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[1] Greenland’s tip jets are low-level, high wind speed jets forced by an interaction of the
synoptic-scale atmospheric flow and the steep, high orography of Greenland. These jets
are thought to play an important role in both preconditioning for, and triggering of, open-
ocean convection in the Irminger Sea. However, the relatively small spatial scale of the
jets prevents their accurate representation in the relatively low resolution (~1 degree)
atmospheric (re-)analyses which are typically used to force ocean general circulation models
(e.g. ECMWF ERA-40 and NCEP reanalyses, or products based on these). Here we present
a method of ‘bogussing’ Greenland’s tip jets into such surface wind fields and thus, via
bulk flux formulae, into the air-sea turbulent flux fields. In this way the full impact of these
mesoscale tip jets can be incorporated in any ocean general circulation model of sufficient
resolution. The tip jet parameterization is relatively simple, making use of observed

linear gradients in wind speed along and across the jet, but is shown to be accurate to a few
ms ' on average. The inclusion of tip jets results in a large local increase in both the heat
and momentum fluxes. When applied to a 1-dimensional mixed-layer model this results
in a deepening of the winter mixed-layer of over 300 m. The parameterization scheme only
requires 10 meter wind speed and mean sea level pressure as input fields; thus it is also
suitable for incorporation into a coupled atmosphere-ocean climate model at the coupling

stage.

Citation: Sproson, D. A. J., I. A. Renfrew, and K. J. Heywood (2010), A parameterization of Greenland’s tip jets suitable
for ocean or coupled climate models, J. Geophys. Res., 115, C08022, doi:10.1029/2009JC006002.

1. Introduction

[2] Greenland, with its steep, high orography, presents a
significant barrier to atmospheric flow, and is well situated to
interact with synoptic-scale weather systems moving along
the North Atlantic storm track. This interaction can lead to a
local acceleration of low-level winds. Barrier winds form
where relatively stable air is advected toward Greenland and
is unable to pass over the plateau, and so-called ‘tip jets’ form
at the southernmost point of Greenland, Cape Farewell, as air
is deflected over or around the cape by a nearby cyclone
[Doyle and Shapiro, 1999; Moore and Renfrew, 2005]. These
jets can be westerly (forward), associated with a parent
cyclone between Greenland and Iceland, or easterly (reverse),
associated with a cyclone to the south of Cape Farewell
(Figure 1). These localized winds can be very intense: scatte-
rometer measurements have suggested 10-meter wind speeds
ofup to 50 ms~' [Moore and Renfrew, 2005; Renfiew et al.,
2008], and direct observations have confirmed 10-meter
winds of over 30 m s~' [Renfrew et al., 2009b]. Such winds
occurring anywhere could be expected to have a profound
effect on the ocean below, however this is especially true in
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the sub-polar seas where the ocean may become sufficiently
preconditioned for deep convective overturning to occur
[Marshall and Schott, 1999].

[3] Oceanic convection has long been known to take place
in the central Labrador Sea [Wiist, 1935], where a closed
cyclonic gyre provides ideal preconditioning and cold-air
outbreaks from the North American continent can rapidly
remove large quantities of heat from the ocean. The deepest
mode water formed here, Labrador Seawater (LSW), forms
an important part of the Atlantic meridional overturning cir-
culation (MOC) [Talley and McCartney, 1982]. In contrast to
the Labrador Sea, the Irminger Sea, the basin to the east of
Greenland south of the Denmark Strait, has received little
attention as a possible site of oceanic convection, despite
early evidence that deep mixed layers did indeed occur here
[Nansen, 1912]. This is largely due to the fact that the
Irminger Sea was not considered to be appropriately pre-
conditioned, and the atmospheric forcing in the area was not
considered to be strong enough to trigger convective over-
turning. In recent years, however, these ideas have been
thrown into doubt. Observations of mid-depth float velocities
have shown that there is a suitably strong recirculation present
in the Irminger Sea sufficient to allow the ocean to become
preconditioned for overturning [Lavender et al., 2000], its
largely barotropic nature having prevented the structure from
being observed in hydrographic sections [Pickart et al.,
2003a]. These, combined with the very high wind speeds

1 of 16


http://dx.doi.org/10.1029/2009JC006002

C08022 SPROSON ET AL.: PARAMETERIZING GREENLAND TIP JETS C08022
1[5 210 2|5 30 35
a 649
(a) N i
77227
629 y AR ,\”’7‘/ ’ \
2 N hf:‘,',‘, ? v y 7

L2

e W A A

P\ S S N~~~

7
NN . ST
L4
N ~

PP ES \

Pl %

— ///’
-

— g

—
Nl L e e
-

—— =

50°w

Figure 1. QuikSCAT wind speeds (shaded, m s ') and vectors (every 1 degree) showing typical (a) west-
erly and (b) easterly tip jets. Mean sea level pressure from ECMWF is contoured every 4 hPa. The overlaid
lines show the paths where the core of parameterized tip jets would be placed using the geostrophic winds

(solid) or 10 meter winds (dashed) as a guide.

associated with the tip jets, thought to result in heat fluxes
locally exceeding 800 W m ™2 [Doyle and Shapiro, 19991,
have forced the Irminger Sea to be reconsidered as a poten-
tially important site for open ocean convection [Pickart et al.,
2003a]. This case has been strengthened through both one-
dimensional [Vdge et al., 2008] and highly idealized three-
dimensional [Pickart et al., 2003b] modeling studies which
have shown mixed-layers in the Irminger Sea with depths
comparable to those observed in the Labrador Sea during
active convection [Pickart et al., 2002].

