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ABSTRACT

The island of St. Vincent and the other Windward Islands in the southeastern Caribbean were chosen as a
field site for the study of weak mountain wakes. By the authors’ definition, a ‘‘weak wake’’ forms when the
potential vorticity generated by a mountain is not strong enough to advect itself into eddies; rather, it is simply
advected downstream by the ambient flow. GOES-8 and Landsat sunglint images unambiguously revealed that
the mountainous Windward Islands have remarkably long straight wakes. The length of St. Vincent’s wake
exceeds 300 km although its width is only 20 km. Near the islands, the wake structures reflect the details of
the island topography. These wakes do not exhibit any obvious diurnal effect.

Boat surveys in the lee of St. Vincent confirmed the existence of features seen in the images: the sharp wake
boundary, the small valley-induced jet embedded in the near wake, and the absence of any reverse flow. Aircraft
surveys gave evidence of descent over the island and showed that the wake air is relatively warm and dry. The
length of the wake (L) agrees with the formula L 5 H/2CD (where H is the wake depth and CD is the surface
drag coefficient), implying that the reacceleration of the wake air is caused by the ambient streamwise pressure
gradient rather than by lateral entrainment of momentum or geostrophic adjustment.

Two numerical models were used to simulate St. Vincent’s wake, a single-layer hydrostatic model and a 3D
nonhydrostatic model. Both models indicated that air descent, acceleration, wave breaking, and weak potential
vorticity generation occur over the island, causing a long straight wake.

1. Introduction

Mountain wakes are significant in dynamical mete-
orology because they relate to mountain drag and be-
cause wakes can influence meteorological events down-
stream of their generating terrain. For the present pur-
poses, we define the mountain wake to be composed of
air parcels with modified Bernoulli constant or potential
vorticity (PV). This modification takes place when the
air parcels are in the vicinity of a mountain, by wave
breaking or other dissipative processes (Smith 1989a,b;
Schar 1993). This wake definition, together with the
material conservation of PV, means that the wake will
behave like a streakline, that is, a locus of points in a
fluid that has passed through these dissipative zones. In
unsteady flow, the wake will be a complicated region
but will comprise the same air parcels that would contain
a dye if dye was added continuously in the dissipative
wave breaking regions.
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Mountain wakes should not be confused with lee
waves. Because of their propagation properties, moun-
tain-induced internal gravity waves may also be found
in the lee of an obstacle. In general, however, the region
containing propagating lee waves is far more wide-
spread than the wake, both laterally and vertically.
Mountain lee waves may also be carrying off momen-
tum associated with mountain drag, but unlike the wake,
the lee waves are not fundamentally related to a dissi-
pative process and they do not contain a modified Ber-
noulli constant or PV.

The theory of mountain wakes has recently been de-
veloped within the context of a shallow-layer stratified
fluid model (Schär and Smith 1993a,b; Smith and Smith
1995; Grubis̆ić et al. 1995). According to this model,
when a mountain ridge of sufficient height has a cross-
flow orientation, the flow will accelerate over the ridge
crest to a supercritical speed followed by a hydraulic
jump. The dissipation in this jump will decrease the
Bernoulli constant of the fluid passing through it and
will generate banners of positive and negative potential
vorticity at the ends of the jump. If the vorticity gen-
eration is weak, it will be carried directly downstream
by the ambient flow. If the vorticity generation is strong,
it may advect itself into eddies. According to Grubis̆ić
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FIG. 1. A wake regime diagram with coordinates related to the
mountain height and a bottom friction parameter. Four wake regimes
are indicated. The structure of this diagram was suggested by the
work of Schär and Smith (1993) and Grubis̆ić et al. (1995). The exact
locations of the regime boundaries are unknown.

et al. (1995), the self-advection may operate in two
ways. With little bottom friction, the wake will become
unstable and periodic eddy shedding will occur. With
more bottom friction, a pair of steady counterrotating
eddies will form in the lee. Bottom friction can also be
a source of PV, but in the parameter space examined by
Grubis̆ić et al. (1995) this was a minor effect. Its primary
role was to control the stability of the wake.

Four possible mountain flows are summarized in the
schematic regime diagram (Fig. 1), whose general form
is suggested by the work of Schär and Smith (1993a)
and Grubis̆ić et al. (1995). This diagram includes two
independent control parameters: the ratio of mountain
height h to the critical height for wave breaking hc and
a special Reynolds number derived for shallow flow
with bottom friction (Re 5 H/(CDL). In this expression,
H is the layer depth, CD is the friction coefficient at the
lower boundary, and L is a characteristic horizontal
scale. If the mountain height is less than the critical
height for wave breaking, no PV will be created and no
wake will exist. For h slightly greater than hc, a small
amount of PV will be generated and will be carried
downstream. We refer to this pattern as a ‘‘weak wake,’’
as the PV is too weak to advect itself into closed eddies.
For h considerably greater than hc, strong PV generation
and self-advection of vorticity into eddies will occur.
Depending on the shallow-water Reynolds number,
these eddies will either form stationary lee eddies or
shed periodically and drift downstream.

Observations of mountain wakes have thus far been
done most effectively near mountainous islands. The
isolated geometry, among other reasons, simplifies the
observing problem for islands. Numerous examples of

‘‘strong wake’’ eddy shedding have been seen in cloud
patterns from satellite (Hubert and Krueger 1962; Cho-
pra 1973; Etling 1989; etc.), although no in situ mea-
surements have been reported. One well-known ex-
ample of shedding eddies is the wakes of the Aleutian
Islands during steady northerly flow. The wake of Ha-
waii was surveyed with a research aircraft in 1990, re-
vealing a pair of large quasi-stationary eddies in the lee
(Smith and Grubis̆ić 1993).

The objective of this study is to verify the existence
of weak mountain wakes in the earth’s atmosphere and
to learn something about their dynamics.

2. The island of St. Vincent

After a broad search, the Caribbean Windward Is-
lands, including the island of St. Vincent, were selected
as a test site for these investigations. These islands have
several advantages for wake studies, as discussed below.

