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ABSTRACT: The westerly Greenland tip jet is an intense, narrow and intermittent wind phenomenon located southeast
of Cape Farewell that occurs frequently during the winter season. Using the ERA-40 reanalysis dataset, a catalogue of
586 objectively detected westerly tip jet events is compiled for the winters 1957-2002, and an analysis is undertaken
of the character of the jet and its accompanying atmospheric features. It is shown that the tip jet frequency exhibits a
significant positive correlation with both the NAO index and the latitude of the Icelandic Low. The peak wind speed and
accompanying heat fluxes of the jet have values up to 30 m s−1 and 600 W m−2, respectively, and are sustained for less
than one day. The air parcels constituting the tip jet are shown, based upon a trajectory model and the ERA-40 dataset, to
have a continental origin, and to exhibit a characteristic deflection and acceleration around southern Greenland. The events
are almost invariably accompanied both by a notable coherence of the lower-level tip jet with an overlying upper-level jet
stream, and by a surface cyclone located to the lee of Greenland. It is also shown that the cyclone originates upstream of
and is advected to the lee of Greenland, and thereby it both precedes in time and contributes dynamically to the formation
of the tip jet. On this basis, it is suggested that the tip jet arises from the interplay of the synoptic-scale flow evolution
and the perturbing effects of Greenland’s topography upon the flow. Copyright c© 2009 Royal Meteorological Society
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1. Introduction

Greenland exerts a significant impact on the atmospheric
circulation of the Northern Hemisphere. Among other
things, it is known to cause a southward shift of the
North Atlantic storm track (Petersen et al., 2004). Both
the orography and sharp low-level temperature gradients
arising from the warm interior ocean adjacent to the cold
water and ice on the east Greenland shelf partially account
for the presence of the Icelandic Low (Tsukernik et al.,
2007). On shorter time-scales, numerical simulations have
shown that the high topography of Greenland affects
synoptic storm systems in its vicinity (e.g. Kristjánsson
and McInnes, 1999; Petersen et al., 2003).

The region near Cape Farewell (the southern tip of
Greenland) is the windiest area of the World Ocean
(Sampe and Xie, 2007). This is to a large extent due
to a variety of intense, small-scale wind phenomena that
arise from the impact of the Greenland topography on
low pressure systems that pass nearby. (Such orograph-
ically induced winds are not unique to Greenland, e.g.
Schwerdtfeger 1975; Parish, 1982; McCauley and Stur-
man, 1999; Seefeldt and Cassano, 2008). Near Greenland
these phenomena predominantly occur in winter. Most
notable are westerly (forward) and easterly (reverse) tip
jets and barrier winds. Tip jets are narrow, intermittent
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wind patterns near the southern tip of Greenland, while
barrier winds are a geostrophic response to stable air
being forced towards the high eastern coast of Green-
land (Moore, 2003; Moore and Renfrew, 2005; Petersen
et al., 2009). The focus of this study is on the westerly
tip jet (Figure 1), hereafter referred to simply as a ‘tip
jet’.

Tip jets often develop when a low pressure system
moves into the region east of southern Greenland (Moore,
2003; Pickart et al., 2003a). Two mechanisms generating
the tip jet have been proposed: The first involves oro-
graphic descent. Doyle and Shapiro (1999) argued that
the tip jets are governed by conservation of the Bernoulli
function when air parcels descend sharply down the lee
slope of Greenland. (The Bernoulli function is the sum
of enthalpy, kinetic energy, and potential energy per unit
mass; Schär, 1993). The second mechanism, also noted
by Doyle and Shapiro (1999) and later expanded upon
by Moore and Renfrew (2005), involves blocking due to
the high topography of Greenland. The dynamical par-
ameter space governing the occurrence of blocking in the
case when stratified flow encounters a topographic bar-
rier has been investigated both in the absence (Smith,
1989; Ólafsson and Bougeault, 1996) and presence (Pier-
rehumbert and Wyman, 1985; Petersen et al., 2003) of
rotation (Doyle and Shapiro, 1999, provide a theoretical
overview). Moore and Renfrew (2005) found that accel-
eration through deflection of surface winds around the
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Figure 1. Mean tip jet QuikSCAT winds (colour, m s−1) and ERA-40
sea level pressure (contours, hPa) over the period 1999–2002. See text
for explanation of rectangle and lines. The red dot marks the location
of the Prins Christian Sund (PCS) meteorological station near Cape
Farewell. The Labrador Sea to the southwest and the Irminger Sea to

the southeast of Greenland are regions of dense water formation.

southern tip of Greenland during periods of blocking was
a consistent feature of tip jets in their climatological study
of high wind speed events in the vicinity of Greenland.