[4] Studying the impact of the tip jets in the framework of a
global ocean general circulation model (OGCM), however,
remains difficult as the relatively small scale of the tip jets
results in their inadequate representation in the atmospheric
models which are used to provide boundary conditions for

OGCMs [Renfrew et al., 2009a]. Simple linear relationships
have been seen between the maximum wind speeds in the
ECMWF ERA-40 reanalysis and scatterometer-observed
winds during tip jet conditions [Vdge et al., 2009]. However,
such simple scalings are not sufficient to improve the repre-
sentation of the tip jet in OGCMs. They can only tighten
spatial gradients that are already present, rather than intro-
ducing more realistic gradients in the wind speed. They also
lead to an over-estimation of wind speeds away from the
center of the jet. In this paper we present a more sophisticated
method of parameterizing Greenland tip jets into the wind
fields of atmospheric reanalyses which, when combined with
bulk heat flux calculations, allows the full impact of these jets
to be seen in OGCMs.
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[5] The parameterization is used to ‘bogus’ in tip jets to the
atmospheric wind fields (following operational forecasting
terminology). The approach is somewhat similar to that of
Condron et al. [2008], who bogussed polar mesoscale
cyclones into atmospheric forcing fields, making use of a
satellite-derived cyclone database, and then used these
modified fields to force an ocean model. One advantage of
our approach is that no such external data set is required; the
parameterization is based solely on the near-surface wind and
mean sea level pressure fields. Note that Hu and Meehl [2009]
have recently used such a methodology to study the role of
hurricanes on the Atlantic meridional overturning circulation.

[6] In the following two sections we describe the creation
of a QuikSCAT-based data set which is then used to develop
a simplified spatial description of tip jets. In section 4 we
describe how this can be introduced into an ocean or coupled
model to improve the representation of tip jets. Section 5
discusses the improvements in the distribution of wind
speeds around Greenland, and Section 6 describes the impact
the increased extreme wind speeds have on the air/sea fluxes
over the Irminger and Labrador Seas. Finally, in Section 7 we
use a 1-dimensional ocean mixed-layer model [Price et al.,
1986], used in previous studies of the impact of Greenland
tip jets on the ocean [Vdge et al., 2008; Sproson et al., 2008],
to provide an example of the impact that the parameterized tip
jets have on the development of the winter mixed-layer in the
Irminger Sea. Conclusions of the study are given in Section 8.

2. Data Sets

[7] In order to create a data set of tip jets for use in
the development of the parameterization, the archive of
QuikSCAT passes from 1999 to 2007 was manually searched
to identify passes in which a well-defined tip jet was present.
QuikSCAT winds are available twice daily on a 0.25° grid
(L3 gridded product), and are thus able to represent the strong
wind speeds and spatial gradients associated with tip jets. If a
tip jet was present in consecutive passes these were assumed
to be the same jet, and only one of these passes was selected.
The selected pass was that which occurred in the middle of the
series. These remaining passes were then subjectively filtered
to select only those which have a clear and distinctive tip jet,
with little noise in the background wind field. The resulting
data set consists of 32 well-defined westerly and 42 well-
defined easterly tip jets. The data set spans all types of jet,
from weak summer jets with peak winds less than 15 ms ™', to
robust winter jets with peak winds of over 35 m s™'. Zonal
extents range from approximately 100 km to over 1000 km.

[8] Using this data set, tip jets were isolated using a semi-
objective method, whereby any point p on the QuikSCAT
grid was considered to be part of the jet if s, > YSmax, Where
Smax is the maximum wind speed associated with the jet, s, is
the wind speed at p, and vy € (0, 1) is a threshold value used to
delineate the jet from the background wind field. Addition-
ally, p must be connected to the point of maximum wind
speed by other grid points with a wind speed greater than or
equal to that at p. This method is only semi-objective as, due
to differing background wind fields, the value of v had to be
chosen for each case to successfully isolate the jet from the
background field. The value of ¥ was chosen (subjectively) so
that the edge of the jet was as close as possible to the point
where the ECMWF analysis no longer substantially under-
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estimated the wind speed in comparison with QuikSCAT.
The value of v over our data set is fairly consistent, with a
mean of 0.76 and standard deviation of 0.09. It is worth noting
that although the subsequent parameterization is dependent
on this value of v and on the cases in the data set, the number
of cases is large enough to ensure that case-to-case variability
does not lead to biases in the parameterization. This is dis-
cussed further later.

3. Spatial Description of a Tip Jet

3.1.

[s] Once the tip jets have been isolated from the back-
ground wind field, we study the spatial structure associated
with the jets. In each case, the spatial evolution of wind
speeds along the central axis of the jet and perpendicular to
this axis at 25%, 50% and 75% of the distance along the
central axis are extracted. Three examples of each of these are
shown in Figure 2, with a linear least squares fit overlaid. In
these three cases the gradients both along and across the jet
are approximately linear, with a strong correlation between
wind speed and distance either along or across the jet. This
pattern is seen generally in the 32 westerly and 42 easterly tip
jet test cases. Over these test cases, the Pearson correlation
coefficients between wind speed and distance along the jet
axis both have means greater than 0.7, statistically significant
above the 94% level (Table 1).

[10] A total of 96 across-jet sections were taken from the
32 westerly tip jet test cases and 126 from the 42 easterly test
cases. Again the decrease in wind speed can be well rep-
resented with simple linear gradients. There is, however, a
small asymmetry between the gradients on the poleward and
equator-ward sides of the jets (Figures 2d-2f), and so these
cases are treated separately. The Pearson correlation coeffi-
cients between wind speed and distance from the jet axes have
mean values greater then 0.95, statistically significant above
the 94% level (Table 1). Therefore, we can, to a reasonable
approximation, describe the spatial structure of both the
westerly and easterly tip jets by a linear decrease in wind
speed along and across the core axis of the jet from an
assumed maximum wind speed. Determining the maximum
wind speed will be discussed shortly.

