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T E L L U S

Fine structure of a Greenland reverse tip jet:
a numerical simulation
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A B S T R A C T
Reverse tip jets are strong low-level winds with easterly component that form near the southern tip of Greenland. In
the present study, a reverse tip jet case which occurred from 21 to 22 December 2000 was examined to clarify its fine
structure using a numerical model with a horizontal resolution of 3 km. The reverse tip jet, showing the supergeostrophic
wind speed with a maximum wind speed in excess of 45 m s−1, extended from the east coast of Greenland to the west
of Cape Farewell with anticyclonic curvature. A cloud free region coincided with the jet indicated that there was a
mesoscale downdraft. Along the eastern edge of the jet, a banded cloud formed between the upstream easterly wind
and the colder northerly wind that is a part of the jet and is located along the east coast. This cloud was associated
with large gradients in surface wind speed, temperature, moisture, and heat flux. A maximum surface total heat flux of
300 W m−2 coincided with the location of the jet. It is suggested that the orographic deflection by Greenland’s large-scale
topography as well as small-scale downslope winds behind mountains with fiords causes the reverse tip jet.

1. Introduction

Topography is an important factor that influences atmospheric
dynamics. One class of weather systems associated with to-
pography are strong low-level winds. High wind speeds at the
ocean’s surface can cause large heat, moisture, and momen-
tum exchanges between the ocean and atmosphere, which can
impact circulations in both fluids. The stationary nature of the
topographic forcing can lead to high winds in a local region that
can over time amplify these fluxes leading to climatologically
important effects.

Strong winds associated with topography are classified into
downslope winds (e.g. Lilly, 1978; Saito and Ikawa, 1991),
barrier winds (e.g. Parish, 1982; van den Broeke and Gallee,
1990; O’Connor et al., 1994; Moore and Renfrew, 2005), gap
winds (e.g. Saito, 1993; Jackson and Steyn, 1994a,b; Steenburgh
et al., 1998; Pan and Smith, 1999; Flamant et al., 2002; Sharp
and Mass, 2002; Gaberšek and Duran, 2004, 2006), tip jets
(Doyle and Shapiro, 1999; Moore, 2003; Pickart et al., 2003;
Moore and Renfrew, 2005), and reverse tip jets (Moore, 2003;
Moore and Renfrew, 2005; Martin and Moore, 2007). Downs-
lope and barrier winds are strong winds blowing down the
slope and parallel to the barrier on the windward side of a
mountain range, respectively. Gap winds are a strong low-level
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jet blowing in a channel between mountains or a gap in a
mountain.

Reverse tip jets are among the most recently identified of
these weather systems. They have been observed to form in the
vicinity of Cape Farewell, which is located at the southern tip of
Greenland (Fig. 1a). This area is of climatological importance
because of the observations that deep ocean convection asso-
ciated with the return branch of the thermohaline circulation
occurs both to the east (Pickart et al., 2003) and west (Lavender
et al., 2002) of Cape Farewell. A related phenomenon that forms
in the same region are tip jets which are strong low-level winds
with westerly component. Doyle and Shapiro (1999) pointed
out the existence of tip jets from numerical simulations. Moore
(2003) used the National Centers for Environmental Prediction
(NCEP) reanalysis data to show that low-level strong winds with
easterly component also form in the area. This flow with easterly
component was given the name of reverse tip jet to distinguish
it from the tip jets identified by Doyle and Shapiro. Moore and
Renfrew (2005) examined a climatology of 10 m winds, derived
from the Quik-SCAT scatterometer data, around the southern tip
of Greenland. From this data, they confirmed Moore’s analysis
that there are two predominant wind directions corresponding to
tip jets and reverse tip jets.

Moore (2003) also used composite sea-level pressure distri-
butions for tip jets and reverse tip jets to show that both form
as the result of the interaction of a synoptic-scale cyclone with
the high topography of southern Greenland. In the case of tip
jets, the cyclone centre was typically located to the northeast
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FINE STRUCTURE OF A GREENLAND REVERSE TIP JET 513

Fig. 1. (a) Topography of whole Greenland
(m). A rectangle shows the simulation
domain. (b) Topography in the simulation
domain (solid lines and grey levels, m) and
sea surface temperature (dashed lines, ◦C)
simulated using CReSS at 0000 UTC, 22
December 2000. The dashed contour interval
is 0.5 ◦C and the thick contour line is drawn
every 5 ◦C. A solid arrow indicates the East
Greenland Coastal Current.

of Cape Farewell. On the other hand for reverse tip jets, the
cyclone centre was present to the south of Cape Farewell. This
difference in the location reflects the impact that rotation plays
in the generation of both classes of jets. Tip jets and reverse
tip jets show the highest probability of occurrence, about 10%,
during the winter. This corresponds to the season during which
extra-tropical cyclones between southern Greenland and Ice-
land (within the climatological Icelandic low) show a maximum
count and develop deeper than those in summer (Serreze et al.,
1997). During summer, the probabilities of occurrences of both
classes are almost zero. In addition, there is interannual variabil-
ity in the formation frequency of tip jets and reverse tip jets. This
variability is related to the phase of the North Atlantic Oscilla-
tion (NAO). In the positive NAO mode, tip jets are common and
reverse tip jets are less common. The opposite tendencies occur
in the negative NAO phase (Pickart et al., 2003; Moore, 2003).