The small meridional scale of the tip jet results in a
region of localized high cyclonic wind-stress curl east of
Cape Farewell (Pickart et al., 2003a). Using an idealized
ocean model, Spall and Pickart (2003) showed that this
patch of enhanced wind-stress curl is sufficient to drive
the recirculation gyre observed in the Irminger Sea east
of Greenland (Lavender et al., 2000). The cyclonic wind-
stress curl leads to upwelling and isopycnal doming in
the water column below, which, together with the large
heat fluxes caused by the strong winds, are conducive
for driving deep oceanic convection in winter (Pickart
et al., 2003a; Våge et al., 2008). It has been hypothesized
that the southwestern Irminger Sea, within the Irminger
Gyre and under the direct influence of the tip jet, may
be another region where the densest type of subpolar
mode water, Labrador Sea Water (LSW), is formed
during sufficiently severe winters (Pickart et al., 2003b).
(LSW was previously thought to originate solely from
the Labrador Sea.) The strong tip jet winds also present
a significant marine hazard (e.g. Moore, 2003).

In this work we use an objective and sensitive method
to explore the ERA-40 meteorological reanalysis product
for the signatures of tip jets. The goal is to form a
comprehensive and consistent climatology of such events,
which is then used to investigate the evolution of the tip
jet and to gain further dynamical insight regarding its
mechanism of generation. The main advantages of using
a meteorological reanalysis for climatological studies are
the long time periods covered and the availability of
all relevant meteorological fields on a three-dimensional
grid, while the main disadvantage is a relatively coarse
horizontal and vertical resolution. The advent of satellite
scatterometers (in particular the QuikSCAT satellite in
1999), which measure the surface wind field over the
ocean at high resolution, provides an opportunity to check

the consistency of the lower-resolution reanalysis surface
winds in the vicinity of Cape Farewell.

The paper is outlined as follows. The ERA-40 reanaly-
sis product and the tip jet detection routine are described
in section 2. A comparison with the QuikSCAT satel-
lite scatterometer winds follows in section 3. In section
4 the relationship between tip jet frequency and large-
scale North Atlantic atmospheric patterns are examined.
Composite averages provide a robust description of the
evolution of the tip jet and are described in section 5.
A Lagrangian trajectory analysis, presented in section 6,
complements the description of the tip jet by identifying
the paths and origin of the air parcels contained within
the jet. The atmospheric conditions during tip jet events
are investigated in section 7. In section 8 we discuss the
dependency of the tip jet on the low-level flow interac-
tion with the topography of Greenland as well as on the
large-scale atmospheric conditions.

2. Data and methods

2.1. ERA-40 reanalysis product

The European Centre for Medium-Range Weather Fore-
casts (ECMWF) 45-year reanalysis product (ERA-40;
Uppala et al., 2005) covering the period 1957 to 2002
was analyzed in this study. The horizontal and temporal
resolutions at the surface and at 23 pressure levels are
1◦ and 6 h, respectively. Produced with a fixed numer-
ical weather prediction data assimilation system, ERA-
40 (and other reanalysis products) provides a physically
consistent interpolation of historical observational data
through space and time. However, the observing system
did not remain constant during this period. The grow-
ing importance of satellite instruments after 1979 had
a particularly large impact on the meteorological anal-
yses, mainly in regions where ground-based observations
were sparse and in the upper troposphere and strato-
sphere (Bengtsson et al., 2004). Thus the ERA-40 fields
may not be regarded as fully consistent throughout the
entire period. For our tip jet climatology this issue is
not addressed, but it is less of a concern in the Northern
Hemisphere. Furthermore, upper-level atmospheric data
are only considered for the most recent period.

As a check on the accuracy of the ECMWF model in
a subpolar region of sparse data, Renfrew et al. (2002)
compared the surface fields from the National Centers for
Environmental Prediction (NCEP; Kalnay et al., 1996)
and the ECMWF operational analysis with data recorded
by the research vessel Knorr during a 1997 winter cruise
in the Labrador Sea. They found that the ECMWF model
fields represented the observed data reasonably well, but
contained a cold bias for sea surface temperature and
2 m air temperature near the ice edge, and a tendency
to overestimate the latent and sensible heat fluxes. In the
present study the latter issue is circumvented to some
extent by application of a bulk formula (Fairall et al.,
2003) to compute the heat fluxes in section 5.

Concerns regarding the ability of a global product of
relatively coarse resolution like ERA-40 to accurately
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Figure 2. Surface wind field (m s−1) during the 21 February 2002 tip jet event, illustrating the difference between (a) QuikSCAT and (b) ERA-40.

capture small-scale atmospheric phenomena such as the
Greenland tip jet (Figure 2) have been raised previously
(Moore, 2003; Pickart et al., 2003a). This is examined
further in section 3.