[11] While the gradients along and across the jet are, in
general, approximately linear, there are differences in these
linear gradients from jet to jet. The range of these gradients
along the jet and to the north/south of the jet for both the
westerly and easterly jets is shown in Figure 3. These gra-
dients may be thought of as free or ‘tunable’ variables for the
parameterization, dependent on the metric used to describe
the error in the parameterization. The approach we take here
is to choose gradients which produce the best composite jet
over all of our test cases while still maintaining an accurate
characterization of individual jets. The best composites are
found by searching over 0.002 < g;<0.031, 0.001 <g,, g, <
0.21, where g, is the along-jet gradient and g, and g, are the
north and south across-jet gradients, respectively (all m s~
km '), and finding those where the 10, 15 and 20 m s !
isotachs most closely mirror those of the QuikSCAT com-
posite. The gradients chosen are 0.014 m s~ ' km ' along the
jetand 0.08 ms ' km ' and 0.05 ms ' km ™! to the north and
south of the jet respectively in the case of the westerly tip jet,
and 0.016 m s ' km ' along the jet and 0.08 ms ™' km ™' and

Scaling the Jets
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Figure 2. Examples of the decrease of wind speed from Cape Farewell (a—c) along the center of a tip-jet,
line segment AB, and (d—f) across the jet at its midpoint, line segment CD. In Figures 2d—2f the center of the
jet is highlighted with an arrowhead; to the left of this is the south flank of the jet and to the right is the north
flank of the jet. The QuikSCAT winds are shown by the black stars, with a linear least squares fit overlaid.

(g) A cartoon showing where gradients were taken from is given.
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Table 1. Maximum, Minimum, Mean and Standard Deviation of
the » Values of the Linear Fits to the Decrease in Wind Speed
Along and Across the Jets and the Mean Significance Level of
These Fits

Max(r) Min(r) Mean(r) SD(r) Mean(P)
Westerly along-jet 0.96 0.56 0.86 0.10 99%
Easterly along-jet 0.95 0.16 0.79 0.17 97%
Westerly across-jet (N) 1.00 0.70 0.96 0.06 94%
Westerly across-jet (S) 1.00 0.75 0.96 0.05 96%
Easterly across-jet (N) 1.00 0.04 0.95 0.11 94%
Easterly across-jet (S) 1.00 0.15 0.95 0.12 94%

0.05ms ' km ™' to the north and south of the jet respectively
in the case of the easterly tip jet. These are generally slightly
higher than the mean and median observed gradients (see
Figure 3), but are very close to these values and well within
the range of gradients determined.

3.2. Placing the Jets

[12] One of the challenges of parameterizing the Greenland
tip jet is the variation in character; no two tip jets are ever
exactly the same in size, orientation or maximum wind speed.

9
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We thus need a robust technique for placing and scaling each
jet based on the large-scale synoptic situation, which is in
general skillfully reproduced in the atmospheric (re)analyses.

[13] Both the westerly and easterly jets, to a good
approximation, originate at the tip of Cape Farewell [Moore
and Renfrew, 2005]. The tip of Cape Farewell can thus be
considered to be the start of the jets regardless of the synoptic
situation. The jet then evolves downstream in approximate
accordance with the surface wind field although, due to the
surface drag re-orienting the surface wind vectors toward the
parent low pressure center, this is not exact — rather the wind
vectors are oriented to the left of the axis of the jet (Figure 1).

[14] Vdge et al. [2009] noted that, in a climatological sense,
the westerly jet is a surface extension of the upper-level jet
stream, which thus acts partly to steer the jet. The upper level
jetis high enough to be almost completely unaffected by drag
imposed at the surface and is thus very well approximated by
the geostrophic relationship v, = % x V,®, where v, is the
horizontal geostrophic velocity, f'is the Coriolis parameter,
® is the geopotential and k is a unit vector in the vertical.
Consequently, it may be expected that the path of the westerly
jet axis may be better related to the mean sea level geostrophic
wind than the 10-meter wind, and this is indeed seen to be the
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Figure 3. Distribution of wind speed gradients for the westerly and easterly tip jets from our QuikSCAT
data set, as illustrated in Figure 2. (a) Along the center of the westerly jet; (b) across the north flank of the
westerly jet; (c) across the south flank of the westerly jet; (d) along the center of the easterly jet; (e) across
the north flank of the easterly jet; (f) across the south flank of the easterly jet. Solid and dashed lines show the

mean and median respectively.
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Figure 4. Scatterplot showing the relationship between the
maximum wind speed in QuikSCAT and in ECMWEF in the
areas (a) 5660 °N, 36-44 °W, and (b) 56-62 °N, 40-54 °W,
where westerly and easterly tip-jets respectively occur most
commonly. A linear least squares fit is overlaid in each case.

case. Figure la shows a path generated using the 10-meter
geostrophic wind which closely matches the path of a west-
erly tip jet observed by QuikSCAT. We therefore use the
mean sea level geostrophic wind in the parameterization to
determine the path for the westerly tip jet.

[15] In general, easterly tip jets evolve from barrier flows
along the south-east coast of Greenland [Moore, 2003; Moore
and Renfirew, 2005; Outten et al., 2009]. Such flows have
a strong ageostrophic component (i.e. the vector difference
between the true wind and the geostrophic wind) and thus a
path cannot be created using the geostrophic winds. Instead
we must resort to using the 10 meter wind field to create a path
for the jet. The easterly tip jet can thus be oriented slightly too
far to the south, however this is to a much lesser degree than
the westerly tip jet would be displaced to the north were the
10 meter wind field to be used to generate its path. Figure 1b
shows a path generated using the 10-meter wind which
closely matches the path of a easterly tip jet observed by
QuikSCAT.