The Windward Islands in the Lesser Antilles form a
north–south oriented chain of volcanic islands from 128
to 168N along the 618W meridian. This chain includes
Dominica, Martinique, St. Lucia, St. Vincent, and Gre-
nada. The mountainous terrain of these islands is shown
in the view-from-the-east profile given in Fig. 2. As
their name implies, the Windward Islands lie in a belt
of steady easterly trade winds. Except for the island of
Barbados, there are no obstacles upstream of the Wind-
wards for 4000 km. The peaks of the islands reach about
halfway to the altitude of the trade wind inversion.

The island of St. Vincent has the simplest topography
of the Windward Islands. The cone of Soufriere at the
north end of the island reaches to about 1100 m, while
the irregular ridge in the middle and southern part of
the island approaches 1000 m. A gap, just to the south
of Soufriere, is evident in Figs. 2 and 3. Mount Soufriere
is known to have erupted twice in recent times. In both
instances, observers used the shape of the spreading ash
clouds to interpret the local airflow patterns. Flamma-
rion (1874) noted that the ash falls on Barbados follow-
ing the 30 April 1812 Soufriere eruption gave evidence
of the countertrades (i.e., westerlies) aloft. The eruption
on 17 April 1979 was examined with lidar (Fuller et al.
1982) and with photography (Barr 1982) for evidence
of nonuniform stratification in the local atmosphere.
Neither the 1812 nor the 1979 observations gave evi-
dence of St. Vincent’s wake.

St. Vincent and the other Windward Islands have a
number of advantages for wake studies. As with any
island, the surrounding ocean surface simplifies the air-
flow geometry and allows boat and low-level aircraft
surveys. The ocean surface also acts as a flow visual-
ization medium, as the reflection of electromagnetic ra-
diation from the sea surface is affected by short-wave-
length wind-induced ocean waves. During Northern
Hemisphere winter, the Windward Island region is gen-
erally free of midlevel and cirrus clouds that could ob-
scure satellite images. The low latitude of these islands
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FIG. 2. Terrain profile of the four Windward Islands from 138 to 168N latitude. The vertical scale
is exaggerated. The altitudes of cloud base (cb) and the trade wind inversion are indicated.

FIG. 3. The smoothed topography of St. Vincent. The contour in-
terval is 70 m. The actual maximum height of Soufriere on the north
end of the island is 1178 m.

also makes it possible to obtain reflected light ‘‘sun-
glint’’ images from equatorially orbiting geostationary
satellites. The low-lying island of Barbados, about 180
km upstream of St. Vincent, provides a convenient site
for balloon soundings. An additional advantage of the
Windward Island region is that the properties of the local
trade wind convective boundary layer have been exten-

sively studied in the BOMEX Project (see Siebesma and
Cuijpers 1995 and references therein).

There have been four previous studies of wakes in
the Lesser Antilles. Strong et al. (1974) discussed sun-
glint from these wakes as they appeared in images from
the Very High Resolution Radiometer instrument on
NOAA-2. Cram and Hanson (1974) used ERTS-1 images
to argue that the wakes are caused by the mountains on
the islands. Needham (1976) compared Landsat sunglint
images of St. Vincent with images of Pulu Bawean in
the Java Sea. Fett and Bohan (1981) discussed a Defense
Meteorological Satellite Program and a Landsat image
of St. Vincent. The recent improvement in satellite sen-
sors and image analysis software, together with in situ
measurements and numerical models will enable us to
extend these earlier studies and learn more about island
wakes.

3. Sunglint patterns

a. GOES imagery

Under favorable conditions, satellite images of sun-
glint provide a useful tool for observing wind patterns
over the sea (Cox and Munk 1954a,b; Fett and Burk
1981; Fett and Isaacs 1979; Fett and Rabe 1976; Khattak
et al. 1991; Johnson et al. 1994; Maul and Gordon 1975;
McClain and Strong 1969; Strong and Ruff 1970). As
shown by Cox and Munk (1954a), the probability dis-
tribution function for ocean wave slopes is nearly
Gaussian with a variance (s2) that is proportional to the
wind speed. For example, a wind speed of 10 m s21 will
give rise to a wave slope variance of s2 5 0.04, while
a 5 m s21 wind will give half that variance. The slope
variance controls how the sun’s direct beam is reflected
from the sea surface. In an island wake, with slow winds,
the relatively smooth sea surface will give increased
specular reflection and decreased diffuse reflection. The
opposite is true for the rougher sea surface regions out-
side the wake, which experience a higher windspeed.
The primary disadvantage of the sunglint method is that



1 MARCH 1997 609S M I T H E T A L .

FIG. 4. GOES-8 channel-1 (visible) images of the Windward Islands
showing patterns of sea surface sunglint at two different illumination
angles on 5 May 1995: (a) 1315 UTC and (b) 1515 UTC. Martinique
is at the northern edge of the frame. Grenada is totally obscured by
clouds in the southern part of the frame.

FIG. 5. Similar to Fig. 4 but on 6 May 1995: (a) 1315 UTC and
(b) 1515 UTC. Martinique is partly visible at the northern edge of
the scene. The Peninsula of Paria near Trinidad is located near the
sourthern edge of the scene.

the appearance of an island wake is sensitive to the sun–
satellite geometry, and thus it will change rapidly with
time of day and with location within a particular scene.
When an island is near to the specular point, its wake
will appear bright while the surrounding ocean surface
will be relatively darker. When the island is farther away
from the specular point, the wake will be darker than
the surrounding rougher sea surface. There is one useful
aspect of this angle sensitivity. A dramatic change in
wake appearance over a 2-h interval provides unam-
biguous evidence that ocean wave slopes are being ob-
served—as opposed to whitecaps, suspended particles
or plankton, atmospheric haze, or clouds—all of which
give primarily diffuse reflection, that is, reflection that
is relatively insensitive to sun angle.

Figures 4–6 show pairs of GOES-8 sunglint images
of the Windward Islands recorded during May 1995.
One striking aspect of these images is the shift from a
dark to a bright wake over a 2-h interval. This shift
provides evidence that we are seeing the wake expressed
by specular sunglint. In all three cases, the wake length
exceeds 300 km. The wake edges remain quite sharp,
even at a distance of 200 km downstream from the is-

lands. The island of Barbados, which lies just off the
images to the right, generates no wake. We will verify
this result in section 3b. The lack of a wake from Bar-
bados is presumably due to its lack of substantial moun-
tains.

