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[1] The spatial distribution of barrier winds along southeast
Greenland has been investigated through idealized modeling
of unidirectional flow towards an isolated mountain. The
regions of enhanced surface wind speed seen in previous
studies are reproduced and shown to be primarily the result
of promontories in the orography along the southeast coast
(the maxima disappear in experiments without the promon-
tories). Two mechanisms are proposed to explain these
enhancements. Firstly, a reduction in pressure experienced
by the flow as it passes a promontory results in an acceler-
ation akin to that of easterly tip jets at Cape Farewell. Sec-
ondly, mountain waves observed along the southeast coast
are accompanied by strong, low-level downslope winds in
the lee of the promontories. Both mechanisms contribute to
the simulated wind speed maxima. Citation: Harden, B. E.,
and I. A. Renfrew (2012), On the spatial distribution of high winds
off southeast Greenland, Geophys. Res. Lett., 39, L14806,
doi:10.1029/2012GL052245.

1. Introduction

[2] The coastal regions of Greenland are renowned for
experiencing a multitude of low-level, intense wind phe-
nomena [Moore and Renfrew, 2005; Renfrew et al., 2008]
such as tip jets at Cape Farewell [Renfrew et al., 2009; Vige
et al., 2009] and barrier winds along the southeast coast
[Petersen et al., 2009; Harden et al., 2011]. These phe-
nomena are formed through the distortion and deflection of
the synoptic flow by Greenland’s high and broad topogra-
phy. They are so strong and frequent that they make the seas
to the south of Greenland the stormiest in the world’s oceans
[Moore et al., 2008].

[3] Here we focus on the barrier winds that form along the
southeast coast of Greenland when stable air is forced
towards the high, steep slopes. Unable to ascend the topog-
raphy, the air is dammed and forced to flow to the left, down
the coast in a strong, near-surface jet. These have been
studied in the past decade through in situ data [Petersen and
Renfrew, 2009; Petersen et al., 2009], high resolution
modeling [Petersen et al., 2009], satellite derived winds
[Moore and Renfrew, 2005] and reanalysis [Harden et al.,
2011]. These studies have shown that winds stronger than
20 m s~ ' are a weekly wintertime occurrence and that the
jets can exhibit complex dynamics. Barrier winds are also
capable of producing large heat and momentum fluxes
which can influence the ocean in a number of ways. For
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example, barrier winds can drive warm waters up Greenland
fjords, undercutting glacial tongues and aiding the descent of
the ice flow into the ocean [Straneo et al, 2010]; can
increase oceanic mixed layer depths [Haine et al., 2009];
and have been shown to be a driver for the cross shelf
transfer of dense water into the East Greenland Spill Jet
[Harden, 2012].

[4] A consistent feature seen in both QuikSCAT and
reanalyses is the uneven distribution of the barrier winds
along the southeast coast [Moore and Renfrew, 2005;
Harden et al., 2011]. Specifically, there are two regions
which are more frequently hit by strong barrier winds
(Figure 1) and which experience wind speed peaks [Harden
et al., 2011]. The reason for this distribution is currently
not understood. Addressing this problem will augment
understanding of barrier wind dynamics, improve predict-
ability, and aid interpretation of their impact on the ocean.

[5] The aim of this study is therefore to investigate the
reasons for the spatial distribution of Greenland barrier
winds and propose possible forcing mechanisms. Moore and
Renfrew [2005] speculated that outflow from fjords may
have a role to play and that the presence of Iceland allows a
‘gap flow” mechanism, although the latter’s influence was
deemed small by Petersen et al. [2009]. Another potential
factor could relate to the cyclones responsible for the barrier
winds such as locational preference and 3-D structure; the
development of barrier winds has been shown to be influ-
enced by both the particular synoptic situation [Pefersen
et al., 2009] and the state of the North Atlantic storm
track [Harden et al., 2011]. Here, though, we examine the
hypothesis that the spatial distribution of barrier winds is
primarily dictated by the local orography. Figure 1 shows
that the two regions of enhanced barrier wind activity occur
just offshore of the two major promontories along the
southeast coast of Greenland. A geometrical argument
therefore suggests that the precise shape of the southeast
coast of Greenland may be a factor in determining the
regions of the strongest barrier wind activity. This will be
tested through idealized numerical simulations of unidirec-
tional flow towards an isolated mountain representative of
Greenland.