3.3. Peak Wind Speed

[16] Here we use the ECMWF operational data set, at
ECMWF ERA-40 resolution, henceforth ECMWEF, as a
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‘proxy’ for the ECMWF ERA-40 reanalysis (henceforth
ERA-40), which has too little temporal overlap with
QuikSCAT. The ERA-40 reanalysis is of relatively high
resolution (T159 ~ 1.125°) for a global reanalysis, and
performs well in comparison to the NCEP/NCAR reanalysis
in the sub-polar regions [Renfrew et al., 2002, 2009a]. The
ERA-40 reanalysis does contain a representation of the
Greenland tip jet, albeit one that is spatially too smooth and
significantly too weak in magnitude [Vdge et al., 2009]. A
comparison of the maximum wind speed in ECMWF with
that in QuikSCAT for our 32 westerly test cases, over the area
56-60 °N, 3644 °W, where tip jets are most likely to be
observed [Moore and Renfrew, 2005], reveals that ECMWF
underestimates the peak wind in a very linear fashion
(Figure 4). Thus a least squares linear fit provides a simple
model to estimate the maximum wind speed in a westerly tip
jet from the corresponding wind field in ECMWF:

N —6.241
Stipjet = %’ (1)
where Sipjec is the maximum wind speed in the tip jet
parameterization, and Sgcmwr the maximum wind speed in
ECMWEF.

[17] Ebuchi et al. [2002] noted that there is a possibility that
QuikSCAT becomes slightly biased high at particularly high
wind speeds. This cannot be clearly seen in Figure 4, and the
removal of the five data points with the highest wind speeds
has a negligible effect on the relationship. Despite this,
implementation of this regression may result in excessively
strong peak winds on the rare occasions that the wind speeds
in ECMWF are sufficiently strong (greater than around
24 ms ! for the westerly tip jetor 21 m's ! for the easterly tip
jet). To prevent this happening, we limit the maximum wind
speed of the bogussed tip jet to 35 m s ', a value which has
been seen at the surface in high resolution mesoscale simu-
lations of the Greenland tip jet [Doyle and Shapiro, 1999;
Outten et al., 2009; C. Hay et al., A case study of a Greenland
lee cyclogenesis event and the subsequent spawning of a tip
jet, manuscript in preparation], and observed near the surface
[Renfrew et al., 2009b]. This gives us, for the westerly tip jet,
the relationship

Srowwe 6241 if < 23.496

i = 0.493 ECMWF . )

Sipie { 35 otherwise. @)

[18] Proceeding similarly, the maximum speed in an east-
erly tip jet may be given by the relationship

e < 20.84

pp— 0.391 ECMWF <Oy
S { 35 otherwise, 3)
over the area given by 56—62 °N, 40-54 °N.

3.4. Temperature and Humidity

[19] Although wind speed is an important factor in setting
the strength of the air-sea heat and momentum exchange, the
vertical gradients of both humidity and temperature also play
important roles. Figure 5 shows composites of 2 meter tem-
perature and specific humidity for the 32 westerly tip jets
(Figures 5a and 5b) and 42 easterly tip jets (Figures Sc and 5d)
on which the parameterization is based. The composites are

6 of 16



C08022

SPROSON ET AL.: PARAMETERIZING GREENLAND TIP JETS

C08022

Figure 5. Composites of (a, c) 2 meter temperature (°C) and (b, d) specific humidity (g kg ") for all of the
32 westerly (Figures 5a and 5b) and 42 easterly (Figures 5¢ and 5d) tip jet cases used in this study, from the

North American Regional Reanalysis (NARR).

from the North American Regional Reanalysis (NARR) data
set [Mesinger et al., 2006], which has a 32 km horizontal
resolution. In the westerly case, the area around Cape
Farewell is relatively cold and dry, with average temperatures
of around 0 °C and specific humidities of around 2.5 g kg .
However, these values are simply due to the prevailing
synoptic conditions; there are no mesoscale features evident
in Figure 5. Any such mesoscale features should be resolved
in the relatively high resolution NARR data set [Renfirew
et al., 2009a], however they would be sub-grid scale and
therefore would not be consistently represented in the ECMWF
reanalysis. Similarly, for the easterly tip jet (Figures 5c and
5d), although humidities and temperatures are generally
higher than in the westerly case, no mesoscale features are
apparent. Figure 5 suggests that it is not of first order
importance to include temperature or humidity changes in the
development of the tip jet parameterization and therefore we
do not consider this any further.

4. Bogussing Technique

[20] The first consideration is when the parameterization
should be called to place a tip jet into the wind field. There
are fairly well-defined synoptic conditions that are observed
to give rise to tip jets [Moore and Renfrew, 2005]. For
example, both phenomena are tied to parent cyclones,
between Greenland and Iceland in the case of the westerly
tip jet and to the south of Greenland in the case of the easterly

tip jet. However, while these large-scale situations may be
necessary for the jets to exist, they are by no means sufficient
and it would be very difficult to derive a robust method for
calling the parameterization based on large-scale features in
the mean sea level pressure field. During their construction of
a QuikSCAT climatology of tip jets, Moore and Renfrew
[2005] noted that the directions of strong winds around
Cape Farewell were largely bimodal, with the vast majority
coming from the west or north-east. These strong winds are
closely associated with the (westerly and easterly, respec-
tively) tip jets. We therefore assume that any strong wind
from the west is associated with a westerly tip jet and any
strong wind from the north-east or east is associated with an
easterly tip jet.

[21] Asillustrated via a flowchart in Figure 6, the algorithm
proceeds as follows: first, the 10 m wind speed (o) imme-
diately to the south of Cape Farewell is calculated. If this is
found to be less than 10 m s~ ' (the approximate wind speed at
which equations (2) and (3) start to cause an increase in the
wind speed) then it is assumed that no tip jet is present and the
parameterization routine stops. If the wind speed is greater
than 10 m s’ then, depending on the sign of u;, at Cape
Farewell, a maximum perturbation wind speed is calculated
for the westerly or easterly tip jet (equation (2) or (3)). If this is
found to be less than 10 m s ' then again the routine stops. In
the case of the easterly tip jet, a final check is carried out,
ensuring that the parameterization is only called if the wind
direction immediately to the south of Cape Farewell is between
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Cape Farewell
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Define area to
Calculate maximum
Wind speed over
Irminger Sea

v

Calculate geostrophic
Wind from MSLP field

Isumat

Cape Farewell
>0 m/s?