The wakes in Figs. 4–6 are remarkably free of clouds,
even when the wake passes through dense clusters of
tradewind cumuli. On the other hand, there is a tendency
for a thin row of cumulus clouds to occur just along
the wake boundaries, as has been noted by previous
authors.

The pair of GOES images in Fig. 4 shows that the
sinusoidal waviness in the far wake has moved notice-
ably westward over a 2-h interval. This pattern shift
corresponds to a speed of 6–8 m s21. Such a drift speed
agrees with the range of speeds measured at the 850-mb
level by the Barbados balloon soundings, suggesting
that the motion of this feature could be caused by at-
mospheric advection. In any case, the rapid movement
of the waviness confirms that the sunglint wake of St.
Vincent is an atmospheric feature, not an oceanic feature
such as a surface oil slick. A surface slick could move
little faster than the ocean currents (e.g., a few centi-
meters per second).
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FIG. 6. Similar to Fig. 4 but on 30 May 1995. (a) 1315 UTC and
(b) 1515 UTC.

b. Landsat imagery

Figure 7 shows a composite strip of four Landsat
multispectral scanner (MSS) scenes from 24 March
1986. At 1000 LST (1400 UTC), when the image was
acquired, the sun and satellite were in positions leading
to a dark wake in sunglint. While the image does not
extend as far downstream as Figs. 4–6 do, the smaller
pixel size of 80 m allows many details to be seen. These
details can be made clearer by zooming on each island
as is done in Figs. 8 and 9.

It is interesting to compare the near-field sunglint-
derived wake structure with the island profiles in Fig.
2. The island of Dominica (Fig. 9a) generates a broad
wake. Within the wake, two small bright regions point-
ing westward from the coast are evident. We interpret
these regions as wind jets downstream of the two passes
in the Dominican ridgeline shown in Fig. 2. Also evident
are bright patches north and south of the island. These
patches arise from the airflow acceleration around the
northern and southern tips of the island. The island of
Martinique (Fig. 9b) generates a wake from the large
mountains in the north and a weak wake from the south-
ern hills. In the middle of the northern wake is a wind

jet corresponding to the pass (latitude 14.78N) shown
in Fig. 2. St. Lucia (Fig. 9c) generates a wake from the
higher mountains on the southern part of the island. The
wake, and the ridgeline altitude, diminish toward the
north.

The wake of St. Vincent is shown in Fig. 9d. The
north–south dimension of the wake corresponds ap-
proximately to the entire length of the island as, ac-
cording to Fig. 2, the mountain ridge itself extends from
nearly tip to tip. The wake is very well defined, with
sharp edges, over the entire 140-km portion of the wake
shown in this figure. The wake is free of clouds, even
where it penetrates through a field of cumulus clouds
in the western part of the image. A region of decelerated
winds is seen upstream of the island, probably caused
by orographic blocking. Regions of accelerated winds
are seen just outboard and downstream of the north and
south tips of the island. Such a feature could be called
a ‘‘corner wind.’’

Figure 8 shows a more detailed Landsat zoom of St.
Vincent. For even greater spatial resolution, we have
used a Landsat thematic mapper (TM) image taken at
the same time as the MSS images in Figs. 7 and 9a–d.
The TM image has a pixel size of 30 m. The wake
boundaries and the brighter acceleration zones north and
south of the island are clearly seen. A wind jet is present,
emanating from the pass just south of Soufriere. The
volcano itself is evident in the image, as is a small river
indicating the position of the pass.

One interesting detail in this high-resolution image is
the periodic wavelike brightness pattern along the north-
ern shear line, just west of the island. A very similar
feature occurred in the Landsat image of St. Vincent
from 1973, discussed by Fett and Bohan (1981). This
feature is probably a modification of ocean surface wave
amplitudes by ocean internal waves. The wavelength of
these waves is about 1.5 km.

Two other Landsat MSS images of St. Vincent have
been analyzed: 3 January 1986 and 5 October 1987
(not shown). Both of these images show well-defined
sunglint wakes, but in neither case are the wakes as
long and clear as in the 24 March 1986 case shown
in Figs. 8 and 9d. The 3 January case requires careful
image enhancement to make the wake evident. This
difference is due to a less favorable sun angle for
sunglint. In October, and especially in January, the
sun is in the Southern Hemisphere. From the location
of the satellite over the island of St. Vincent at 148N,
the point of specular reflection is well south of the
island.

For comparison with the mountainous islands dis-
cussed above, we show a Landsat MSS image of flat-
lying Barbados in Fig. 9e. Although the sun–satellite
geometry is appropriate for sunglint at the time of the
image, no sunglint wake is seen. This is not a surprise
as the highest point on Barbados, Mt. Hillaby, is only
336 m high, about one-third the height of the volcanic
islands in the main Windward Island chain (Fig. 2). It
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is well known that Barbados generates a long trail of
cumulus clouds extending westward in the afternoon,
but this feature is not a wind wake as we have defined
it. It also has a ‘‘thermal’’ wake as discussed in section
6b. Apparently, neither the roughness nor the warmth
of the Barbados surface produces a significant wind
wake.

In summary, the temporal comparison of GOES im-
ages in Figs. 4–6 and the island-by-island comparison
of Landsat images in Figs. 7–9 indicate that the Wind-
ward Islands have long mountain-generated atmospheric
wakes made evident by a smoother sea surface. Near to
the islands, the detailed structures of the wakes reflect
the mountain and pass geometry of the island terrain.

4. Field observations

In order to verify the interpretation of sunglint pat-
terns and to determine some physical characteristics of
the wake, a short field program was carried out near St.
Vincent from 22 January to 15 February 1995. Due to
limited funds, the goal of the field program was re-
stricted to the identification of the gross properties of
the near-island airflow using simple portable instru-
ments. Two types of observations were carried out:
small boat surveys of wind in the near wake and aircraft
measurements of temperature and humidity over the is-
land and in the near wake. In addition, qualitative ob-
servations of cloud drift, wind strength, and ocean wave
patterns were made from coastal vantage points.