Regarding the formation mechanism for reverse tip jets,
Moore and Renfrew (2005) suggested that barrier winds, which
are caused by an orographic deflection of flows with sufficiently
large non-dimensional mountain height, is a possible mecha-
nism. The non-dimensional mountain height ĥ is a dimension-

less number defined as Nh/U, where N is the Brunt–Väisälä
frequency in the upstream region, h is the height of the moun-
tain and U is a wind speed component across an mountain (e.g.
Baines, 1987; Chen and Smith, 1987; Saito, 1993). The non-
dimensional mountain height ĥ more than 1 indicate that some
of an upstream flow is blocked by an mountain.

They also showed anticyclonic turning of wind directions
along the streamline is a feature of reverse tip jets. They ex-
plained that, assuming the gradient wind balance and anticy-
clonic flow within reverse tip jets, the flow is supergeostrophic,
that is a greater wind speed than the geostrophic wind speed, and
the surpergeostrophic flow corresponds to the core of reverse tip
jets, although this balance condition does not explain the acceler-
ation processes. For tip jets, Doyle and Shapiro (1999) proposed
that the acceleration of the horizontal wind speed that lead to the
jet was associated with the conservation of the Bernoulli func-
tion in the descending motion behind the topographic barrier.
They also showed the importance of an orographic deflection.
Moore and Renfrew (2005) mentioned that composites of sur-
face winds have a possibility to include cases composed of both
mechanisms.
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For reverse tip jets, much of the research has been focused on
describing their climatological features (Moore, 2003; Moore
and Renfrew, 2005). These climatologies do not necessarily re-
flect a single case, and the features might be a superimposition
of two or more characteristic fields. In addition, the horizontal
resolution of the data used in the studies are possibly too coarse
to capture the fine scale structure of these jets and also provide no
information on their vertical structure. Martin and Moore (2007)
is the only case study of a reverse tip jet at present. They used a
numerical model with horizontal resolutions of 18 and 6 km and
focused on air-sea interaction associated with a reverse tip jet.
In the present study, we will pay attention to fine horizontal and
vertical structures of a reverse tip jet case. A numerical model
with a horizontal resolution of 3 km is used to clarify the fine
scale features.

2. Model

The Cloud Resolving Storm Simulator (CReSS) developed at
Hydrospheric Atmospheric Research Center of Nagoya Uni-
versity was used (Tsuboki and Sakakibara, 2002, 2007). The
CReSS model has been used to simulate many atmospheric phe-
nomena (e.g. Liu et al., 2004; Wang et al., 2005; Liu et al., 2006;
Maesaka et al., 2006; Zhang et al., 2006; Ohigashi and Tsuboki,
2007; Yamada et al., 2007a,b; Endo et al., 2008; Yamada, 2008).
CReSS is a limited-area model formulated with compressible
and non-hydrostatic equations with a terrain following vertical
coordinate. The domain was projected on a plane using polar
stereographic projection and a map factor was used for spa-
tial differential. No cumulus convection parametrization is used,
rather cloud microphysical processes are explicitly represented
with a bulk method of cold rain parametrization to predict mix-
ing ratios of cloud water, rain, cloud ice, snow, and graupel and
number densities of cloud ice, snow, and graupel. A subgrid
scale diffusion is computed using the 1.5 order closure model,
in which the turbulent kinetic energy is calculated using a prog-
nostic equation. Categories of land use are land covered by snow
and sea. Sea ice was not included because no significant sea ice
was identified in the vicinity of the area in which the reverse
tip jet was seen. Ground and sea temperatures are calculated
using the one-dimensional heat diffusion equation. A grid of
352 × 250 × 42 was used in the simulation. The horizontal grid
space is 3 km at 60◦N. The vertical grid spacing varied from
100 m at the surface to 420 m at the top of the model at 12 391
m. The upper boundary was a rigid wall condition. There is a
sponge layer above a height of 6300 m. For the lateral bound-
ary, the radiative condition was adopted and a relaxation zone
was set up with a width of 120 km at the edge of the model
domain.

With regard to the initial and boundary data for the
CReSS simulation, a simulation result of the Fifth-Generation
NCAR/Penn State Mesoscale Model (MM5) (Grell et al., 1995)
was utilized. In the MM5 simulation, two domains with horizon-

tal grid spaces of 18 km (Domain 1) and 6 km (Domain 2) were
assigned. Domain 1 was one-way nested in the regional analysis
of Canadian Meteorological Center (CMC), and Domains 1 and
2 were calculated with a two-way interface. Boundary condi-
tions including sea surface temperature (SST) data were also
provided by the CMC’s data. Sea ice was also not considered in
this simulation. A cumulus convection parametrization scheme
was applied for Domain 1 while no cumulus parameterization
was used for Domain 2. A bulk cold rain parametrization was ap-
plied for both the domains. The MM5 simulation was initialized
at 0000 UTC, 21 December 2000. The other detailed configu-
ration of the MM5 simulation is the same as that described in
Martin and Moore (2007). They compared the wind fields at a
10 m height of their results with the Quik-SCAT 10 m wind
fields, and states their simulation is overall agreement with the
Quik-SCAT wind fields except that the simulated wind speed is
5–10 m s−1 smaller than the Quik-SCAT retrieved wind speed.
In this regard, Moore et al. (2008) have shown through a com-
parison with meteorological buoy data from the Cape Farewell
region that the Quik-SCAT retrieved wind is biased high in high
wind speed conditions such as occur during tip jets and reverse
tip jets.