2.2. Tip jet detection

Two empirical orthogonal function (EOF) approaches
have been used in previous studies to objectively detect
tip jet events. Pickart et al. (2003a) found that tip jets
were characterized by strong westerly winds, anoma-
lously low air temperatures, and low sea level pressure.
They constructed an EOF based on these three variables
using nearly 30 years of meteorological data from the
Prins Christian Sund weather station near Cape Farewell
(labelled PCS in Figure 1) to identify the events. Våge
et al. (2008) noted that tip jet events were relatively
insensitive to the location and central pressure of their
parent low pressure systems, and showed that the gra-
dient of sea level pressure was a better metric than sea
level pressure alone. Some tip jets were also observed
to completely evade the meteorological station. Corre-
spondingly, Våge et al. (2008) devised an EOF routine
that employed time series of (i) the maximum 10 m zonal
wind speed within the blue rectangle of Figure 1 recorded
by the QuikSCAT satellite scatterometer (retrieved using
the ‘Ku-2001’ model; Wentz et al., 2001); (ii) the mean
NCEP sea level pressure gradient along the lines a, b,
and c in Figure 1; and (iii) the PCS air temperature.
This method proved to be more sensitive to tip jet detec-
tion, and had the advantage of utilizing accurate, high-
resolution satellite wind speed data covering a larger
geographical area. Våge et al. (2008) used a threshold
zonal wind speed of 25 m s−1 to define a robust tip jet.
Manual inspection of the scatterometer winds confirmed
that all of the robust tip jets that took place during the
two winters that they considered were detected.

In this work we primarily use the EOF routine devel-
oped by Våge et al. (2008). We note that satellite scat-
terometers were not available prior to 1987, and that there
are temporal gaps in the PCS air temperature record.
Hence we use only time series extracted from ERA-40
as input for the EOF routine. ERA-40 was used alone
in order to have a consistent detection algorithm cover-
ing the entire period. Furthermore it is desirable to avoid
data from the location of the PCS weather station due to
suspected influence of the high local topography. Instead
of temperatures from the PCS location, we used a roving
temperature time series. At each time step, the temper-
ature at the location of the maximum zonal wind speed
within the blue rectangle of Figure 1 was tabulated. In
this way the temperature at the core of the tip jet was
always considered. For completeness we also applied the
same EOF method implemented by Pickart et al. (2003a)
using the PCS data only. For the majority of cases, the
two EOF routines identified the same events.

While we use the same routine as Våge et al. (2008),
our reconstructed tip jet winds are weaker than theirs
largely because of the coarser resolution of the ERA-40
winds. As such, the threshold reconstructed zonal wind
speed for defining an event as robust was lowered from 25
to 18 m s−1. This limit was chosen to achieve a balance
between avoiding false positive identifications, and at the
same time not missing robust tip jets. The threshold value
was determined by carefully comparing the ERA-40 and
QuikSCAT winds for the period of overlap (1999–2002).
In reality there exists a continuum of tip jet magnitudes,
and the label ‘robust’ is somewhat arbitrary. All tip jets
discussed from this point onwards are robust according
to the above definition, hence the label will be dropped.

All of the events that satisfied the criteria from either
of the two EOF routines above were examined manually
to ensure that each tip jet was recorded once, at its
peak intensity, and to locate the centres of their parent
low pressure systems. In addition to the two EOFs, a
final procedure was applied to detect wind speed events
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2002 K. VÅGE ET AL.

exceeding 20 m s−1 with a direction deviating at most
30◦ from west within the blue rectangle of Figure 1.
This was done to identify any events that might have
been missed by the EOFs. Only a few such cases were
identified. In total, 586 tip jet events were detected in the
ERA-40 reanalysis for the winters (November–April) of
1957 to 2002. This is on average 13 per winter. Validation
of our climatology through comparison with QuikSCAT
for the period of overlap indicates that 88% of all of
the tip jets that had mean QuikSCAT wind speeds within
the blue rectangle in Figure 1 exceeding 25 m s−1 were
detected in ERA-40 without reporting false positives. The
tip jets found only in the QuikSCAT dataset were in
general weaker and/or of shorter duration than the tip
jets identified in ERA-40.

3. ERA-40 versus QuikSCAT winds

3.1. Winter conditions

To examine the correspondence between ERA-40 and
QuikSCAT winds, the mean 10 m wind speed within
the blue rectangle of Figure 1 was determined for
every realization of each dataset during the winters of
overlap (1999–2002). The ERA-40 time series was then
temporally interpolated onto the same twice-daily time
base as the QuikSCAT data (Figure 3(a)). The correlation
between the wind speeds from the two products in this
region is 0.89. All correlations reported are significant
at the 99% confidence level. (Confidence intervals were
determined using a bootstrap algorithm, a procedure
that involves random sampling with replacement from
the dataset and does not require any assumptions about
the underlying probability distribution.) The linear least-
squares best fit resulted in the following relation between
the two wind speed products:

|v|QuikSCAT = 1.4|v|ERA−40 − 0.9. (1)
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Figure 3. Relationships between (a) mean ERA-40 and QuikSCAT 10 m
wind speeds (m s−1) within the blue rectangle of Figure 1 twice daily
during all of the winters of overlap and (b) maximum ERA-40 and
QuikSCAT 10 m wind speeds found within the same box during tip jet

events (43 events in total).