In order to map out the pattern of surface wind in
the wake over the sea, a 20-ft skiff was outfitted with
a wind vane and a cup anemometer, a laptop computer,
and a global positioning system (GPS) unit. During the
survey, the boat maintained a speed of about 8 knots
(5m s21). The boat-relative wind was measured by the
anemometer every 2 s while the GPS system gave the
boat speed and direction over the earth. With the as-
sumption that boat heading was equal to the direction
of the boat movement vector, the absolute wind could
be easily determined. One survey was accomplished
across the southern shear line, and four across the north-
ern shear line. The detailed structure and position of the
shear lines varied from day to day due to changes in
the trade wind flow direction. The clearest steadiest ex-
ample of northern shearline structure was found on 6
February 1995 (Fig. 10). At the beginning point of the
survey (latitude 13.288N), the measured winds were
light and variable. A short distance to the north
(13.298N), a sharp-edged jet of wind was encountered
that continued to be felt until reaching a latitude of
13.358N. Weak winds then prevailed until the acceler-
ated trade winds were encountered at 13.388N. Based
on the appearance of the sea surface between the boat
and the coast, we could identify the jet between 13.298
and 13.358N as a gap-induced feature. The calm region
from 13.358 to 13.388N could be clearly identified as
the wake behind Soufriere.

In addition to the boat surveys, three aircraft surveys
were carried out. These missions used a Cessna 402
twin-engine propeller aircraft equipped with redundant
thermocouples for measuring temperature, a Vaisala
Humitter for humidity, redundant bellows pressure sen-
sors, and a GPS unit. A laptop computer was used as
a datalogging system. Each mission lasted about 1 h
and was composed of three parts: an upstream ther-
modynamic sounding, a level leg downwind across the
island, and a low-level north–south leg across the wake.
Data from the flight on 10 February 1995 are shown in
Fig. 11.

The upstream sounding (Fig. 11a) gives temperature
and humidity as a function of pressure altitude from 600
to 3000 m. The base of the sounding at z 5 600 m is
near to the cumulus cloud base, and we can assume that
the lapse rate is adiabatic below this level. This as-
sumption would give a surface temperature of 268C, a
reasonable value for February in this tropical region.
Above 600 m, the temperature decreases with a lapse
rate of dT/dz 5 26.18C km21 until the inversion is
reached at 2400 m. Above the inversion lies an iso-
thermal layer. Observed cumulus clouds had tops from
1600 to 2400 m altitude.

The relative humidity in the cumulus layer decreased
from 60% at 600 m to 25% at 2400 m. Above the
inversion, the humidity is less than 10%, the lower limit
of accuracy for our sensor. These thermodynamic pro-
files agree qualitatively with the Barbados sounding on
the same day and with soundings by previous investi-
gations in this region (e.g., Siebesma and Cuijpers
1995). These profiles will be used in section 6 to esti-
mate the role of stratification in wake formation and in
section 7 to set the upstream conditions for two nu-
merical models.

The cross-island leg is shown in Fig. 11b. The bot-
tom panel shows that the aircraft maintained a constant
altitude of 1700 m, slightly less than twice the moun-
tain height. Due to clouds over the upwind side of the
island, the cross-island leg could not be done safely at
a lower altitude. Both the temperature and relative hu-
midity show evidence of descending air beginning up-
stream of the ridge crest. The temperature climbed by
about 38C in the wake, and the relative humidity fell
from 58% to 30%. Using the upstream profiles of tem-
perature and mixing ratio in Fig. 11a, these thermo-
dynamic changes would be consistent with an air parcel
descent of at least 500 m. The level of turbulence on
the cross-inland leg was light to moderate. If there is
strong turbulence present over the lee slopes of St.
Vincent, it is probably located at an altitude below the
aircraft traverse at 1700 m.

The cross-wake leg (Fig. 11c) was done at an altitude
of about 470 m, slightly below cumulus cloud base and
about half the mountain height (see the lowest panel in
Fig. 11c). The air in the wake at this level was about
1.58C warmer (22.08C instead of 20.58C) than the air
to the north and south of the wake. The mixing ratio
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FIG. 9. Landsat MSS images showing sunglint patterns near
individual Windward Islands: (a) Dominica, (b) Martinique, (c)
St. Lucia, (d) St. Vincent, and (e) Barbados. Scenes (a)–(d) are
from 24 March 1986. Scene (e) is from 18 May 1991. The color
representation is 421-RGB.

was reduced from 11.5 to 10 g kg21. This higher tem-
perature and lower mixing ratio would be consistent
with the downward mixing of drier, potentially warmer
air from aloft. The difference in virtual temperature be-
tween the wake and its environment was also about
1.58C, indicating that the wake air was less dense than
its surroundings.

The in situ observations of St. Vincent’s wake could
be summarized as follows. From the boat surveys, the

interpretation of satellite sunglint patterns as surface
wind variations was confirmed, including the lack of
reverse flow and the existence of the near-wake jet,
south of Soufriere. The sharpness of the sunglint wake
boundary was also verified. The cross-wake aircraft sur-
veys indicated that the wake air was warmer and drier
than the air outside the wake. The cross-island aircraft
survey showed descent over the mountain top and that
the wake was warmer and drier than the air upstream.
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FIG. 10. Surface wind vectors near the northern edge of St. Vin-
cent’s wake as determined from a small boat survey on 6 February
1995. The northern shearline is marked with a dashed line.