The simulation results every 1 h with Domain 2 were used for
the CReSS simulation. The CReSS simulation was integrated
for 12 h from 12 UTC, 21 December 2000. In this integration,
the mode-splitting scheme (Klemp and Wilhelmson, 1978) with
small and large time steps was adopted. The small time step
integration used for the acoustic wave modes is solved explic-
itly in horizontal and implicitly in vertical. With respect to the
large time step, the leap-flog scheme with the Asselin time filter
(Asselin, 1972) is adopted. The small and large time steps were
2 and 6 s, respectively.

3. Comparison with observations

Figure 2a is the Quik-SCAT 10 m wind fields at 2137 UTC, 21
December 2000, which is a product of the National Aeronautics
and Space Administration (NASA). The simulated 10 m wind
fields at 2140 UTC, 21, which corresponds to the time of the
Quik-SCAT data, are also shown in Fig. 2b. The strong wind
speed along the east coast and its extension to the west, which
indicate a reverse tip jet, are shown with the wind over 18 m s−1

in both of observation and simulation. In the west of Green-
land, a wake with wind speed less than 12 m s−1 is present and
successfully expressed in the simulation. The maximum wind
speed in the simulation is smaller than the Quik-SCAT retrieved
wind, which is the same as the parent model results (Martin
and Moore, 2007) and is consistent with the results of Moore
et al. (2008). The strong wind region over 24 m s−1 in the south-
west of Cape Farewell extends to the north in the simulation
while it is relatively narrow in the Quik-SCAT. The deflected
northerly wind direction along the east coast is not so remark-
able in the Quik-SCAT wind field, which may be the result of
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Fig. 2. (a) Quik-SCAT 10 m wind field
(arrows and grey levels, m s−1) at 2137 UTC,
21 December 2000. (b) Simulated 10 m
wind field (arrows and grey levels, m s−1) at
2140 UTC, 21 December 2000. Open circles
indicate the sounding observation site of
Narsarsuaq.

Fig. 3. Vertical profiles of (a) potential temperature (K), (b) relative humidity (%), (c) wind speed (m s−1) and (d) wind direction (degree) at
00 UTC, 22 December 2000. Thick lines with solid rectangles are obtained from sounding observation at Narsarsuaq (61.15◦N, 45.43◦W; open
circle shown in Fig. 2a), and thin lines with open circles show simulated fields averaged within 1◦ in the meridional direction and 0.5◦ in the zonal
direction centred at 61.15◦N and 45.43◦W (open circle shown in Fig. 2b).

difficulty in retrieving wind speed and direction data close to the
coast.

The low-level sounding profile at 00 UTC, 22 December 2000
at Narsarsuaq (61.15◦N, 45.43◦W) is shown in Fig. 3. Narsar-
suaq is located in the leeward (southwest) side of the island
and marked with open circles in Fig. 2a. The simulated field
is averaged within 1 degree in the zonal direction and 0.5◦ in
the meridional direction centred at the location of Narsarsuaq
(Fig. 2b). For the potential temperature profile (Fig. 3a), the sim-
ulation fields (thin line with open circles) are 3–7 K higher than

the observation (thick line with solid rectangle) below a height
of 2500 m. The Brunt-Väisälä frequency, that is an indicator of a
stability of atmosphere, between the surface to a height of 2500
m is 0.0135 s−1 in the model and 0.0148 s−1 in the observations.
This appears not to be a significant difference. The difference be-
tween the simulation and observation in relative humidity (Fig.
3b) is less than 15% below a height of 2200 m, and both show
a dry condition (about 20–40%). The wind speed (Fig. 3c) of
the simulation is a few to 7 m s−1 higher than the observation
except for that in the lowest level. However, both the patterns
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Fig. 4. (a) NOAA-14 Channel 4 satellite
image at 1819 UTC, 21 December 2000. (b)
Vertically integrated hydrometeor field
(kg m−2) at 1820 UTC, 21 December 2000
obtained from the numerical simulation.

show the maximum wind below a height of 500 m with about 30
m s−1 and gradually decrease with height. The wind direction
(Fig. 3d) in both fields changes clockwise from ENE near the
surface to SE around a height of 2500 m. Although there are
some differences in the absolute value between the simulation
and observation, the patterns in the low level in the simulation
represent the characteristics of observation.

The cloud pattern associated with the reverse tip jet is shown
in Fig. 4. NOAA-14 channel 4 image (Fig. 4a) as well as ver-
tically integrated hydrometeors (Fig. 4b), which is the vertical
integration of the total mixing ratio of cloud water, rain, cloud
ice, snow and graupel, provide the information on the horizontal
distribution of clouds (Maesaka et al., 2006). One of the charac-
teristic clouds is broad cloud band seen along about 100 km off
the east coast and extending to the west in the south of the island
(Fig. 4a), which is also identified in the simulation (Fig. 4b).
To the north of this cloud band, there is a cloud free region ex-
tending to the west of Cape Farewell. This is also identified in
both the satellite image and simulated fields.

4. Reverse tip jet structure

The topography in southern Greenland within the simulation
domain is shown in Fig. 1b. High topography is present inland.

There are many fiords with deep valleys within approximately
100 km of the coastline. Figure 1 also shows the sea surface
temperature (SST) field simulated using CReSS at 0000 UTC,
22 December 2000. We focus our analysis on this time, in which
the wind speed in the reverse tip jet was a maximum. The SST
was between 2 and 6.5 ◦C within the domain except near the
coast where it was lower as a result of the cold waters of the East
Greenland Coastal Current. A local maximum in the SST field is
present a few hundred kilometers southwest of Cape Farewell.
A maximum difference between the SST at this time and the
initial time is less than 1 ◦C implying that changes in the SST
field over the period of the simulation are not large.