In the region near Cape Farewell, the ERA-40 and
QuikSCAT winds are generally well correlated, but the
good correlation tends to break down for the highest
wind speeds. In particular, all of the QuikSCAT wind
speeds exceeding 30 m s−1 were associated with small-
scale wind events: westerly and easterly tip jets and
barrier winds. As mentioned in the introduction, these
wind phenomena result from the impact of the high
topography of Greenland on a nearby low pressure
system, and it is clear that they are not as well represented
in the lower-resolution ERA-40 fields. However, Moore
et al. (2008) found that, relative to a meteorological buoy
in the Irminger Sea, QuikSCAT showed evidence of a
high wind speed bias. Renfrew et al. (2009) reached a
similar conclusion using aircraft-based observations east
of southern Greenland. This bias may be a contributing
factor to the reduced correlation at extreme wind speeds,
though the underestimation of high winds in ERA-40
due to low resolution and orographic effects is likely the
dominant reason.

3.2. Tip jet conditions

Considering only the wind speeds during tip jet events,
the correlation between ERA-40 and QuikSCAT maxi-
mum wind speeds dropped to 0.75 (Figure 3(b)), and the
least-squares relation changed to

|v|QuikSCAT = 3.1|v|ERA−40 − 30. (2)

We chose to consider the maximum wind speed instead of
the mean because the scale of the tip jet is much smaller
than the rectangle. (When considering the mean wind
speed during tip jet events, the correlation was 0.78.) We
will also use Equation (2) to estimate the ‘true’ wind
speed at the core of the composite average tip jet in
section 5.

It is clear that ERA-40 significantly underestimates
the wind speeds during tip jet events relative to the
scatterometer. Using the global ECMWF forecast model,
Jung and Rhines (2007) found that increasing the model
resolution beyond that of ERA-40 continuously improved
the representation of the tip jet as judged by high-
resolution scatterometer studies of the tip jet (Moore
and Renfrew, 2005). In particular, both the heat flux
and surface wind-stress curl were increased. In any case,
the significant positive correlation between ERA-40 and
QuikSCAT winds during tip jet events indicates that our
tip jet climatology effectively captures the most intense
tip jet events.

4. Tip jets and the NAO

The North Atlantic Oscillation (NAO) is the dominant
pattern of climate variability in the North Atlantic (Hur-
rell, 1995). Winters that are characterized by a positive
NAO index are associated with stronger westerly winds,
enhanced air–sea buoyancy fluxes, and are often linked
with deep convection in the subpolar North Atlantic
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Figure 4. Time series of winter tip jet frequency (black) and NAO index
(grey).

Ocean (Dickson et al., 1996; Våge et al., 2009). Pickart
et al. (2003a) also found that a greater number of tip
jet events took place during high NAO index winters.
Figure 4 shows the time series of winter (Nov–Apr) tip
jet frequency over the 45-year period of ERA-40. Sig-
nificant interannual variability is evident; some winters
have as few as 3–5 tip jets, while others have as many
as 20–25. On average, there are 13 tip jet events per
winter, with a standard deviation of 5. Figure 4 also illus-
trates the temporal relation between tip jet frequency and
the monthly NAO index of Hurrell (1995) averaged over
the winter months (Nov–Apr). Using the tip jet climatol-
ogy of Pickart et al. (2003a) and the atmospheric NAO
pattern decomposed into indices of Icelandic Low (IL)
and Azores High (AH) centres of actions (COA; Hameed
et al., 1995), Bakalian et al. (2007) found that the num-
ber of tip jet events per winter was more sensitive to the
latitude of the IL than to the NAO index.

Using the present climatology, with the monthly NAO
index of Hurrell (1995) and the COA indices of Hameed
et al. (1995) averaged over the winter months (Nov-Apr),
we find similar correlations. This is true despite the under-
represented tip jet frequency in Pickart et al. (2003a)’s
climatology (Våge et al., 2008). In particular, we find
correlations of 0.71 and 0.69 between the number of tip
jet events per winter and the NAO index and latitude of
the IL, respectively. This suggests that the NAO state
and the meridional location of the IL are of comparable
importance for the frequency of tip jet events (Figure 5).
As the location of the IL may influence the value
of the station-based NAO index, these variables are
not expected to be completely independent. Indeed, a
correlation of 0.86 was found between the NAO index
and the latitude of the IL. Using the wintertime NAO
index (Hurrell, 1995) based upon the months December
to March, the correlation decreased to 0.64. (A similarly
low correlation of 0.65 was obtained when averaging the
monthly NAO index over the same months.) This shows
that the shoulder months, November and April, which are
important from an oceanic convection perspective, also
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Figure 5. Relationships between winter tip jet frequency and (a) the
NAO index and (b) the latitude of the Icelandic Low.

contribute a sizeable number of tip jet events (16% and
8%, respectively).