5. Wave breaking and wake generation

The existence of St. Vincent’s wake implies both that
potential vorticity is produced and that the Bernoulli con-
stant is decreased by dissipative processes over the island.
The equivalence of these two statements is discussed by
Schär and Smith (1993a, hereafter SS93a) and Schär
(1993). The dissipation over the island is probably caused
by one of two processes: wave breaking or boundary
layer turbulence. The control of the wake by terrain
height suggests, but does not prove, that gravity wave
breaking is the dominant mechanism. Wave breaking is
known to have a ‘‘threshold’’ behavior, where small dif-
ferences in mountain height (h), wind speed (U), and
stability (N) can make the difference between flows with
and without breaking. This hypothesis can be checked
against existing criteria for the onset and persistence of
wave breaking. Because the east–west half-width of the
St. Vincent terrain (ax ø 4 km) exceeds the characteristic
gravity wave horizontal scale (U/N ø 1 km), we apply
hydrostatic theories in trying to judge the likelihood of
wave breaking. Furthermore, because the horizontal as-
pect ratio of St. Vincent (ay/ax) is greater than 2, the
simpler two-dimensional theory can give a useful esti-
mate of the critical condition for the onset of wave break-
ing (Smith 1989c; Stein 1992; Smith and Grønås 1993).
One must be careful not to apply other aspects of 2D
theory to the St. Vincent problem, however. The gen-
eration of PV, upstream blocking, the downwind extent
of supercritical wind flow, and wake instability are all
inherently three-dimensional issues.

For environments with uniform stratification and am-
bient wind, wave breaking will occur for a nondimen-
sional ridge height greater than 5 hN/U 5 0.85 forĥ

a Witch-of-Agnesi shape (Huppert and Miles 1969). In
the present case, if we choose an average lapse rate of
25.58C km21, U 5 9 m s21, h 5 1000 m, we obtain
the value of 5 1.3, clearly suggesting wave breaking.ĥ
With this lapse rate, only a wind speed in excess of 14
m s21 would avoid wave breaking.

We can proceed further on the question of wave
breaking by using a 2D numerical model (see section
7b) to take into account the actual upstream temperature
structure. This structure is estimated from the Barbados
sounding and the aircraft sounding. A calculation using
the observed upstream temperature structure, a uniform
wind of U 5 6.5 m s21, and a 1-km high Witch-of-
Agnesi ridge with ax 5 4.0 km is shown in Fig. 12. The
pattern of isentropes in Fig. 12 reveals descent and rapid
acceleration of a type first simulated by Clark and Peltier
(1977) and derived theoretically by Smith (1985). The
descent primarily involves the isentropes in the trade
wind cumulus layer, not in the sharp trade wind inver-
sion itself. This calculation indicates that the concen-
trated stratification in the trade wind inversion is at too
high an altitude to be significantly disturbed by a 1-km
high ridge for typical trade wind speeds of 5–8 m s21.
Thus, the descent over the Windward Islands, leading
to wave breaking and wake formation, is dependent on
the buoyancy stratification in the trade wind cumulus
layer beneath the inversion.

A shallow-water formulation can also be used to ex-
amine the question of wave breaking. For this purpose,
we define a potential temperature thermal interface of
strength Du at a height H to represent the stable strat-
ification in the trade wind cumulus layer, the layer be-
tween 600 and 2400 m. From this layer, we estimate Du
5 88C and H 5 1500 m. These choices give a height
ratio M 5 h/H 5 0.67 and and a Froude number Fr 5
U/ g9H 5 0.4. These values for the nondimensionalÏ
control parameters M and Fr suggest that supercritical
acceleration and a hydraulic jump will occur (SS93a).
Alternatively, one might choose parameters to represent
the trade wind inversion itself. A layer depth of H 5
2500 m would give a lesser M 5 0.4 and a similar
Froude number (in spite of the increased stability), ren-
dering it less likely that supercritical flow could occur.
In section 7a, the parameter sensitivity of the shal-
low-water model will be considered again as we use it
to calculate the three-dimensional structure of the wake
behind St. Vincent.

In spite of the evidence given above, that density
stratification effects can cause a wake, an alternative
mechanism should be considered. It is well known from
the fluid dynamics literature that even in a homogeneous
fluid, boundary layer separation can cause drag and gen-
erate a wake. In the case of St. Vincent, the eroding
volcanic terrain is very rugged and some boundary layer
separation, at least on scales of a few hundred meters,
is likely. In a comparison of these two theories, the
strong control of the wake by terrain height, the lack of
a wake from Barbados, and the observed leeside descent
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FIG. 11. Aerial survey of temperature and humidity near St.
Vincent on 10 February 1996. (a) upstream sounding, (b) east–
west cross-island flight, and (c) north–south cross-wake flight.

over St. Vincent would seem to favor the deep ‘‘strat-
ification’’ mechanism over the ‘‘boundary layer’’ mech-
anism. Also, the lack of a diurnal effect on the wake
would probably favor the deep mechanism as the diurnal
variation of boundary layer structure would alter the
way that separation occurs.

6. The length of the wake

a. Acceleration mechanisms

There are three mechanisms that could accelerate the
wake air and restore its original momentum: classic geo-
strophic adjustment, acceleration by the streamwise
pressure gradient, and entrainment of faster-moving air
from the sides or the top of the wake. The great length
of St. Vincent’s wake implies that none of these mech-
anisms are very effective.

According to the concept of geostrophic adjustment
(Blumen 1972), a subgeostrophic strip of fluid will ad-
just by moving laterally, that is, to the left in the North-
ern Hemisphere. During the lateral movement, two
things happen. The original cross-stream pressure gra-
dient accelerates the flow, and the changes in the strat-
ification aloft weaken the cross-stream pressure gradi-
ent. Either the former or the latter mechanism will dom-
inate the adjustment process, depending on whether the
ratio R 5 D/LR is greater or less than unity; here D is
the strip width and LR is the Rossby radius of defor-
mation. For our problem, D is the width of the wake;
D ø 20 km. The Rossby radius can be estimated from
LR 5 g9H / f where g9 and H are the effective gravityÏ
and altitude of the trade wind stratification and f is the
Coriolis parameter. Choosing g9 5 0.1 m s22, H 5 1500
m, and f 5 2V sinf 5 0.35 3 1024 s21 gives LR 5 350
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FIG. 12. A numerical two-dimensional steady-state solution to strat-
ified airflow across an ideal 1-km Witch-of-Agnesi ridge with an
upstream temperature profile, typical of the trade winds in the St.
Vincent region. Potential temperature is contoured with an interval
of 0.5 K. The lowest isentrope is 297 K. The upstream velocity is
6.5 m s21. Only the inner 60 km of the full 120-km domain is shown.

km and R 5 0.06. From this small value of R, we con-
clude that geostrophic adjustment of St. Vincent’s wake
would occur by a slight adjustment of the inversion
height, with no significant acceleration of the wake air
(see section 7a.2).