When the synoptic-scale cyclone moved from Labrador to-
ward Iceland, the isobars in the lower troposphere extended in
the WNW–ESE direction with a high pressure region in the north
(Fig. 5). This resulted in easterly flow in the region of interest.
The pressure gradient is large on the windward side (eastern
side) of Greenland, while it is small on the leeward side (west-
ern side). This pattern is most striking near the surface (Fig. 5c).
The asymmetric pressure gradient is not so clear at a height of
2555 m (Fig. 5a) and is confined below the inland topography of
Greenland. In addition, the wind fields to the east of Greenland
show a large northerly component near Greenland especially in
the lower levels. Therefore, the wind vectors are directed toward
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Fig. 5. Pressure (solid lines, hPa) and horizontal velocity vectors
(arrows) at heights of (a) 2555 m, (b) 1549 m and (c) 474 m at 0000
UTC, 22 December 2000 obtained from the numerical experiment. The
contour interval is 3 hPa. Areas below ground at each height are shaded
black.

the low pressure side. To the west of Cape Farewell, the wind
vectors turn anticyclonically along the streamline of the jet, and
are finally directed toward high pressure side. This anticyclonic
turning of wind direction is in agreement with the wind fields
shown in Moore and Renfrew (2005), although they showed a
composite pattern of reverse tip jets at the surface.

The maximum wind speed at a height of 2555 m is more
than 20 m s−1 in a large area to the south of Cape Farewell
(Fig. 6a). At a height of 1549 m (Fig. 6b), there exists a wind
speed maximum in excess of 30 m s−1 that extends along the
southwest coast of Greenland to the west of Cape Farewell. In
the lowest level (Fig. 6c), the strong wind field extends westward
from the southern edge of Greenland along the anticyclonically
turning flow. The wind speed is over 40 m s−1 within about
300 km of the southwest coast of Greenland with the largest
wind speeds in excess of 45 m s−1. These strong winds with
easterly component are referred to as the ‘reverse tip jet’ in the
present study. The reverse tip jet forms from the east coast of

Fig. 6. Horizontal velocity vectors (arrows) and wind speed (contours,
m s−1) at heights of (a) 2555 m, (b) 1549 m and (c) 474 m at 0000
UTC, 22 December 2000 obtained from the numerical experiment. The
contour interval is 5 m s−1. Areas below ground at each height are
shaded black.

Greenland, where the wind direction was with relatively large
northerly component, toward the southwest of Cape Farewell. A
region of low wind speed in the lee of Greenland near 62◦N is
also apparent, especially at the lowest level. Wind speeds in this
wake are less than 10 m s−1. The wind speed and geostrophic
wind speed were almost equal at 62◦N, 38◦W that is located in
the upstream. The wind speed was 15 m s−1.

The vertical cross section of wind speed along the line X0-X1
in Fig. 6 is shown in Fig. 7. In the vicinity of the reverse tip
jet (centred at a distance from X0 of approximately 350 km),
the wind speed gradually increases downward below a height of
3500 or 4000 m reaching a maximum in excess of 40 m s−1 at
a height of approximately 500 m. Below this height, the wind
speed decreases because of the presence of the surface. As one
can therefore see, the reverse tip jet is confined below a height of
a few kilometres. This vertical extent corresponds to the inland
height of the Greenland’s topography. The wake to the northwest
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Fig. 7. Vertical cross section of horizontal wind speed along the line
X0-X1 in Fig. 6 at 0000 UTC, 22 December 2000 obtained from the
numerical experiment. The contour interval is 5 m s−1.

of the reverse tip jet can be also seen at a distance from X0 less
than 100 km.

Figure 8 shows the difference between wind speed and
geostrophic wind speed at low levels. Upstream of Cape Farewell
at 62◦N, 38◦W, the difference is almost zero, which indicates
the flow is in geostrophic balance. Along the southeast coast of
Greenland, the winds are for the most part subgeostrophic. On
the other hand, supergeostrophic winds are present to the south-

Fig. 8. Difference between wind speed and
geostrophic wind speed (m s−1) at a height
of 474 m at 0000 UTC, 22 December 2000
in the numerical experiment. Areas below
ground at each height are shaded black.

Fig. 9. Vertically integrated hydrometeor
field (kg m−2) at 0000 UTC, 22 December
2000 in the simulation experiment.

west of Cape Farewell. The location of this supergeostrophic
flow is collocated with the core of the reverse tip jet. The wind
speed in the core of the reverse tip jet is more than 25 m s−1

larger than the geostrophic wind speed, and indicates that the
flow is highly supergeostrophic. Farther downstream along the
streamline, the highly supergeostrophic wind speed is reduced
and approaches the geostrophic wind speed. The relationship
between the wind speed and geostrophic wind speed to the for-
mation of the reverse tip jet will be discussed in Section 5.

The vertically integrated hydrometeor field corresponding to
the cloud patterns is shown in Fig. 9. The most pronounced
feature is the banded element present off the southeast coast of
Greenland. This band is extending toward the southwest along
the eastern edge of the reverse tip jet. The core of the reverse tip
jet shows cloud free with again some clouds present along its
northern limit. These cloud features were confirmed in the other
simulation times (Fig. 4b) and the satellite image (Fig. 4a).