5. Tip jet composites

Composite averages of all 586 tip jets from the ERA-
40 dataset during the 24 h period surrounding an event
portray the tip jet as an intense, short-lived phenomenon
(Figure 6). Peak wind speeds approaching 20 m s−1

were sustained for less than a day (Figure 6(a)). Pickart
et al. (2003a) found that tip jets at the PCS meteorological
station on average lasted approximately 3 days. The
discrepancy between these estimates of tip jet duration is
mainly due to our focus on peak tip jet wind speeds, while
they also considered the shoulders of the tip jet events.
Using Equation (2), the ‘true’ wind speed at the core of
the composite average tip jet was estimated to exceed
30 m s−1. The region of low sea level pressure localized
northeast of Cape Farewell was at its deepest and most
compact at the peak of the tip jets (Figure 6(b)), and at
a lag of +12 h had moved in the downstream direction
towards Iceland. This is reflected in the gradient of sea
level pressure. The strong pressure gradient extending
eastward from Cape Farewell, which in agreement with
Våge et al. (2008) was found to be a feature common
to every tip jet event, was most intense at the peak of
the composite event compared to lags ±12 h. This is
consistent with the composite velocities (Figure 7(a)).
In agreement with previous studies (e.g. Pickart et al.,
2003a), every tip jet event was associated with a parent
low pressure system (marked with an L in Figure 6(b)).
Although most of the parent cyclones were located close
to the east coast of Greenland, there was a significant
scatter in their positions, but never to the extent that
the strong pressure gradients east of Cape Farewell were
compromised.

Turbulent heat fluxes were computed using a bulk
formula (COARE 3.0; Fairall et al., 2003) with the inputs
of wind speed, humidity, air temperature and sea surface
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temperature, and were on average more than three times
greater during tip jet events than background levels
(Figure 6(c)). Replacing the ERA-40 wind speed with
our estimate of the true wind speed in the bulk formula
raised the heat fluxes in the centre of the composite tip
jet from 400 W m−2 to almost 600 W m−2. Even though
the QuikSCAT-based true wind speed estimate may have
a positive bias (Moore et al., 2008; Renfrew et al., 2009),
the magnitude of the heat flux at the core of the tip jet is
still likely to be underestimated. Tip jets are associated
with a drop in air temperature (Pickart et al., 2003a),
and it will be shown in section 6 that cold, low-humidity
air of continental origin tends to comprise the tip jets.
Neither of these features are well captured by the ERA-
40 dataset, and both would tend to further increase the tip
jet heat fluxes. This suspected heat flux underestimate is
also consistent with the case-studies of Jung and Rhines
(2007).

As seen in Figure 6(c), large heat fluxes are also
present over the Labrador Sea 12 h prior to the peak
of the tip jet events. These are most likely associated
with cold air outbreaks, during which low pressure
systems following the North Atlantic storm track draw
cold and dry continental air from Labrador over the
relatively warm ocean, thereby enhancing the air–sea
heat fluxes (e.g. Pickart et al., 2008). The analysis of Våge
et al. (2009) shows that the very same storms that cause
cold air outbreaks in the Labrador Sea tend to trigger tip
jet events a few hours later as they progress northeastward
along the storm track. Both of these locations of high heat
fluxes, the western Labrador Sea and the southwestern
Irminger Sea, are regions where deep convection is
known to take place during severe winters. For the
evolution of the oceanic mixed layer in the Irminger Sea,
the integrated effect of many tip jets during the course of
a winter is of great importance (Våge et al., 2008).

6. Air parcel trajectories

To better understand the potential impact of tip jets on
oceanic convection, it is necessary to know the origin
of the air that they transport. Cold and dry continental
air will extract more heat from the ocean than relatively
warm and moist maritime air. The upstream path of
air parcels comprising the tip jets might also provide
evidence supporting one of the proposed mechanisms of
formation; i.e. either the orographic descent hypothesis
of Doyle and Shapiro (1999) or the acceleration through
deflection hypothesis advocated by Moore and Renfrew
(2005).

A three-dimensional Lagrangian trajectory model
(Wernli and Davies, 1997) was applied to compute 2-day
backwards air parcel trajectories terminating above the
southwestern Irminger Sea (900 to 950 hPa) using ERA-
40 winds as input. Only trajectories from the core of each
tip jet were included, selected objectively by requiring
the wind speed to exceed 20 m s−1 and the direction to
deviate no more than 30◦ from west at the point of termi-
nation. Given the evolving observing system (Bengtsson

et al., 2004) and computation constraints, only the most
recent winters (1994 to 2002) were considered for this
analysis, resulting in nearly 3000 trajectories from 101
tip jet events (Figure 7).

The trajectories so computed clearly illustrate the
continental origin of the air parcels constituting the tip
jet. This has important implications for the air–sea heat
exchange in the Irminger Sea, as the air originating from
northern Canada in winter is usually very cold and dry.
Before reaching the Irminger Sea, the air must cross
the Labrador Sea, whose western margin and northern
end are covered with ice in winter. Hence modification
by air–sea interaction in the Labrador Sea is somewhat
reduced, and, as shown in section 5, tip jets are very
effective at extracting heat from the southwestern part of
the Irminger Sea. A marked difference in origin of the
air comprising the westerly and easterly tip jets is likely
a major reason why the latter is not believed to cause
deep oceanic convection in the southeastern Labrador Sea
(Sproson et al., 2008).