2. Experimental Setup

[6] The Met Office Unified Model version 7.5 was run in
idealized mode for this study. This version employs a non-
hydrostatic, fully compressible, deep atmosphere with a
semi-Lagrangian treatment for advection of all prognostic
variables except density which is given a Eulerian treatment.
The model is discretized with Arakawa C grid staggering in
the horizontal and Charney-Philips grid staggering in the
vertical. Time stepping is through a predictor-corrector, two-
time-level, semi-implicit scheme. This model has been
shown in previous studies to adequately represent the range
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Figure 1. (top) Percentage of time the 10-m wind speed is
greater than 20 m s~ ' from ECMWF reanalysis ERA-
Interim as Harden et al. [2011]. (bottom) Model domain
for the idealized experiments with realistic orography con-
toured every 1000 m. The inner box indicates the domain
presented in subsequent figures.

of low-level strong wind jets found around Greenland
[Petersen et al., 2009; Outten et al., 2009].

[7] The model was set up in Cartesian coordinates on an f-
plane (latitude 68°N, f=1.35 x 10~* s ') with a horizontal
resolution of 48 km spaced over 100 x 100 grid points. The
two wind speed maxima under investigation were apparent
in the 80 km resolution ERA-Interim reanalysis [Harden
et al., 2011] implying that a resolution of 48 km should be
adequate to resolve the processes responsible for the wind
speed enhancements. There were 72 non-uniformly spaced,
terrain-following sigma levels in the vertical. A time step of
60 seconds was used for all the experiments and the model
was run with no moist processes. The lower boundary con-
ditions were no flux and free slip, and a gravity wave
damping scheme was employed at the upper boundary.

[8] The model domain is shown in Figure 1 (bottom) along
with the isolated mountain representing the 48 km resolution
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orography of Greenland derived from GLOBE [Hastings
et al., 1999] used in the experiments. The model was ini-
tialized everywhere with a constant velocity, in geostrophic
balance with the pressure and temperature fields. There was
an initial constant static stability throughout the domain and
at all heights specified by a Brunt-Viisdld frequency. This
initialization also provided the lateral boundary conditions
for the entire run — the mountain was deemed far enough
from the domain edge for any downstream boundary dis-
continuities not to have a significant impact on the flow
upstream of the barrier on the time scales that the model
Wwas run over.

3. Experimental Design

[9] Itis hypothesized that the precise shape of Greenland’s
orography is the cause of the two locations of barrier wind
preference. To test this hypothesis, two sets of experiments
were run: one with the realistic Greenland orography and the
other with modified orography. In the experiments with
modified orography, the undulations of the southeast coast
were ‘filled in’ to produce a more uniform coastline (see
Figure 2) and allow a direct comparison of the role of the
promontories.

[10] The key factors in controlling rotational flow over an
isolated mountain are the non-dimensional height, %, the
shape of the obstacle and its orientation relative to the inci-
dent wind angle. The non-dimensional mountain height is
defined as h = Nh/U, where N is the Brunt-Viiséild fre-
quency, h is the mountain height and U is the upstream wind
speed. This value therefore takes into account not only the
mountain’s physical height, but also the ability of the
ambient flow to undertake vertical motion. Taken together,
the shape, non-dimensional height and orientation of the
mountain prescribe one, or a combination, of these flow
features: mountain waves, wave breaking and flow splitting
[Smith, 1989; Olafsson and Bougeault, 1996]. In our
experiments, the shape of the mountain is fixed as the
orography of Greenland, but both the incident wind angle
and h were varied. Experiments were conducted for incident
wind angles between 45° from north (coast parallel) and
180° (beyond coast perpendicular) and a range of h between
1.5 and 4.5. The range of hwas achieved through varying the
Brunt-Viisild frequency and was chosen to encompass the
full range of flow regimes explored in previous idealized
studies [e.g., Smith, 1989; Olafsson and Bougeault, 1996;
Petersen et al., 2005].