In order to clarify the vertical distribution of hydrometeors,
the total mixing ratios of hydrometeors at three levels are shown
in Fig. 10. Along the banded feature seen in Fig. 9, large total
mixing ratio are present at all levels with the highest values occur
at a height of 1549 m (Fig. 10b). On a height of 2555 m, the
significant mixing ratio was also seen along the band while no
significant mixing ratio was seen to the east of the band. This
indicates that the band was relatively deep as compared with

Tellus 61A (2009), 4



FINE STRUCTURE OF A GREENLAND REVERSE TIP JET 519

Fig. 10. Total mixing ratio of hydrometeors (g kg−1) at heights of (a)
2555 m, (b) 1549 m and (c) 474 m at 0000 UTC, 22 December 2000 in
the numerical experiment. Areas below ground at each height are
shaded black.

the upstream cloud region extending to the east of the band.
To the north of the reverse tip jet region with the cloud free,
hydrometeors are again present at all levels with the largest
values occurring at 1549 m. At 2555 m, two pronounced plumes
of high hydrometeor mixing ratio extend westward from the
southwest coast of Greenland.

These hydrometeors are strongly correlated with features in
the vertical velocity field (Fig. 11). In the region corresponding
to the reverse tip jet which coincides with the cloud free re-
gion, predominant descending motion extends most offshore
in the low level (Fig. 11c). A robust updraft of more than
0.1 m s−1 is formed along the east coast of Greenland and east-
ern edge of the reverse tip jet with the maximum velocity of
0.5 m s−1, and the width of the updraft more than 0.1 m s−1 is
a few tens kilometres. This updraft corresponds to the band of
large mixing ratio of hydrometeors shown in Figs. 9 and 10. To
the east of this updraft, there are weak shallow updrafts corre-
sponding to shallow clouds. Another remarkable feature is the

Fig. 11. Vertical velocity (m s−1) at heights of (a) 2555 m, (b) 1549 m
and (c) 474 m at 0000 UTC, 22 December 2000 obtained from the
numerical experiment. Thin solid, thick solid, and broken contours
indicate positive, zero, and negative values, respectively. Areas below
ground at each height are shaded black.

alternating upward and downward motions which show the max-
imum amplitudes near the coastline and extend offshore from
the southwest coast of Greenland. The wave-like updrafts form
the plumes of hydrometeors to the north of the reverse tip jet,
while there is no hydrometeor within the mesoscale descending
motion coinciding with the reverse tip jet (Figs. 9 and 10).

The vertical cross section of this wave-like vertical wind along
the line X0–X1 in Fig. 11 shows that the ascending and descend-
ing motions extend to a height of 5 km from the surface (Fig.
12a). Updrafts and downdrafts alternately appear in the verti-
cal direction in a manner that is similar to what is found in a
gravity wave generated by an obstacle (e.g. Cotton and Anthes,
1989). A low-level divergence and convergence below 2000 m
form downdraft and updraft extending upward with the maxi-
mum amplitude at 2000 m, respectively (Fig. 12b). Divergence
and convergence also appears alternately in the vertical direc-
tion. These divergence patterns are consistent with the vertical
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Fig. 12. Vertical cross sections of (a)
vertical velocity (m s−1), (b) horizontal
divergence (10−4 s−1) and (c) total mixing
ratio of hydrometeors (g kg−1) along the line
X0-X1 in Fig. 11 at 0000 UTC, 22
December 2000 obtained from the numerical
experiment. The contour intervals are
(a) 0.1 m s−1 and (b) 1 × 10−4 s−1,
respectively.

velocity patterns in the point of the mass continuity. Figure 12c
shows the total mixing ratio of hydrometeors. The mixing ratio
more than 0.01 g kg−1 is present below a height of about 5000 m
for less than X = 250 km and more than 380 km. Some peaks
correspond to the maximum updrafts. On the other hand, in the
region between X = 250 and 380 km, the hydrometeor mixing
ratio is negligible and does not correspond to each updraft. In
this region, there is mesoscale descending motion coinciding
with the reverse tip jet and relative humidity is approximately
60–90% (not shown). This relative humidity appears insufficient
for a generation of hydrometeors.

The relationship of this wave-like pattern and the location of
topography is shown in Fig. 13. As shown in Fig. 1, there are
fiords along the coastal area of Greenland. The vertical velocity
(Fig. 13a) shows rising motion downstream of the valleys and
sinking motion on the lee sides of the hills. The vertical velocity
is in phase at least to a height of 3071 m. The horizontal diver-
gence field (Fig. 13b) shows a convergence in the downward side
of the valley and a divergence behind the hill in the low level.
This pattern becomes unclear at a height of 1549 m and then at a

height of 3071 m shows the opposite pattern with the low level.
The horizontal wind speed (Fig. 13c) also shows a wave-like
pattern. The wind speed at a height of 50 m is the largest along
the coastal region, decreases downwind, and changes about
5 m s−1 in the normal direction to the wave crest. The strong
wind lines appears to be located in the leeward side of hill tops
in fiords. These locations are almost same as those of downward
motions. Although the wind turns clockwise upward, less clear
wave-like pattern of wind speed is still seen along the coastal
region in the upper level.

