, while the
negative phase of the BWA was responsible for the warmer
temperatures over the Labrador Sea.

In terms of atmospheric forcing of the ocean, Vige
et al. (2009) showed that the winter of 2007 as a whole
was characterized similarly to the GFDex period embedded
within that winter, including: anomalously northeasterly
flow in the Labrador and Irminger Seas; less tendency
for storms to veer northeast towards Iceland; and fewer
occurrences of westerly tip jets. In addition, we have shown
that the lower tropospheric temperatures over the Labrador
Sea were anomalously warm (Figure 5(c)). This resulted in
weaker than normal air—sea heat fluxes in the Labrador
and Irminger Seas, and consequently deep convection
did not occur (Vége et al., 2009; Yashayaev and Loder,
2009). This goes against the general notion that a high
NAO index means enhanced overturning in the Labrador
Sea (Marshall et al, 1998; Dickson et al,, 2000; Pickart
et al., 2003). Interestingly, during the following winter deep
convection did occur, even though the NAO index was
lower than in the previous year. As seen from Figure 1,
the BWA index became positive that year, resulting in
cooling over the Labrador Sea (Figures 9(c) and 12), which
in turn contributed to air—sea buoyancy fluxes that were
favourable for convective overturning in both the Labrador
and Irminger Seas (Vage ef al., 2009; Yashayaev and Loder,
2009).

6. Conclusions

Conditions during the GFDex observational period in
late February and early March 2007 have been shown
to be anomalous to what is usually expected when
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Figure 11. Composite of (a, b) mean-sea-level pressure (mb) and (c, d) 1000—500 mb layer expressed as temperature (°C) from NCEP reanalysis for the
winter months (DJEM) from 1948 to 2010. Panels (a, c) represent the difference between months in which NAOI > 0 and EAI > 0 from those in which
NAOI < 0 and EAI < 0. Panels (b, d) represent the difference between months in which NAOI > 0 and BWAI < 0 from those in which NAOI < 0 and

BWAI > 0.
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Figure 12. Anomaly in thickness of the 1000—500 mb layer expressed as
temperature (°C) from NCEP reanalysis during the period 15 February to
15 March 2008.

the NAO is in its positive phase. These anomalous
conditions included a southward shift in the centres of
the Icelandic Low and the Azores High, as well as thermal
anomalies over the Labrador Sea being out of phase with
those near Iceland. This situation resulted in enhanced
northerly flow to the east of Greenland, which led to
more barrier wind and easterly tip jets events as well
as an absence of westerly tip jet events (Renfrew et al.,
2008).

Through the consideration of two other teleconnection
patterns — the East Atlantic (EA) and Baffin Island—West
Atlantic (BWA) patterns — we have been able to demonstrate
that the field phase of GFDex was associated with a situation
in which the Icelandic Low was deeper than normal, i.e. the
NAO index was positive; the centre of the Icelandic Low
was shifted southwards from its climatological position,
i.e. the EA index was positive; while the Canadian Polar
Trough was weaker than usual, i.e. the BWA index was
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negative. Such conditions still lead to a dipolar sea-level
pressure anomaly across the subpolar North Atlantic with
characteristics that, as we have shown, are different from
those that result from consideration of the variability in the
NAO index alone.

Our results suggest that a more complete description of
the climate of the subpolar North Atlantic also requires
consideration of (1) the strength of the upper-level flow
over the Eastern Canadian Arctic, as expressed in the BWA
index; (2) the strength of surface flow (in other words the
depth of the Icelandic Low and Azores High), as expressed
in the NAO index; and (iii) the location of these centres, as
expressed in the EA index. In addition, there may be other
teleconnections, such as the Scandinavia pattern (Barnston
and Livezey, 1987), that may also contribute to a complete
description of the region. Finally, the relative magnitudes
of the various indices also contribute to the structure of
the anomaly for a given time and should also be taken into
account.
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