[11] In all experiments, the model was run for 72 hours.
An approximately steady state upstream of the mountain was
reached by 48 hours, so an average of the final 24 hours of
the model run was analyzed. Many experiments exhibited
eddy shedding in the lee of Greenland, but these non-steady
state features downstream of the mountain did not have a
significant impact on the flow upstream.

4. Results

[12] Results will be presented from two sets of experi-

ments with different 4 which demonstrate the key flow fea-
tures seen and are representative of a wider range of
experiments conducted [see Harden, 2012]. Firstly, experi-
ments with a Brunt-Viisild frequency of 0.01 s™', a wind
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Figure 2. Lowest model level wind speed (colors) and mean sea level pressure (gray contours) for experiments with a
Brunt-Viisild frequency of 0.01 s~ with (top) realistic and (bottom) modified orography. The inflow angles are shown with
solid arrows (bottom right) and are (from left to right) 135°, 105° and 75°. The lowest level wind vectors are shown every
second grid point. Coastline shown in solid black and orography contours are shown every 1000 m for left hand panels. The

blue cross section lines are for Figure 3.

speed of 10 m s~ ' and incident wind angles of 75°, 105° and
135° are discussed. Note the southeast coast is at approxi-
mately 45° from north. Here, using a mountain height of

3000 m, h=3. Secondly, experiments with the same incident

wind speed and angles but h=45 (N =0.015 s ") will be
discussed. Radiosonde observations from the region during
barrier wind conditions [see Harden et al., 2011] show low-
level Brunt-Viisild frequencies representative of the exper-
imental range discussed here.

4.1. Small Non-dimensional Mountain Height

4.1.1. General Features

[13] The lowest model level wind fields for experiments
with realistic and modified orography are shown in Figure 2.
In all experiments, the mountain rotates the upstream flow
and creates a coast-parallel jet reminiscent of a barrier wind.
Cross mountain sections show that the jets are banked up on
the Greenland slope and are generally strongest below
mountain height (not shown), providing further evidence
that something akin to a barrier flow is being simulated. As
with the idealized barrier wind experiments of Olson and
Colle [2009], the jet width increases as the angle of inci-
dence is reduced, as does the jet magnitude until the angle
becomes very shallow.

[14] In all the experiments with realistic orography, two
locations of increased wind strength are apparent along the
southeast coast. In addition, there exists an omnipresent
wind speed maximum at the southwest extreme of the
domain which is the signature of a strong easterly tip jet
[Moore and Renfrew, 2005; Renfrew et al., 2009] formed as
the flow reaches the end of the barrier. This feature won’t be
discussed further in this paper.

[15] The precise positions of the two jet maxima along the
southeast coast depends on the angle of wind incidence, but
in general they are in agreement with the locations illustrated
in Figure 1. The relative strength of the two maxima also
changes with incident wind angle — the more northerly
location dominates for more northerly (i.e. more acute)
flows. In all cases both maxima occur just downstream of the
two major promontories along the southeast coast.

[16] In contrast, in the experiments with modified orog-
raphy the twin maxima largely disappear. This finding is
evidence that the precise shape of the orography along the
coast of Greenland appears to be the primary factor in
determining the location of the strongest winds, in agree-
ment with our initial hypothesis.