Figure 14a shows the total surface heat flux, which is a sum
of latent and sensible heat fluxes. In the present study, only the
fluxes over the sea are discussed. The maximum total heat flux,
more than 300 W m−2, is co-located with the reverse tip jet (Fig.
6c). The region with total heat flux more than 100 W m−1 extends
westward along the surface streamlines from the maximum total
flux. There is also a region with large total heat flux along the
east coast of Greenland. The latent heat flux (Fig. 14b) shows
large values toward the west from Cape Farewell and near the
eastern coast of Greenland, which shows a similar pattern as
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Fig. 13. Horizontal displays of (a) vertical velocity (m s−1), (b) horizontal divergence (10−4 s−1) and (c) horizontal velocity vectors (arrows) and
wind speed (colour scales) at 0000 UTC, 22 December 2000 obtained from the numerical experiment. The fields at heights of 3071, 1549, 860 and
50 m are shown from upper to lower panels. The contour interval of wind speed in (c) is 1 m s−1. Altitude of topography is also shown at 200, 500
and 1000 m by thick solid lines in all the panels.

that of total heat flux. The maximum latent heat flux is more
than 150 W m−2. The locations of maximum latent heat flux are
scattered to the west of Cape Farewell. In addition, the moderate
latent heat flux extends northward in the west of Greenland. The
sensible heat flux (Fig. 14c) is also large in the strong wind
region of the reverse tip jet. The maximum value of the sensible
heat flux is more than 150 W m−2, which is comparable with
that of the latent heat flux. The positive sensible heat flux region
does not extend northward as compared with the latent heat flux.
The sharp edge shown in the total surface heat flux near the east
coast (Fig. 14a) is seen in both of the latent and sensible heat
fluxes (Figs. 14b and c).

In order to examine the pattern seen in the latent heat flux field,
the surface wind speed and the difference between the satura-
tion specific humidity at the SST (qs) and the specific humidity
of surface air (qa) are shown in Figs. 15a and b, respectively.
According to bulk theory, the latent heat flux is proportional
to both of the surface wind speed and qs−qa (e.g. Gill, 1982).
The large latent heat flux region corresponds to large surface
wind speed and moderate value of qs−qa. This air with mod-

erate qs−qa extends southward from the northerly wind region
along the east coast of Greenland. The contours of surface wind
speed (Fig. 15a) show a serrated pattern in just the west of
Cape Farewell. However this pattern is not present in qs−qa

(Fig. 15b). Therefore, the pattern of surface wind is responsible
for the fine structure in the maximum value of the latent heat flux.
It is interesting to note that in the wake region to the northwest
of the reverse tip jet, there is a maximum in qs−qa suggesting
that the wake is a region with very dry air. For the sharp edge of
the latent heat flux along the east coast, large gradients of both
the surface wind speed and qs−qa correspond to the edge and
are important for the formation of the sharp edge.

On the other hand, the sensible heat flux is proportional to the
surface wind speed (Fig. 15a) and the difference between the
SST (Fig. 1) and the surface air temperature (Fig. 16). A large
sensible heat flux associated with the reverse tip jet corresponds
to a large surface wind speed (Fig. 15a). In the vicinity of Cape
Farewell, a low air temperature extends westward within the
northerly wind extending from the Greenland east coastal region
(Fig. 16). This southward extension of cold air also contributes

Tellus 61A (2009), 4



522 T. OHIGASHI AND G. W. K. MOORE

Fig. 14. Surface heat fluxes (contours and
grey levels, W m−2) and surface wind
vectors (arrows) at 0000 UTC, 22 December
2000 obtained from the numerical
experiment. (a) Total heat flux, (b) latent
heat flux and (c) sensible heat flux. The
contour interval is 50 W m−2.

to the large sensible heat flux along the east coast of Greenland
and just in the south of Cape Farewell. The eastern edge of
the low air temperature field shows a sharp gradient. This large
gradient in temperature coincides with the large surface wind
speed (Fig. 15a) and moisture gradients (Fig. 15b), and they all
are associated with the band cloud formed along the eastern edge
of the reverse tip jet (Figs. 4, 9 and 10). The very dry region in
the wake region in the west of Greenland (Fig. 15b) corresponds
to a warm air at surface. This warm air decreases the temperature
difference between the sea and air. This suppresses the sensible
heat flux in the wake (Fig. 14c).

5. Discussion

In our simulation, the wind direction was northerly along the
east coast of Greenland in the low level (Figs. 6 and 15a). This is
consistent with composite analyses using the NCEP reanalysis
data (Moore, 2003) and the Quik-SCAT satellite data (Moore
and Renfrew, 2005). Moore (2003) and Moore and Renfrew
(2005) suggested that reverse tip jets are related to barrier winds

along the east coast of Greenland because this northerly wind
near the east coast is clearly different from the upstream east-
erly flow. In addition, this northerly flow was confined below
the inland topography of Greenland in the present study. For N
= 0.012 s−1 and U = 15 m s−1 in the upstream low-level flow
(62◦N, 38◦W), and h = 2000 m for the topography of southern
Greenland (Fig. 1a) for the present case, ĥ is 1.6, which indicates
the flow toward Greenland is easily blocked. In the following
discussion, we consider a parcel moving on a constant level
without vertical motion and that the ambient pressure gradient
is constant and is directed to the south, where the ambient field
means a field undisturbed by the Greenland topography. No tur-
bulent mixing is also taken into consideration. A conceptual
model showing acceleration processes of a parcel in the reverse
tip jet is shown in Fig. 17. From the simulation results (Fig. 8),
the flow is geostrophic far upstream of Cape Farewell. As the
parcel moves toward Greenland, it is blocked and decelerates.
At this point (point I in Fig. 17), the flow is subgeostrophic
and the pressure gradient force (|Fp|) exerted on the parcel is
greater than the Coriolis force (|Fc|). This results in a turning of
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Fig. 15. (a) Surface velocity vectors (arrows)
and wind speed (contours and grey levels,
m s−1) and (b) difference between saturation
specific humidity at ground and sea surface
temperature and specific humidity in the
surface air (g kg−1) at 0000 UTC, 22
December 2000 obtained from the numerical
experiment. The contour intervals are
(a) 2 m s−1 and (b) 0.2 g kg−1, respectively.