Define area to
Calculate maximum
Wind speed over
S.E. Labrador Sea

i

Set constants for

Set constants for
Westerly tip jet

Calculate max. wind
Speed over defined
area

Easterly tip jet

'

Create a path for the
Core of the jet, map this
Onto the model grid

Perturb the wind field along
The jet core, with perturbation
Wind speed g*d where g*d>s,

Where g is the along jet gradient,

l

Is max. wind
Speed > 10 m/s?

Cape Farewell
Wind direction
0°-100°7?

Perturb the wind field away from
The core, with perturbation
Wind speed g*d where g*d>s,
Where g is a cross jet gradient,

d is the distance of the grid point
From Cape Farewell along the
Jet core, and s is the unperturbed
Wind speed at the grid point

d is the perpendicular distance
from the grid point to the core of the
jet, and s is the unperturbed
Wind speed at the grid point

Figure 6. A flowchart describing the basic steps involved in inserting easterly and westerly tip jets into the

wind field of an ocean model.

0° and 100°. This prevents invoking the parameterization in
the case of any barrier type enhancement on the south-west
coast of Greenland.

[22] Figure 7 shows, in schematic form, how the tip jet
parameterization is implemented. Once it has been estab-
lished that the parameterization needs to be invoked, the u
and v, components of the geostrophic wind (in the case of the
westerly tip jet) are calculated from the mean sea level
pressure field, which must be included as part of the atmo-
spheric forcing data set. A point particle is then initialized just
off the coast of Cape Farewell, at the climatological wind
speed maximum of Moore and Renfrew [2005]. This maxi-
mum is around 15 m s ! in the DJF mean, however it is its
presence rather than its magnitude which is important here.
This particle is then advected into Greenland by —(ug, v,) for

the westerly tip jet, or by —(u,¢, v;¢) for the easterly tip jet and
away from Greenland by (u,, v,) for the westerly tip jet, or by
(u19, v10) for the easterly tip jet, thus creating a path for the
core of the tip jet. The exact length of this path will be
dependent on the strength of (i, V) or (110, v10), however it is
advected for long enough to exceed the extent of the tip jet for
that wind speed (recall that this is linearly dependent on the
maximum wind speed in the jet). This path, which is gener-
ated on the rational plane, is then mapped onto the model grid
using a simple nearest neighbor technique. Once the path is
on the model grid, the wind speed at the point nearest the
climatological maximum wind speed is perturbed according
to equation (2) or (3) as appropriate, and then the wind speed
at each subsequent grid point along the path is perturbed by
a slightly lesser amount, according to the model along-jet
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Figure 7. A schematic showing how tip jets are bogussed into the wind speed field. (a) A point is advected
from near Cape Farewell by the geostrophic winds calculated from the mean sea level pressure field, thereby
creating a path for the tip jet. (b) This path is then discretized onto the ocean model grid. (¢) The wind field
along the path is perturbed, starting from the maximum wind speed calculated via equation (2) and
decreasing linearly until this speed would be less than the background wind field. (d) Grid points ‘suitably’
near the path are mapped onto it in as perpendicular a fashion as is possible. (¢) Points away from the central
path are perturbed by a factor inversely proportional to their distance from it, as long as this results in a wind
speed increase; otherwise they are left unperturbed (crosses). (f) The bogussed tip jet.

gradient described earlier. This process ceases once the per-
turbation to the next grid point in the sequence would result
in a wind speed value less than that of the background wind
field. Once this is complete, we have a representation of the
core of the jet bogussed into the wind field, and all that
remains is to ‘flesh out’ the jet. In order to achieve this, all of
the grid points in a domain covering the Irminger and
Labrador Seas are surjectively mapped onto the core of the
jet, with the mapping simply defined by minimizing the
distance between each grid point and the core of the jet. This
mapping ensures that the line connecting each point in the
domain to that in the image is as perpendicular as possible,
given the discrete nature of the model grid. Each of these grid
points is then adjusted to the strength of the wind at the point
on the jet core onto which it is mapped, multiplied by the
distance between these two points and the appropriate across-
jet gradient, if and only if the resulting speed is stronger than
the unperturbed wind speed at that grid point.

[23] In Figure 8 a practical example of the parameterization
scheme ‘in action’ is given. In the unperturbed ECMWF wind
speed field there is a representation of the jet, however the
very strong winds in the core of the jet are not re]i)resented and
the peak wind speeds are only around 20 m s (Figure 8a).
Figure 8b shows the wind speed field with just the core of the
jet, which lies approximately along a line of constant mean
sea level pressure, perturbed. Figure 8c shows the complete
parameterized jet; peak wind speeds in the core of the jet are
now up to around 28 ms~' and there is a relatively large area
with wind speeds greater than 20 m s '. Note that the
increased spatial gradients will also lead to an increase in
wind stress curl on the flanks of the jet. Figure 8d shows the

corresponding tip jet from the nearest QuikSCAT pass to this
time. The location of the parameterized jet is not perfect when
compared with QuikSCAT, however the spatial extent and
the maximum in wind speed are very well reproduced. Note
that while the core winds of the parameterized tip jet shown
in Figure 8 are misplaced slightly to the south of the jet
seen in QuikSCAT, this error is not a systematic feature
of the parameterization scheme in the case of the westerly
jet. Interpolating the ECMWF and ECMWEF+TJ winds
(Figures 8a and 8c) onto the QuikSCAT grid (Figure 8d) and
then summing over all of the grid points where QuikSCAT
data are non-NaN provides a method of quantifying the
improvement in the wind field around Cape Farewell.
This summation over the QuikSCAT data yields a value of
50127 m s_', while over the ECMWF data it yields only
36534ms . The perturbed wind field, ECMWF+T]J, sums to
46879 ms ", significantly closer to the QuikSCAT value than
to the ECMWF value.