Figure 7 also demonstrates that most of the trajectories
curve around Greenland, suggesting that acceleration by
deflection is a key mechanism of tip jet generation (e.g.
Moore and Renfrew, 2005). In order to shed more light
on this, the pressure change and velocity along each
trajectory were computed and interpolated onto a 0.5◦ ×
0.5◦ grid using a Laplacian-spline interpolator. The
resulting along-trajectory pressure change (Figure 8(a),
colour) indicates that some sinking takes place over
southern Greenland, which would support the orographic
descent under Bernoulli conservation hypothesis of Doyle
and Shapiro (1999). However, this involves only a small
number of trajectories; less than 18% of the trajectories
experienced a temporal pressure change greater than
25 hPa h−1 (Figure 8, contours). The vast majority of the
trajectories pass to the south of Cape Farewell, and the
acceleration associated with deflection around Greenland
is evident (Figure 8(b), colour).

The mean Froude number estimated west of Greenland
during tip jet events is much less than 1. (The Froude
number is computed as Fr = U/NH , where U is wind
speed, N is buoyancy frequency (a measure of static
stability), and H is the obstacle height. U and N were
computed from the ERA-40 climatology upstream and
below the height of the obstacle, which was taken to be
2500 m.) This indicates that stratification dominates the
inertia of the air parcels, and hence the air is more likely
to flow around than over Greenland (Skeie et al., 2006).
This corroborates the evidence from the trajectory model.

7. Flow features accompanying the tip jet

To improve our understanding of the processes leading
to the formation of tip jets, we examine the major
atmospheric flow features that accompany these events
and how they relate to the results from the air parcel
trajectory model. In particular we focus on the low-level
cyclones and the tropopause-level jet stream.
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Figure 7. Backward 2-day trajectories of air parcels within tip jets (see text for selection parameters). Note the continental origin of the air
composing the tip jet and how the trajectories curve around southern Greenland.
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Figure 8. (a) Pressure change (hPa h−1) and (b) velocity (m s−1)
computed along the trajectories from Figure 7. The contours denote
the number of realizations, and the black line marks the mean tip jet

trajectory.

7.1. Low-level cyclone

It was noted earlier that the synoptic-scale flow inci-
dent upon Greenland can generate numerous small-scale
weather phenomena (Renfrew et al., 2008, provides an
overview). Here we examine the occurrence and nature
of the low-level cyclonic systems that appear to be ubiqui-
tous accompanying features of tip jets. The aim is to shed
light upon the relationship between the cyclone and the tip
jet. To this end we use a database (Wernli and Schwierz,
2006) that identifies the storm tracks and cyclone field
(defined as the area within the outermost closed 2 hPa
pressure contour of a low pressure system) based upon
the ERA-40 reanalysis sea level pressure data. To select

the cyclones that were associated with tip jet events from
the database, we matched their spatio-temporal locations
with the manually determined positions of the tip jets’
parent low pressure systems. A success rate of 98% tes-
tifies to the robustness of the database.

Consider in turn the storm track and the along-track
pressure change and speed of translation of the subset
of ERA-40 cyclones that were associated with tip jet
events. For the tracks (Figure 9) it is evident that most
of the cyclones linked to the occurrence of tip jets
followed a well-defined path from the eastern seaboard of
North America into the Irminger Sea. A similar picture
emerged from the manually tracked parent low pressure
systems for the two individual winters of 2002–2003 and
2003–2004 analyzed by Våge et al. (2008), and is also
consistent with the results of Hoskins and Hodges (2002).

The pre-existence of the cyclonic systems prior to their
arrival over the Irminger Sea has important ramifications.
It demonstrates that the cyclogenesis that spawns these
systems tends to occur upstream of Greenland rather than
being an example of in situ lee cyclogenesis off southern
Greenland (e.g. Jung and Rhines, 2007; Kristjánsson and
Thorsteinsson, 2009; McInnes et al., 2009). Consequently
it suggests that orography alone does not produce the
conditions necessary for tip jet formation, and that
the upstream synoptic-scale flow evolution plays an
important role as well.

To examine these issues further, consider the pressure
change and translation speed of these systems (Figure 10)
computed along each cyclone’s track in the same manner
as the along-trajectory evolution in section 6. These
patterns show that the mean behaviour of the cyclones
was to deepen while rapidly approaching Greenland from
the southwest, and thereafter decelerate and start to fill
as they traverse the Irminger Sea and migrate toward
Iceland. The large translation speeds northwest of Iceland
in Figure 10(b) reflects a tendency of a substantial subset
of cyclones to rapidly transit through the Denmark Strait
separating Greenland and Iceland. These features both
indicate that the storms were spawned upstream and
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Figure 9. Tracks of tip jet-generating cyclones for the duration of their existence. The Ls mark the locations of the centres of the parent cyclones
at the peak of each event, with the size proportional to the number of cyclones represented.
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Figure 10. (a) Pressure change (hPa h−1) and (b) translation speed
(km h−1) computed along the storm tracks from Figure 9. The contours
indicate the number of realizations, the black line denotes the mean path
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de-emphasize the role of lee-cyclogenesis, either acting
in isolation or in tandem with the synoptic development,
on the subset of low pressure systems associated with tip
jet events. Also, the decrease in translation speed of the
systems between Greenland and Iceland (Figure 10(b) and

Hoskins and Hodges, 2002) is consistent with this,
suggesting that many of the cyclones are ‘captured’ in
the lee of Greenland (Jung and Rhines, 2007) and that
their slow translation may be a contributing factor to the
formation of the semi-permanent Icelandic Low.