Fig. 16. Surface air temperature (◦C) at
0000 UTC, 22 December 2000 obtained
from the numerical experiment. The contour
interval is 1 ◦C.

the parcel toward the low pressure side, that is the left-side of
the geostrophic flow, and the parcel moves toward the south (the
northerly flow) along the east coast of Greenland (Fig. 5c). As the
parcel moves toward the Fp vector, it is accelerated and becomes
supergeostrophic (point II in Fig. 17). When the parcel continues
to be accelerated, Fc causes a turning of the parcel to the right-
hand side. This indicates an anticyclonic turning (Figs. 6c and
15a), as pointed out for the reverse tip jet in Moore and Renfrew
(2005). The parcel is finally directed to the high pressure side
and is decelerated by Fp (point III in Fig. 17). Godske et al.
(1957) pointed out that a flow toward an obstacle shows a strong
wind at the left corner of the obstacle in the northern hemisphere.
They referred to this effect of an obstacle causing a strong wind
as the ‘corner effect’. On the other hand, Barstad and Grønås
(2005, 2006) referred to similar strong winds over southern
Norway as the ‘left-side jet’. The eastern part of the reverse
tip jet appears to be a same type of strong wind as the jet by
the corner effect and left-side jet. Some literatures have also

mentioned the upstream turning of flows down the large-scale
pressure gradient (the left-side deflection in the northern hemi-
sphere) in crossing mountain ranges and the increase in the wind
speed of the flows (e.g. Smith, 1982; Skeie and Grønås, 2000).

In the northwest part of the reverse tip jet, motion in the low
level cannot be restricted at a constant level because of the pres-
ence of the topography (Fig. 6c). The quantitative contribution
to the jet formation by the vertical motion should be carefully
estimated in future work.

The deflected northerly wind along the east coast of Green-
land makes a convergence with the ambient easterly flow. This
dynamical orographic effect appears to be the primary role to
make the convergence line. In addition, the deflected northerly
flow causes cold advection from Greenland toward the sea (not
shown) to make the sharp temperature gradient near the sur-
face along the convergence line (Fig. 16). These results in the
long moderate updraft (Fig. 11) and relatively tall banded cloud
(Figs. 9 and 10) along the east coast of Greenland and the

Tellus 61A (2009), 4



524 T. OHIGASHI AND G. W. K. MOORE

Fig. 17. Conceptual model showing acceleration processes of a parcel
in the reverse tip jet. A thick grey line with an arrow indicates the
trajectory of the parcel. Thin, solid, and white arrows represent the
wind (v), pressure gradient force (Fp), and Coriolis force (Fc) vectors,
respectively. The geostrophic wind is designated by vg . At the points I,
II and III, the flows is subgeostrophic, highly supergeostrophic and
moderately supergeostrophic, respectively.

eastern edge of the reverse tip jet. This band was also confirmed
in satellite images during this reverse tip jet event (Fig. 4a). This
narrow banded cloud coincides with sharp gradients of wind
speed (Fig. 15a), temperature (Fig. 16), and moisture (Fig. 15b)
of surface air. These cause a sharp contrast of surface heat flux
across the banded cloud (Fig. 14).

A wave-like change of horizontal wind speed shown in
Figs. 11–13 appears to correspond to the topography of the
fiords along the coastal region of Greenland, namely, local max-
ima of horizontal wind speed was present in the lee side of hill
tops associated with fiord topography. We consider this flow as-
sociated with fiords as that over a mountain ridge with a gap.
Saito (1993) showed a regime diagram of flows over a mountain
ridge with a gap as a function of the non-dimensional moun-
tain height. From his simulation result, upstream wind speed
on the surface is accelerated in the lee of both the gap and the
peak. However, the locations of the wind speed maxima on the
surface are different among the regimes. For the low mountain
case (ĥ � 1), the maximum wind speed is present in the lee
side of the peak, which corresponds to downslope winds. On the
other hand, for the very high mountain case (ĥ >∼ 2), strong
winds are seen in the lee of the gap and weak winds behind
the peak. This high winds formed in the lee of gap correspond
to gap winds. In the middle height case, wind speed maximum
associated with hydraulic jump is present just behind the peak,
and then, in farther downstream, wind speed maximum is seen
in the lee of gap. Pan and Smith (1999) also performed similar
simulations and their results are consistent with Saito (1993).
In the vicinity of Cape Farewell, topography associated with
fiords is isolated from large topography located in the centre of
Greenland and flat and low-altitude ground extends in the up-
stream (northeast) of fiords. For this fiords, the low-level (less
than about a height of 1100 m) atmospheric stratification N in

the upstream part (60.4◦N, 43.7◦W) is 0.015 s−1, the upstream
surface velocity is more than 20 m s−1, and a height of peak is
less than 1000 m. Then, the non-dimensional mountain height
is less than 0.75, in which a wind speed maximum appears in
the lee of the peak according to Saito’s regime diagram. This is
consistent with the flow around fiords in the present case. There-
fore, the wave-like pattern can be related to downslope winds
behind mountains with fiords.