[24] Figure 9 shows composites of the entire data sets used
to develop the westerly tip jet (32 cases) and the easterly tip jet
(42 cases) parameterizations: for the ECMWF data, ECMWF
with the parameterization and QuikSCAT. The composites
here are relevant as the impact of a single tip jet on the ocean is
likely to be small, but the integrated effect of tip jets over an
entire winter may be climatologically important, for example
in forcing convection in the Irminger Sea. In the westerly
tip jet case, the composite parameterization is very well
co-located with the composite QuikSCAT jet and compares
very well in terms of wind speed magnitude. The easterly tip
jet composite compares well in terms of wind speed magni-
tude, however it is not perfectly co-located with the easterly
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Figure 8. A practical example of the tip-jet bogussing algorithm. (a) The ECMWF wind speed field
around Cape Farewell, interpolated onto a i° resolution grid. (b) The core of the jet laid out on the %° grid.
(c) The bogussed tip-jet. (d) The corresponding tip-jet from the nearest QuikSCAT pass.
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Figure 9. A composite of wind speed (colored, ms ') during the Greenland (a—c) westerly tip jet and (d—f)
easterly tip jet for all of the cases used in the current study for ECMWF (Figures 9a and 9d), ECMWF with
parameterization (Figures 9b and 9¢) and QuikSCAT (Figures 9¢ and 9f). White areas show where no
QuikSCAT data were available due to the presence of sea-ice or consistent heavy rainfall.
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Figure 10. A representation of the tip jet parameterization between 1980 and 1990. The light gray shading
shows the cumulative tip jet count for each year, and the black lines show the maximum wind speed differ-
ence between the parameterization and control for each tip jet. (a) Westerly tip jets and (b) easterly tip jets.
(c) The NAO index (bars), calculated from ERA-40, together with a normalized tip jet occurrence anomaly
for westerly tip jets (solid line) and easterly tip jets (dotted line).

jet in QuikSCAT, but has a slightly stronger meridional
component. It is possible that this slight error could be min-
imized with the use of some nudging, however the method-
ology of such a technique is likely to be dependent on the
nature of the model grid. As this is intended as a generic
concept paper, we do not include such a technique. Figure 9
illustrates that, on average, the westerly and easterly tip jet
parameterizations work well and are very realistic compared
to satellite-derived winds.

[25] The number of occurrences of the westerly and east-
erly tip jet parameterization in the ERA-40 from 1980 to
1990, are related to the North Atlantic Oscillation, calculated
from the mean sea level pressure difference between the
Icelandic Low and the Azores High in the ERA-40 mean sea
level pressure (Figure 10). The relative occurrences of the tip
jets are shown as normalized anomalies compared with the
1980-1990 mean. The occurrence of the westerly tip jet is
very well reproduced, with nearly all of the tip jets occurring
in the winter, and a strong correlation between the number of
tip jets in a year and the sign of the NAO, in agreement with
previous studies of the Greenland tip jet [Moore, 2003;
Moore and Renfrew, 2005; Bakalian et al., 2007; Vage et al.,
2009]. The number of westerly tip jets parameterized is
slightly larger than the number calculated by Moore [2003],
who observed westerly tip jets occurring between 5% and
14% of the time, depending on the winter. The easterly tip jet
is also slightly over represented compared to the climatology
of Moore [2003], who saw the easterly tip jet occurring
between 6% and 12% of the time during the winter,
depending on the phase and strength of the NAO. The
difference is largely because we are considering a tip jet to
occur whenever the parameterization is called, whereas
Moore [2003] only considered events with wind speeds

greater than gale force (17 m s ). In cases where the wind is
less than gale force, the parameterization is called, but will
result in only small perturbations to the ERA-40 wind field.
Counting a tip jet to occur every time the wind field is
perturbed over this period, approximately 3000 westerly
and 2000 easterly tip jets are seen to occur, corresponding
to 750 and 500 tip jet days respectively.

5. Wind Speed Distributions

[26] A successful method of describing the distribution of
the winds over the ocean is to use a two-parameter Weibull
model [Pavia and O’Brien, 1986]. The Weibull distribu-
tion for a random variable ¥, with parameters 4 and C, is

given by
(D)

where 4 (m s™') is a scaling parameter and C is a dimen-
sionless shape parameter. Figure 11 shows Weibull dis-
tributions and illustrates that both the ECMWF wind speed
distribution and the ECMWF+TJ parameterization wind
speed distribution are biased low when compared with the
QuikSCAT distribution. This is to be expected given the
systematic differences between ECMWF and QuikSCAT at
high wind speeds seen in previous studies [Ebuchi et al.,
2002; Renfrew et al., 2009a]. The inclusion of a mesoscale
feature such as a tip jet cannot be expected to remedy this
systematic bias, however it should improve the wind speed
distribution. This is indeed the case, with the shape of the
distribution in the parameterized wind field more closely

JV;4,C) = (4)
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Figure 11. Weibull distributions of wind speed in the box given by 55-65 °N, 20—45 °W for QuikSCAT,
ECMWF and ECMWF with tip jet parameterization over the 32 test cases.

resembling that of QuikSCAT, giving an increased proba-
bility of observing wind speeds in excess of 17 ms™".

[27] Improvements in the wind speed distribution can also
be seen in simple statistics (Table 2). The changes caused by
the parameterization are all consistent with an improved
representation of the tip jet: the maximum wind speed has
increased by over 9 m s ', with the mean wind speed
increased by only around 0.6 m s~ ' because the increased
wind speeds are limited to a small area. The minimum wind
speed seen in ECMWEF is unchanged. Arguably the most
important statistic here is the standard deviation, giving a
measure of the variability of the wind. If the parameterization
is behaving appropriately then the standard deviation should
be similar in the ECMWF+TJ and QuikSCAT winds, as the
tip jet accounts for much of the variability in wind speed in
this area [Moore and Renfrew, 2005]. Standard deviations of
QuikSCAT and the ECMWF+TJ wind fields are 5.5 m s™'
and 5.47 m s~ respectively, while that of the unperturbed
ECMWF wind field is 4.8 m s, indicating that the inclusion
of the tip jet does improve the spatial variability of the wind
with respect to the best observations available.