We now consider the acceleration of wake air by the
streamwise pressure gradient. The undisturbed trade
wind air beneath the inversion moves westward under
a streamwise force balance between friction at the lower
boundary and the streamwise pressure gradient. The
slower wake air will feel the same streamwise pressure
gradient, but with reduced friction. The steady accel-
eration process for a layer of depth H will obey

rUUxH 5 2Hpx 2 rCDU2, (1)

where ‘‘x’’ is the streamwise coordinate, U is the flow
speed, and CD is the surface drag coefficient. The down-
stream pressure gradient force Hpx can be related to the
undisturbed flow speed U` according to px 5
2rCD . Equation (1) has an exact solution, but it is2U`

simpler to use the linearized version. For a small per-
turbation u9 5 U 2 U`, (1) becomes

21u9 5 2L u9, (2a)x

where
L [ H/(2C ) (2b)D

is a characteristic wake decay scale. Equation (2) admits
a solution

u9(x) 5 u9(0)e2x/L. (3)

For the present estimates, we use drag coefficients based
on the wind speed at an altitude of 100 m. For three
surfaces, sea, flat land, and forest, accepted values of
the drag coefficient are 5 .0012, .0015, and .0057,CD100

respectively. Choosing H 5 1500 m, the three values
for drag coefficient give three corresponding values for
L: 624, 500, and 132 km. The predicted value of L for
the sea (624 km) is somewhat greater than the satellite
observations discussed in section 3. A choice of H 5
1000 m would give L 5 416 km, in better agreement
(see also section 7a.3).

It is more difficult to estimate the magnitude of lateral
and top entrainment of momentum into the wake. The
entrainment of momentum from aloft due to cumulus
clouds is probably negligible as, according to Figs. 4–6,
there are no cumulus clouds in the wake. The shear-
induced mixing between the slow wake air and the am-
bient air above may be significant, however. The inter-
face zone between these two streams would have to
thicken to approximately 400 m before the average
Richardson number would exceed unity and the
shear-induced mixing could cease (Turner 1973). Lateral
mixing may be negligible as the wake edges appear to
remain sharp in the sunglint images (Figs. 4–6).

The striking aspect of the sunglint imagery is that the
wake of St. Vincent is quite long in comparison with
the lateral dimension of the island, a ratio of L/ay 5 15

or greater. The essential point is that because lateral
mixing of momentum plays little role, the wake length
is not controlled by the lateral mountain width. To il-
lustrate this point, imagine two hypothetical situations
under the assumption that Eqs. (2) and (3) govern the
wake decay. Consider first a short mountainous island
like St. Vincent and second, a longer mountain ridge,
located on a forested continent. In the former case, let
ay 5 20 km, CD 5 .001, and H 5 1 km, so that L 5
500 km and L/ay 5 25. In the latter case, let ay 5 100
km, CD 5 .005, and H 5 1 km, so L 5 100 km and
L/ay 5 1. This wide variation in the ratio L/ay contrasts
with the wakes in classic 2D cylinder flow where the
ratio varies only between 2 and 5, because of the con-
trolling influence of lateral viscosity.

If the above argument is correct, the large length to
width ratio of St. Vincent’s wake is only possible be-
cause of the low latitude and small cross-flow dimension
of the island and the smoothness of the surrounding
ocean surface.

b. An alternative interpretation

The extraordinary length of the wake described in
section 3 is subject to an alternative explanation. Ac-
cording to Deardorff (1976) and Fett and Burk (1981),
boundary layer air that has been warmed as it passes
over a hot island surface can stabilize the lower tens of
meters of the atmosphere when it passes back over the
cool ocean surface in the lee. This stabilization could
reduce the wind stress and the generation of short grav-
ity waves on the ocean surface. For sunglint patterns,
this stabilization process would be indistinguishable
from our conception of a deeper wake with a significant
momentum deficit. The plume of heated boundary layer
air would be carried downstream just like our proposed
weak PV banners.

A good example of heat island effect is DeSouza’s
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FIG. 13. Single-layer numerical calculation of the wake of St. Vin-
cent. The wind speed is contoured with a contour interval 2 m s21.
Only part of the computational domain is shown. The upstream depth,
windspeed, and Froude number are 1500 m, 6.5 m s21, and 0.33,
respectively. The flow is from right to left. The horizontal scale is
in grid units where Dx 5 Dy 5 0.5 km.

aircraft study of Barbados (1972; see also Garstang et
al. 1975). At midday, he observed a leeside plume of
warm air at an altitude of 400 m, with a temperature
excess of about 18C. The plume is entirely absent from
dusk until dawn. Our midday St. Vincent cross-wake
leg (Fig. 11c) found a somewhat larger temperature ex-
cess at a similar altitude.

Unfortunately, the thermal hypothesis for generation
of a smooth sea surface wake contradicts the satellite
evidence, particularly 1) the lack of diurnal effect on
the wake, and 2) the lack of a wake behind Barbados.
The lack of diurnal effect is especially telling. Our wake
images (Figs. 4–9) were taken only about 3–4 h after
sunrise. If no wake was formed at night, the observed
wake in the late morning could not be longer than 100
km. In fact, the wake length exceeds 300 km. Con-
cerning Barbados, we know it has a thermal plume and
yet we cannot detect a sunglint wake. Thus Barbados
provides a counterexample to the thermal wake hy-
pothesis.

Fett and Burk also suggest that the warming of the
boundary layer might be caused by downward turbulent
mixing of potentially warmer air from aloft, although
they propose no precise way in which this mixing could
occur. It may be that a hydraulic jump or wave breaking,
as proposed here, is the source of such mixing. With
top mixing as the heating mechanism, the thermal wake
hypothesis fits the available data and agrees in one sense
with our momentum wake hypothesis; that is, a hy-
draulic jump controlled by the mountain height is central
to both theories. The two theories could be tested if
more detailed wind and temperature data were available
for various altitudes in the far wake.