7.2. Vertical structure of the tip jet and relationship
to the jet stream

Further consideration of the ambient synoptic-scale flow
is prompted by the finding that its evolution plays a
significant role in the development of the tip jet. A key
component of that ambient flow is the tropopause-level
jet stream, and to depict its character Figure 11 shows
the composite average wind speed for the recent subset
(1994–2002) of tip jet events. In these depictions the
tip jet itself is evident as the laterally confined, low-
level band of strong wind speed south and east of Cape
Farewell, and is associated with comparatively small
case-to-case variability. The jet stream corresponds to
the broader and more elongated band of strong winds at
upper levels located slightly more towards the Equator.
A similar structure to this composite was observed for
a single tip jet event during a November 2003 aircraft
flight equipped with dropsondes and an airborne Doppler
wind light detection and ranging (LIDAR) instrument
(A. Dörnbrack, personal communication, 2007).

A significant feature of the composite shown in
Figure 11 is the spatial coherence between the lower-
level tip jet and the upper-level jet stream. This coher-
ence might be indicative of either (a) a direct dynamical
connection in which the tip jet is merely the low-level
component of the incident ambient upper-level jet stream
supplemented by a contribution due to the flow diver-
sion around the topography, or (b) an indirect relation-
ship whereby the overall synoptic evolution results in
both the development and propagation of the low-level
cyclone to the lee of Greenland and the alignment of the
jet stream overhead of the tip jet. The evolution of the
synoptic-scale flow is illustrated by composite vertical
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Figure 11. The frame contains a three-dimensional image of the composite ERA-40 wind speed (m s−1) during the most recent (1994–2002)
tip jet events. The dominant land mass in the north is Greenland, flanked by Iceland in the east and Baffin Island and Labrador in the west. The

tip jet is the tongue of high velocity winds extending down from the maximum aloft near Cape Farewell at the southern tip of Greenland.

cross-sections during the 24 h period surrounding a tip
jet event. Figures 12(a) and (c) show that the jet stream
both precedes the tip jet and remains after the peak tip
jet winds have waned, indicating that the tip jet is not
merely a low-level signature of the jet stream.

To consider this aspect further, an examination
was undertaken of the contemporaneous occurrence
of jet stream and tip jet events. A climatology of jet
stream events in the vicinity of southern Greenland was
compiled using the approach of Koch et al. (2006).
This entails identifying when and where the mean wind
speed in the range between 100 and 400 hPa exceeds
30 m s−1 using the global ERA-40 wind field for
the period after the advent of satellite instruments in
1979 (H.Wernli, personal communication, 2007). The
associated jet stream frequency field signifies how often
a jet stream is present at a grid point. Consideration
of this jet stream climatology during tip jet conditions
(Figure 13(a)) indicates that tip jet events are almost
invariably accompanied by the presence of a jet stream
directly south of Greenland. Indeed only two tip jet
events (out of 341) were not accompanied by a jet stream
being resident within the domain enclosed by the 75%
frequency field contour in Figure 13(a). Thus virtually
all tip jet events are associated both with a low pressure
system generally located east of southern Greenland and
a jet stream located directly south of Greenland.

Further insight on this can be gleaned from exam-
ining the difference between average winter conditions
and those that prevail during tip jet events. Fig-
ure 13(b) shows that in general, during winter, the jet
stream is present most frequently far to the southwest
of Greenland and south of 50◦N. However, the anomaly
field (Figure 13(c)) clearly shows that during tip jet
events the jet stream is present more frequently farther

northeastward in the immediate vicinity of southern
Greenland. In effect the upper-level jet stream and the
lower-level tip jet exist in concert during tip jet events.
(Note that the jet stream frequency field anomaly was
computed by subtracting the mean winter conditions
from the tip jet conditions and then dividing by the
standard deviation at each grid point.)

Likewise examination of the difference in the cyclone
frequency field between normal winter conditions and
those that prevail during tip jet events (Figure 13(d)–(f))
confirm that cyclones are far more often located in the
lee of southern Greenland during tip jet events. While all
tip jets were associated with a low pressure system in the
general vicinity, the significant scatter in positions of the
parent lows (Figures 6(b) and 9) reduces the frequency
field to below 100%. Also discernible in Figure 13(e) is
the signature of the North Atlantic storm track (Hoskins
and Hodges, 2002). Moreover, during the winter season,
low pressure systems often reside in the neighbourhood
of the Irminger Sea (Figure 13(e)) and this reflects in part
the climatological signal of the Icelandic Low. Despite
the presence of the Icelandic Low, cyclones are so much
more prevalent east of southern Greenland during tip
jet events that a strong positive frequency field anomaly
is evident (Figure 13(f)). Note also the strong negative
anomaly south of Greenland that intersects the storm
track, also evident in Figure 13(d) as a band of near-zero
frequency field south of Greenland. As noted by Våge
et al. (2008), cyclones in this region do not support
the sea level pressure gradient field characteristic of tip
jets (note the close spacing of the isobars near Cape
Farewell in Figures 1 and 6(b)), and correspondingly this
region was devoid of cyclones during those events. The
presence of a cyclone south of Greenland is typically
associated with easterly tip jet events (Moore, 2003).
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Figure 12. Vertical slices through the composite ERA-40 wind speed
during the most recent (1994 to 2002) tip jet events at 40◦ longitude.
The title of each figure refers to the time lag relative to the peak of the
composite tip jet. Colours represent the mean wind speed and contours
the standard deviation (both m s−1). Greenland is visible in the northern
end of the section, and the insets show the mean wind speed and vectors

at 800 hPa and the line along which the slice was taken.