[28] Chelton et al. [2006] note that, in comparison with
QuikSCAT, the surface wind fields in atmospheric (re)anal-
yses lack power at high wave numbers. For spatial scales that
are comparable to the model resolution, this is to be expected,
however significant differences were seen at scales much

Table 2. Wind Speed Statistics in the Box Given by 55-65 °N,
20-45 °W for QuikSCAT, ECMWF and ECMWF With Tip Jet
Parameterization Over the 32 Test Cases®

ECMWF ECMWEF+TJ QuikSCAT
Mean 11.55 12.14 13.42
Max. 25.95 35.00 4231
Min. 0.22 0.22 1.00
SD 4.8 5.5 5.47
A 13.00 13.71 15.12
C 2.58 232 2.62

3All values have units of m s ™' other than the Weibull shape parameter, C,
which is dimensionless.

larger than this, which the higher resolution models should be
capable of resolving. Is it possible that some of this ‘missing’
variability is due to an under-representation in the models
of mesoscale features such as tip jets? Figure 12 shows
power spectral density over the 32 westerly tip jet cases
over the north-east Atlantic (note that the upturned tail of
the QuikSCAT curve is erroneous, and is due to the gridding
and/or smoothing of the QuikSCAT data). Power should
continue decreasing approximately with k2 [see Chelton
et al., 2006]. It is clear that the ECMWF wind field lacks
power at all scales, but this is particularly clear at scales
less than around 1000 km. Introducing the tip jet through the

10°

—— QuikSCAT

- - -ECMWF+TJ

(m 5_1)2 per cycle per km

489 Ry
8 W 405y 3000 24°W 16°W SRETRRY

10 A73 1
10 10 10
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Figure 12. Power spectral density from the L3 gridded
QuikSCAT data, ECMWF and ECMWF with the tip jet param-
eterization in the area 52—60 °N, 23.5-45.5 °W, estimated via
Welch’s method, for the 32 tip jet test cases. ECMWF data
were first bi-linearly interpolated onto the QuikSCAT grid
and the QuikSCAT data were slightly smoothed using a
5 point smoother. The graphic inset shows the area over
which the spectra were calculated.
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Figure 13. Total turbulent heat fluxes (W m %) in ERA-40 and ERA40+T]J for a typical (a, c) westerly
(12Z, Oct. 25, 1981) and (b, d) easterly (12Z, Jan. 18, 1981) tip jet.

parameterization adds power at scales between 100 km and
1000 km, bringing the power spectral density closer to that of
QuikSCAT.

6. Enhanced Surface Fluxes

6.1. Latent and Sensible Fluxes

[29] The heat fluxes in ERA-40 in a typical westerly tip jet
case (Figure 13a) are elevated around the tip of Cape
Farewell, with values of around 650 W m™ 2. However, once
the parameterized tip jet has been inserted (Figure 13b), the
total turbulent heat fluxes in the core of the jet are increased to
over 1200 W m 2. These are even greater than the heat fluxes
off the Labrador coast, which peak at around 1100 W m 2.
The causes of the strong fluxes in these two locations are
somewhat different. Those in the Labrador Sea are caused by
very cold, dry air being advected from the continent, while
those in the tip jet are caused by stronger winds with a slightly

smaller air/sea temperature difference. The sensible heat
fluxes associated with the westerly tip jet seen here are con-
sistent with those seen by Doyle and Shapiro [1999].

[30] During testing both with and without the parameteri-
zation over the winter (JEM) of 1980, the average combined
sensible and latent heat flux over the southern Irminger Sea
using the ERA-40 forcing was 123 W m 2, with a maximum
value of 846 W m 2 Using the ERA40+TJ forcing, the
average flux increased to 132 W m 2, i.e. an increase of
9 W m 2 on average. While this may seem to be a modest
increase, one must bear in mind that we are averaging over an
area much larger than an average sized tip jet. Averaging for
this period over just those grid points which were perturbed by
the parameterization gives values of 254 W m 2 in ERA40+TJ,
an increase of over 90 W m 2 over ERA-40. Furthermore the
maximum flux increased to 1492 W m 2, suggesting that
significant changes in forcing occur in the Irminger Sea.
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Figure 14. Momentum fluxes (N m_z) in ERA-40 and ERA40+T] for a typical (a, ¢) westerly (12Z, Oct.
25, 1981) and (b, d) easterly (12Z, Jan. 18, 1981) tip jet.

[31] Incontrast to the westerly tip jet, the easterly tip jet has
a relatively minor impact on heat fluxes. In the example
shown in Figures 13c and 13d, heat fluxes are only increased
in the region of the easterly tip jet by around 60 W m 2. This is
largely in agreement with Sproson et al. [2008], who used
synoptic-scale arguments and float data to show that the
easterly tip jet is not of comparable importance to the westerly
jet in forcing open ocean convection. This is due to the fact
that air in the easterly tip jet has become heavily modified,
and is of a warm, moist, maritime nature. It should be noted,
however, that Martin and Moore [20071 did see modestly
enhanced heat fluxes of around 200 W m ~ in the vicinity of a
easterly tip jet. It seems, therefore, that conditions do arise in
which the easterly jet can enhance air-sea heat exchange,
although this is not generally the case.

[32] In January—February—March 1980, the average sensi-
ble plus latent heat flux over the south-east Labrador Sea was
187 W m 2 with a maximum combined flux of 1116 W m 2.
Once the easterly tip jet had been bogussed into the wind
field, the average combined flux showed a modest increase of
2Wm 2 upto 189 Wm 2.