A complete defense of the thermal wake hypothesis
should explain how a positive temperature anomaly
could persist for the time required for the wake air to
advect 300 km downstream. The warm, less dense layer
of air would have a tendency to rise and be replaced by
cooler air converging from the sides of the wake, and
a tendency to be eroded by enhanced convection.

In later sections, we will assume that the momentum
wake hypothesis is correct, although we cannot rule out
the thermal wake mechanism.

7. Numerical simulation

In this section, we undertake to deepen our under-
standing of St. Vincent’s wake by simulating it with two
numerical models. The use of two different models will
provide insight into the model dependence of wake sim-
ulations. Except for section 7a.3, we limit ourselves to
ideal fluid models with stratification but without bound-
ary layer friction, heating, or separation. With such mod-
els, we will not be able to compare all the possible
mechanisms for wake generation. Our models will, how-
ever, allow wave breaking, dissipation, and potential
vorticity generation in a way that is strongly dependent
on mountain height. They will also describe vertical

vorticity dynamics including wake instability and eddy
shedding, so that we can distinguish between weak and
strong wakes.

a. Single layer modeling

1) INVISCID NONROTATING SIMULATIONS

The single-layer shallow-water system described by
Schär and Smith (1993a,b), Smith and Smith (1995),
and Grubis̆ić et al. (1995) has the above-mentioned char-
acteristics. For the present application, the model was
run with no bottom friction and no Coriolis force. The
St. Vincent topography was digitized from a topographic
map and smoothed with a 2-km influence function. Our
numerical calculation is done on a 400 3 400 grid with
grid element of 0.5 km. The velocity field in a 280 3
160 part of this domain is shown in Fig. 13. The free
parameters in the model were chosen as follows. The
depth of the layer was chosen to be H 5 1500 m to
represent the stable stratification between 600 and 2500
m (Fig. 11a). The effective gravity (g9) was determined
from the increase in potential temperature across this
layer (Du 5 88C, so that g9 5 gDu/u ø 0.26 m s22).
The typical upstream windspeed U` 5 6.5 m s21 was
estimated from the Barbados soundings and checked
with the climatology of Sadler et al. (1987). With U`

5 6.5 m s21, the ambient Froude number is

U 6.5
Fr 5 5 5 0.33.

Ïg9H Ï(.26)(1500)

With a mountain height of 1000 m, the nondimensional
mountain height is M 5 h/H 5 1000/1500 5 0.67.
According to the regime diagram in Schär and Smith
(1993a), these parameters will allow hydraulic jump for-
mation and a weak straight wake. This prediction is
confirmed in Fig. 13. To test the sensitivity of the result
to mountain height, the run was repeated with the moun-
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FIG. 14. Zoom view of the single-layer numerical calculation shown in Fig. 13: (a) windspeed and (b) vorticity. The horizontal scale is in
grid units where Dx 5 Dy 5 0.5 km.

tain height first decreased to h 5 600 m, and then in-
creased to h 5 1400 m. In the former case, no wake
was formed. In the latter, a strong wake was formed
that exhibited eddy shedding. This result is an important
confirmation of the ability of a single layer model to
capture the influence of mountain height on wake type,
as seen in the sunglint images.

Some of the details of the wake formation process
can be seen in the zoom views shown in Fig. 14. The
speed (Fig. 14a) is reduced upstream of the island and
increased at the north and south capes. Such blocking
and corner winds were seen in the sunglint images de-
scribed in section 3. The greatest wind speed occurs
over the island, just downstream of the crest line. Here
the flow becomes locally supercritical (i.e., Fr . 1) and
then encounters a hydraulic jump. The dissipation in the
jump is responsible for the reduced flow speed in the
wake.

The irregularity of the St. Vincent topography is ev-
ident in the near wake, particularly in the jet of wind
that has passed through the notch south of Soufriere
(Fig. 3). The weakest winds are in the subwake of Souf-
riere, as observed in the boat survey (Fig. 10). The
ability of the single-layer model to capture these effects
of the variable ridgeline altitude is additional evidence
that it contains the essential physics.

The vorticity field (Fig. 14b) shows that the vorticity
generation occurs at the location of the jumps. The two
strongest speed maxima over the lee slopes (Fig. 14a)
each have wake vorticity banners that form at the north
and south ends of their respective jumps.

In summary, the single-layer model, with reasonably
chosen parameters, qualitatively captures several fea-
tures of St. Vincent’s wake. This agreement suggests
that the processes included in the model, for example,
flow acceleration and descent over the crest followed
by a dissipative hydraulic jump, may be occurring in
the real atmosphere.

2) WAKE GEOSTROPHY

To confirm the conclusion in section 6a about the
Coriolis effect, we have performed a few inviscid shal-
low-water runs to examine the approach to geostrophy.
This is done by introducing the Coriolis force into the
governing equation along with a constant lateral pres-
sure gradient force to geostrophically balance the mean
flow. With realistic parameters, no effect of the Coriolis
force could be seen near the mountain. Downstream of
the obstacle, however, the height and velocity fields in
the wake were slightly altered, returning them to geos-
trophy. The free surface took on a cross-flow ‘‘N’’ pat-
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FIG. 15. The centerline velocity deficit (u9 5 U 2 U`) from a pair
of shallow-water simulations. The deficit is plotted on a log scale to
reveal the exponential wake decay caused by a pressure gradient and
quadratic friction. Two runs are shown with different surface drag
coefficients: CD 5 0.0012 and 0.0057, both with a fluid depth of 1500
m. Both runs are for a circular bell-shaped mountain with M 5 0.47
and Fr 5 0.5. Labels: (a) upstream deceleration, (b) zero crossing as
acceleration begins over the hill, (c) downslope acceleration, (d) zero
crossing in the jump, (e) exponential wake decay, and (f) boundary
errors. The straight line segment located just above each curve is the
predicted slope from (2b) and (3).

tern with ]H/]y , 0 in the wake and ]H/]y . 0 on each
side. The velocity was low in the wake and slightly
higher than ambient in bands on either side. As ex-
pected, because the Rossby radius LR k ay, the modi-
fication to the height field dominated the geostrophic
rebalancing. The difference in wake velocity between
the nonrotating and rotating simulations was barely de-
tectable.