[17] These results can also provide some insight into why
these regions of enhanced wind occur. The idealized barrier
winds simulated in the modified runs (Figure 2, bottom)
have similarities with other studies of rotational flow
upstream of a mountain [Olafsson and Bougeault, 1997;
Petersen et al., 2003, 2005; Barstad and Gronds, 2005]. In
all cases, a ‘left-sided jet’ is established along the southeast
coast, the velocity of which increases with fetch down the
barrier for all but the shallowest angle of incidence. This
type of feature can be explained through the adjustment of
the upstream geostrophic flow to the presence of the
mountain. The decelerating affect of the obstacle reduces
the Coriolis force and accelerates the flow to the left (in
the Northern Hemisphere) down the pressure gradient as
outlined in Barstad and Gronds [2005]. The Coriolis force
subsequently increases as the flow accelerates. For air that
isn’t ‘blocked’ by the mountain, the increased Coriolis
force rotates the flow back towards the mountain and the
air traverses and scales the barrier. For flow that is
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Figure 3. Along-coast mean sea level pressure (black) and
lowest model level wind speed (blue) through the jet cores
along line shown in left panels of Figure 2 for the experi-
ments with realistic (solid) and modified (dashed) orography
for an inflow angle of 135° and # = 3. Also shown is the
inshore southeast Greenland orography (gray, see Figure 4
for scale). The left of the figure is the southern end of the
cross section.

blocked below mountain height a force balance will
develop along the coast and the flow will be channeled
coast parallel.

[18] There is evidence that much of the flow is escaping

up over the barrier in the modified experiments with h=3
especially at the downwind end of the barrier where the
mountain height is lower. For example, the flow vectors in
Figure 2 are angled up the slope and there are large, low-
level vertical velocities in these regions (not shown). The
experiments with these flow conditions therefore show flow
distortion upstream of the mountain consistent with barrier
wind formation with only weak flow blocking. This is con-
sistent with the idealized flow regime of Petersen et al.

[2005] which states that for h =3 there is marginal flow
blocking with some angle dependence.

[19] Bearing this in mind we turn to the realistic orography
results and consider what may be inducing the along-coast
maxima.

4.1.2. Tip Jet Regime

[20] Easterly tip jets form off the southern tip of Greenland
and extend westward out into the Labrador Sea. They form
when an upstream coast-parallel flow reaches the end of the
barrier. At this location, the along-stream pressure rapidly
reduces and the flow accelerates down the pressure gradient.
The increase in the Coriolis force and the collapse of the
barrier-perpendicular pressure gradient rotates the flow to
the right until the flow readjusts to geostrophic balance on
the far side of the jet [Outten et al., 2009, 2010]. It is pro-
posed that a similar flow configuration is seen at the two
promontories along the southeast Greenland coast.

[21] This easterly tip jet explanation is best exemplified by
the experiment pair with a wind angle of 135° (Figure 2, left)
through the along-coast mean sea level pressure and the
lowest model level wind speed (Figure 3). The modified
experiment shows an approximately linear reduction in
pressure moving southwestward along the barrier and a
corresponding increase in wind speed as the air flows down
the pressure gradient. In the experiment with realistic orog-
raphy the general pattern is similar but superimposed on this
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are undulations in pressure and wind speed that show up as
the regions of enhanced wind in Figure 2. Rapid reductions
in pressure occur just downwind of the promontories in the
orography in conjunction with the two regions of increased
wind speed. This is very similar to what occurs for the flow
into an easterly tip jet at Cape Farewell [Outten et al., 2009,
2010]. The pressure is reduced downstream of the promon-
tory due to the inward undulation of the barrier and the flow
consequently accelerates down this steeper pressure gradient
and a tip jet is formed. The flow in this jet will rotate to the
right as the Coriolis force dominates the cross stream force
balance. Evidence of this rotation can be seen in the flow
field of Figure 2. This tip-jet-like flow can also be seen in the
other experiments with reduced inflow angles although
another feature becomes increasingly apparent — downslope
winds triggered by mountain waves.

4.1.3. Mountain Waves

[22] Mountain waves can be triggered when stable flow is
forced over relatively steep orography [Smith, 1989; Doyle
et al., 2005]. They manifest themselves as static, upward
propagating gravity waves in the free atmosphere and the
resulting low-level flow on the lee side of the mountain is
strongly downslope [Durran, 1990].