6.2. Momentum Fluxes

[33] Figure 14 shows the momentum fluxes associated with
the same parameterized westerly tip jet and easterly tip jet
cases as in Figure 13. The momentum flux calculated from the
unperturbed wind field does show an enhanced transfer of
momentum between the atmosphere and ocean, in the vicinity
of the westerly and easterly tip jets. However, due to the
under-representation of the jets, the peak momentum flux is
onl;/ of the order of 1.5 N'm 2 for the westerly tip jet and 1 N
m ~ for the easterly jet. Once the tip jet and easterly tip jet
have been bogussed into the wind field, these peak values rise
to 3.5 N m ? for the westerly jet and 3 N m 2 for the easterly
jet. Note that in the westerly case, there is a further area
of relatively strong wind stress, which is associated with a
synoptic-scale cyclone to the south of Iceland. It is also
important to note the strong meridional gradients in the wind
stress, which will provide locally large magnitudes of wind
stress curl. Pickart et al. [2003b] and Spall and Pickart[2003]
note the importance of localized strong wind stress curl in
forcing the oceanic circulation, both in the immediate vicinity
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Figure 15. Mixed-layer development in the Irminger Sea in a 1-D model, using time series of heat and
momentum flux both with and without the tip jet parameterization. The top panel shows the total heat flux
applied to the model, the middle panel shows the surface meridional and zonal wind stress, and the bottom
panel shows the development of the mixed-layer. The graphic inset shows the location from where the time

series were extracted.

and elsewhere in the sub-polar gyre through the propagation
of Rossby waves away from the source. For example, Spall
and Pickart [2003] suggest that the Labrador Sea gyre is
driven by localized wind stress curl east of Greenland, com-
municated by topographically steered Rossby waves.

7. Impact on a 1-D Ocean

[34] To provide a simple demonstration of the influence of
the tip jet parameterization on the ocean, we turn to a one-
dimensional mixed-layer ocean model [Price et al., 1986],
used previously in studies of the impact of Greenland tip
jets on oceanic mixed-layer development [Vdge et al., 2008;
Sproson et al., 2008]. To initialize the model, temperature and
salinity profiles were obtained from an Argo float in the
Irminger Sea (59.3 °N, 37.7 °W) on December 29th, 2008.
Forcing time series of total heat flux and wind stress were then
extracted from the ERA-40 forcing fields for 60 days from 1st
January, 1983, when the NAO was in a positive state (+1.8).
Two runs were carried out, one using the standard ERA-40
forcing fields (control run), and one using the perturbed
ERA40+T]J fields (perturbed run). In both runs, a vertical
resolution of 5 m and temporal resolution of 60 s were used,
with a background diffusion coefficient of 107> m* s,

[35] Figure 15 (top) shows the total heat flux that would be
extracted from the ocean. As expected, the heat fluxes are
similar when they are small; where they differ the fluxes from
the tip jet run are stronger as the increased wind is introduced

15

into the forcing fields. The largest differences between the
perturbed and control runs are approximately 500 W m 2
around day 36 of the integration. Similar increases in the
momentum flux are also seen (Figure 15, middle), although
these are relatively larger, as 7 oc U?. The largest increases in
momentum flux again occur around day 36, and are greater
than 2 N m 2. The zonality of the tip jet is maintained in the
parameterization, with nearly all of the momentum increase in
the zonal direction. Depending on the orientation of the tip jet,
increases can also be seen in the meridional component
(for example there is an increase of around 0.5 N m 2 in
the meridional wind stress component at day 40). Figure 15
(bottom) shows the ocean mixed-layer development for
each of the forcing time series. The pattern of deepening is
similar in both of the runs, but the run with the perturbed time
series deepens more during each high-flux event. The largest
difference between the two runs occurs around day 36, with
the perturbed run around 300 m deeper than the control. After
this, the mixed-layer in the perturbed run encounters a layer
of increased stratification. As there are no further robust tip
jet events, the difference between the two runs decreases,
resulting in a difference in mixed-layer depth of 170 m at the
end of the 60 day integration. Although there are no valida-
tion data for this particular model run, previous studies [e.g.,
Vage et al., 2008] have indicated that inclusion of the tip
jet improves the evolution of the mixed-layer depth in the
Irminger Sea as compared with observations, and by a com-
parable amount to the differences seen here.
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8. Conclusions

[36] We have developed a method for bogussing both
westerly and easterly Greenland tip jets into a wind field. The
parameterization development has made use of a data set of
32 westerly and 42 easterly tip jets, but can be implemented
without recourse to this data set. The method allows for the
variation of strength, shape, size and orientation that are
observed in tip jets and thus accurately reproduces a tip jet,
allowing it to be smoothly blended into the background field.
The westerly tip jet can cause a significant, if localized,
increase in sensible and latent heat flux which we have
demonstrated has a significant impact on ocean mixed-layer
depth and thus potentially on convection in ocean models.
The effect of the easterly jet is more modest. This is in
agreement with previous work [Sproson et al., 2008], which
suggests that the easterly tip jet is not of great importance in
forcing open ocean convection. Both the westerly and east-
erly tip jets cause a large local increase in wind stress, and
their relatively small meridional scale leads periodically to
strong dipoles of wind stress curl, which have previously
been linked to circulation patterns in the North Atlantic.

[37] The parameterization does not rely on any external
data sets, only mean sea level pressure and surface wind
fields, and can thus be easily implemented into either ocean
only general circulation models or coupled climate models at
the coupling stage, once consideration has been given to the
transfer of heat between the ocean and atmosphere.

[38] A future paper will examine the impact of both west-
erly and easterly tip jets on local and global ocean circulation,
by implementing the parameterization into a global ocean
general circulation model and examining ‘control’ and ‘per-
turbation’ experiments.
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