Although the wave-like pattern was located within the reverse
tip jet in the present case, this is also seen in the wake to the
north of the reverse tip jet. This indicates that the momentum
transports associated with the wave-like vertical winds do not
explain a whole formation of the reverse tip jet. However, this
fine wave-like wind speed maxima can cause much stronger
winds to local areas superimposing on the strong wind region
associated with more wider Greenland topography (Fig. 13c).

6. Summary

A reverse tip jet was formed from 21 to 22 December 2000 in the
vicinity of Cape Farewell, which is located at the southern tip of
Greenland. The fine structures of the reverse tip jet are studied
using a numerical model, Cloud Resolving Storm Simulator
(CReSS), with a horizontal resolution of 3 km to understand the
non-composite feature of reverse tip jets.

When a synoptic-scale cyclone propagated toward Iceland
over the North Atlantic, high and low pressure region were
formed at the north and the south around Cape Farewell, re-
spectively. This resulted in easterly surrounding wind around
southern Greenland. Farther upstream of Greenland at a height
of 500 m, the wind speed was comparable with the geostrophic
wind speed which was 15 m s−1. In this situation, a reverse
tip jet formed from the southeastern coast of Greenland to the
west of Cape Farewell. The maximum wind speed in excess of
45 m s−1 was present at a height of 500 m near the coast to the
west of Cape Farewell. Along the upwind coastal region, the
wind direction below a height of 2000 m was northerly and was
directed from the high pressure side to the low pressure side.
The wind speed in the reverse tip jet region was significantly
larger than that of the upstream flow and was highly super-
geostrophic. This flow anticyclonically turned along its stream-
line and was finally directed toward the high pressure side against
the pressure gradient force. This anticyclonic turning is consis-
tent with a composite feature shown in Moore and Renfrew
(2005).

Along the east coast of Greenland and eastern edge of the
reverse tip jet, a banded cloud was formed. This band was lo-
cated between the northerly flow deflected by Greenland and the
upstream easterly flow. The location of the band also coincided
with a large gradient of temperature between cold air along the
coast and the warmer upstream air in the low level. The cold
air was caused by cold advection with the Greenland-deflected
northerly flow. This temperature contrast could somewhat
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contribute to the formation of the band. The large gradients
of wind speed, temperature, and moisture along the band cloud
resulted in a sharp gradient of surface heat flux. Within the re-
verse tip jet, a cloud free region was present. This feature would
indicate that a mesoscale descending motion was present in this
region. This cloud free region also corresponds to the anticy-
clonic flow part. To the north of the cloud free region coincident
with the reverse tip jet, hydrometeors were significant again. The
hydrometeors in this region were formed by wave-like updrafts.
The wave-like vertical velocity pattern appears to be related to
downslope winds behind the mountain peaks with fiord topog-
raphy present in coastal Greenland and propagate vertically as
gravity waves. This updraft pattern was consistent with the low-
level divergence below a height of 1500 or 2000 m. Although the
wave-like updrafts were seen along the southwest of southern
Greenland, no hydrometeors were formed in not so high relative
humidity within the reverse tip jet. The wave-like pattern seen
in the lee side of Greenland made a fine distribution of surface
heat flux.

The total heat flux more than 300 W m−2 from the sea surface
coincided with the reverse tip jet. Both maxima of latent and
sensible heat fluxes were 150 W m−1 and were located at almost
the same region as the maximum of total heat flux. This large
surface heat flux to the southwest of Cape Farewell is located
in the vicinity of a deep mixed layer region of ocean shown in
Lavender et al. (2002). To the northwest of the reverse tip jet,
very dry and warm air was present. The dry and warm air in
this region could imply a descending flow in a wake behind the
high Greenland topography. The very dry air allows for moderate
latent heat fluxes. On the contrary, higher surface air temperature
suppresses sensible heat flux. Therefore, the total heat flux is not
large in the wake.

As mentioned in Moore (2003) and Moore and Renfrew
(2005), barrier winds can be responsible for the strong wind of
the reverse tip jet along the eastern coast of Greenland because
the upstream non-dimensional mountain height ĥ was more than
1 and, as a result, the flow was easily deflected by the Greenland
topography. The wind speed of the blocked flow once decreases.
This appears to correspond to the subgeostrophic flow along the
east coast of Greenland. Then, this subgeostrophic flow is turned
toward the low pressure side with the decreased Coriolis force
and is accelerated by the pressure gradient force. This would
finally cause the highly supergeostrophic flow with anticyclonic
curvature which was seen in the core of the reverse tip jet. In
the above-mentioned mechanism, a vertical motion is not neces-
sarily present. However, in the northwest part of the reverse tip
jet, the flow needs to move vertically because of the presence of
the Greenland topography. This quantitative contribution of the
vertical motion to the formation of the reverse tip jet remains
to be studied. The wave-like pattern, which would be related to
fiords along the coast, in the lee side of Greenland locally caused
the fine wind maxima superimposing on the whole reverse tip
jet region.

The routine observations are insufficient to validate whole
structures obtained by simulations. It is expected that the aircraft-
based field campaign, which was performed around Greenland
(Renfrew et al., 2008), provides a lot of observational evidence.
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