In the light of the above results, we can now elaborate
on the link between the jet stream and the tip jet. Our
results indicate that: (i) the air parcel trajectories entering

the tip jet undergo a low-level deflection of flow around
Cape Farewell, (ii) the tip jet evolves subsequent to the
passage of a low-level synoptic cyclonic system toward
Greenland and its arrival over the Irminger Sea, and (iii)
the position and evolution of the cyclone is closely related
to and influenced by the tropopause-level jet stream. This
triple relationship is consistent with the tip jet’s occur-
rence being determined by the combination of the ambi-
ent synoptic-scale flow spawning the parent cyclone and
steering it to the lee of Greenland, and the subsequent
evolution of the low-level jet via orographic effects.

8. Summary and discussion

Westerly tip jets are intense, small-scale wind events that
occur frequently east of Cape Farewell, Greenland, during
the winter season. A multi-event climatology of tip jets
based upon the ERA-40 reanalysis dataset was compiled
using an objective and sensitive detection method. For
the winters investigated, 1957 to 2002, a total of 586 tip
jets were identified, yielding an average of 13 per winter.
The diagnostic analysis indicates that (i) the frequency of
tip jet occurrence is sensitive both to the NAO index and
to the latitude of the Icelandic Low, (ii) the events are
short-lived phenomena with mean winds up to 30 m s−1

in the core typically lasting about a day, and (iii) during
the event cold and dry continental air is advected from
the North American continent to the Irminger Sea so
that, despite their episodic nature, both the high wind
speeds and the strong heat fluxes significantly impact
the ocean below (e.g. Pickart et al., 2008).

The present study sheds light on the relative role
of two previously described, non-mutually exclusive,
mechanisms for the generation of tip jets: (I) blocking
of the low-level air upstream of Greenland along with
the presence of a low pressure system east of southern
Greenland resulting in deflection and acceleration of
that blocked air around and downstream of the southern
tip of Greenland (Moore and Renfrew, 2005); and (II)
orographic descent down the lee slope of Greenland
under conservation of the Bernoulli function resulting in
an acceleration of the flow (Doyle and Shapiro, 1999).
Our diagnostic analysis indicates in line with mechanism
(I) that the tip jet air approaches Greenland from the
west, is deflected and accelerates around Cape Farewell,
and results in a downstream tip jet. Likewise, in line with
mechanism (II), there is some indication of descending
air over southern Greenland, but this pertains only to a
small number of the calculated trajectories.

Our analysis has also revealed an apparently ubiqui-
tous sequence of events that prevails in the run-up to and
during a tip jet event. This involves the far-upstream gen-
esis of a synoptic-scale cyclonic system that subsequently
tracks to the lee of Greenland, coupled to the contempora-
neous arrival of a tropopause-level jet stream immediately
to the south of Greenland. The topography of Greenland
impacts both the location of the lee-side cyclone and, pri-
marily via mechanism (I), the subsequent evolution of the
strong westerly low-level tip jet flow. This sequence of
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Figure 13. (a, b, c) jet stream and (d, e, f) cyclone frequency fields. (a, d) show tip jet conditions, (b, e) average winter conditions, and (c, f) tip
jet anomaly conditions.

events points to the precedence, if not the primacy, of the
role and contribution of the lee-side cyclone and the jet
stream to the establishment of the tip jet.

A caveat of the ERA-40 reanalysis is its coarse resolu-
tion, and it has been shown that an increase in resolution
and better representation of the Greenland topography
improves the rendition of the tip jet (Jung and Rhines,
2007). Comparison with the QuikSCAT scatterometer
winds for the winters of overlap (1999–2002) show that,
although their magnitudes were under-represented, most
of the tip jets were detected (88%). We also note that the
back-trajectories calculated in this study are only as good
as the ERA-40 dataset from which they were computed.
Present and future reanalyses of higher resolution (such
as the North American Regional Reanalysis project;
Mesinger et al., 2006) may provide a higher degree
of realism. This should improve our understanding of
the impact on weather systems by the topography of
Greenland, and the myriad of small-scale phenomena
that result (e.g. Renfrew et al., 2008).

Finally we note that if a changing climate is accompa-
nied by a poleward shift of the extratropical jet stream,
then one might also anticipate an increased frequency
in the occurrence of tip jets. This in turn would impact
the surface fluxes and air–sea interactions in an already
highly sensitive area.
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