[23] From a coast-parallel viewpoint, the aforementioned
promontories along the southeast coast form a series of
mountains (see Figure 4). There appears to be mountain
waves over both promontories in the realistic experiment
shown, as seen by the coherent vertical undulations in the
isentropes and associated wind speed maxima on the lee
side. These features are not apparent in the experiment with
modified orography. Mountain waves and downslope
acceleration are seen in all the realistic orography experi-
ments, the only difference being the relative strength of
waves over each peak, which is inflow-angle dependent. The
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Figure 4. Cross section of horizontal wind speed (colors,
scale as Figure 2) and potential temperature (contours) taken
through a line 70 km inshore of the blue cross section line
shown in Figure 2 for the experiments with (top) realistic

and (bottom) modified orography, an inflow angle of 105°
and i = 3.
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Figure 5. As Figure 2 but for the experiments with (left)
realistic and (right) modified orography, an inflow angle of
105° and / = 4.5.

lee side accelerations contribute to the low-level bullets of
enhanced wind seen in the near surface fields (Figure 2). To
the authors knowledge this is the first description of north-
easterly mountain waves along the southeast coast of
Greenland.

[24] Even for the experiments with modified orography
there is evidence for some mountain waves and lee side
acceleration; flow with a strong northerly component sees
the eastern corner of Greenland (where Scoresbysund would
be found) as an isolated mountain and triggers mountain
waves and a strong downslope flow. This accounts in part
for the wind speed maxima found here in experiments with
shallower inflow angles (Figure 2), although the tip jet
mechanism is also likely to be important at this ‘corner’ of
Greenland.

4.2. Large Non-dimensional Mountain Height

[25] For experiments with a Brunt-Vaiisilad frequency of
0.015 s the non-dimensional mountain height is 4.5. This
is large enough, in theory, to induce strong flow blocking
regardless of incident wind direction [Pefersen et al., 2005].
Figure 5 shows that the low-level flow from both realistic
and modified experiments with a wind angle of 105° is
indeed significantly blocked by the mountain. The jet max-
ima are no longer banked against the slope and low-level
vertical velocities (not shown) are negligible on the slope.

[26] In experiments with enhanced blocking, gravity
waves and the associated lee-side winds are inhibited. There
are still regions of enhanced wind speed (e.g., Figure 5), but
these are likely the effect of the tip jet mechanism alone. In
general, the realistic and modified experiments differ by a
smaller amount. It appears that the effect of greater blocking
is to reduce how much the flow is influenced by variations in
the coastline.

5. Conclusions

[27] The aim of this study was to understand why there are
two locations of enhanced high wind activity along the
southeast coast of Greenland. Through idealized modeling,
the two regions of enhanced winds have been reproduced
and found to only occur when the undulations in the south-
east coast are resolved. This confirms our hypothesis that it
is the promontories along Greenland’s coast which are the
primary cause for the spatial distribution of barrier winds.

[28] Two mechanisms for the existence of these maxima
have been proposed. Firstly, low-level flow passing along
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the southeast coast can be accelerated due to the reduction in
pressure downstream of the two major promontories, similar
to the dynamics involved in the production of easterly tip
jets at Cape Farewell [Outten et al., 2009, 2010]. Secondly,
any barrier parallel component of the flow is capable of
triggering mountain waves and strong low-level downslope
winds in the lee of the promontories. Both mechanisms were
seen most strongly in experiments with moderate static sta-
bility that only allowed for weak upstream blocking of the
flow. For experiments with higher upstream static stability a
larger degree of blocking was observed and the flow felt the
effect of the coastal undulations more weakly.

[20] There are clearly limitations to the modeling study
presented that restrict like-for-like comparisons with ‘real
world’ barrier winds. For example, the effect of surface
friction and heat fluxes has been negated. The 3-D structure
of mid-latitude cyclones is likely to also be important in the
specific location and mechanisms for barrier wind forma-
tion. Extending this study to address these limitations is
reserved for future work.
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