3) BOTTOM FRICTION

To confirm the conclusion in section 6a concerning
frictional control of the wake length, two shallow-water
runs were carried out with bottom friction and a bal-
ancing pressure gradient. We chose a circular hill with
parameters H 5 1500 m, M 5 0.47, and Fr 5 0.5. The
centerline (y 5 0) velocity profiles are shown in Fig.
15. For CD 5 0.0012 the wake decays very slowly, while
for CD 5 0.0057 the decay is much faster. The theo-
retical predictions from (2b) L 5 H/(2CD) 5 624 km
and L 5 132 agree well with the observed logarithmic
slopes.

b. Continuous stratification modeling

The numerical model used in this part of the study
is the semi-Lagrangian/Eulerian model described in
Smolarkiewicz and Margolin (1994, 1996). The model
represents a finite-difference approximation to the ane-
lastic nonhydrostatic equations of atmospheric motion
cast in the standard nonorthogonal terrain-following

system of coordinates (Gal-Chen and Somerville 1975).
The model is distinguished by its two-time-level tem-
poral discretization, employing consistently the same
nonoscillatory forward-in-time transport methods for all
model variables and is fully second-order accurate in
space and time. In this study, we have used the Eulerian
variant of the model.

We modeled the airflow past St. Vincent as an adi-
abatic, nonrotating, dry, density-stratified fluid flow. In
the runs reported here, there was no drag nor fluxes of
heat and moisture at the lower boundary. The model
equations include the optional subgrid-scale turbulence
parameterization based on the first-order theory of Lilly
(1962) and Smagorinsky (1963) for an isotropic 3D tur-
bulence. It involves a computation of the divergence of
a turbulent stress tensor and heat flux in the momentum
and entropy equations, respectively. The turbulent stress
and the heat transport are assumed proportional to the
mean gradients by (variable) eddy viscosity and diffu-
sion coefficients. The eddy mixing coefficients (as-
sumed equal for heat and momentum) depend on the
grid separation and the local Richardson number. The
subgrid-scale mixing is locally activated for Ri , 1.

The model covers a horizontal domain of 180 3 160
km2 with a uniform mesh of 90 3 80 grid points and
a depth of 6 km covered by 60 vertical layers. The lateral
absorbers occupy 10 grid points adjacent to the bound-
aries, whereas the top absorber occupies the upper third
of the model domain. The St. Vincent topography was
smoothed to a 2-km resolution. In the smoothing pro-
cess, the maximum terrain height was reduced from
1000 to 700 m. The island is placed 60 km downwind
from the inflow boundary. The initial potential temper-
ature profile is the typical Barbados sounding discussed
in section 4. In the control experiment, the undisturbed
trade wind is represented with a uniform 4.5 m s21 east-
erly flow. This slightly slower wind speed is used to
account for the 30% reduction of the topographic height.
With these parameters and an average buoyancy fre-
quency, the nondimensional mountain height is 5ĥ
hN/U 5 1.7. To test the sensitivity with respect to ĥ,
we have carried out several additional runs with U 5
10.5, 9, 6.5, and 3.5 m s21 giving 5 0.7, 0.8, 1.1, andĥ
2.1, respectively. The basic numerical setup did not in-
clude the subgrid-scale turbulence parameterization. All
runs were integrated for 6 h, which was long enough
to reach the steady state, if such existed. Two experi-
ments, with 5 hN/U 5 1.7 and 1.1, exhibited weakĥ
unsteadiness throughout the entire integration period.
To investigate the origin of this unsteadiness, the inte-
grations were extended for an additional 6 and 8 h,
respectively. To examine the sensitivity of the model
solutions to the use of the turbulence parameterization,
two additional experiments for 5 hN/U 5 1.7 andĥ
1.1 were performed including the subgrid-scale mixing.
In the following, we shall discuss results from the two

5 1.7 (control) experiments: with (TP) and withoutĥ
(nTP) the turbulence parameterization.
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FIG. 16. Three-dimensional model results for flow past St.
Vincent. Results from the control-TP experiment (U 5 4.5 m
s21, 5 1.7) at T 5 12 h. Solutions are shown in the inner partĥ
of the numerical domain excluding a half of the top and the
entire lateral absorbing regions. (a) Isentropes in the x–y cross
section at y 5 0. The lowest isentrope shown is 298 K and the
contouring interval is 0.5 K. (b) As in (a) but for the perturbation
of the velocity component parallel to the mean flow. (c) Per-
turbation of the along-flow velocity component at the ground.
The contouring interval for the island topography is 100 m.

Figure 16 displays the steady-state solution from the
control-TP experiment at T 5 12 h, three hours after
the wake has reached its full length. This solution cap-
tures many of the observed characteristics of the flow
past St. Vincent. The long straight wake with weak
winds is particularly notable (Fig. 16c). As in the 2D
solution (Fig. 12), the descent of isentropes over the
island involves stratification within the cumulus layer
and not the inversion itself (Fig. 16a). The air in the
near wake is warm, connected with the descent of is-
entropes and the mixing of potentially warmer air from
aloft. Figure 16b shows the coexistence of a vertically
propagating wave above the island with an accelerated
flow over the lee slopes and a deep zone of a decelerated
fluid farther downstream. At the ground, the jet south
of Soufriere as well as the acceleration of the flow out-
side the wake are visible (Fig. 16c).

To infer the relation between the overturning wave
aloft and the wake, we have examined the temporal
evolution of the flow in the control-TP and -nTP ex-
periments. In addition, we have also tested the sensi-
tivity of the model to slight changes in mountain height.
The appearance of the wake in the two control runs

follows a buildup and steepening of a hydrostatic moun-
tain wave that reaches its maximum amplitude and
breaks right above the lee slope. The wake in the lee
of the obstacle forms as the decelerated region from the
wave breaking region starts descending toward the
ground (Crook et al. 1990; Miranda and James 1992).
In the nTP experiment, the descent of the decelerated
region is concomitant with a collapse of the mountain
wave, whereas in the TP experiment a critically steep-
ened wave remains in place. Consequently, the solution
in the nTP experiment remains weakly unsteady even
after the wake reaches its full length as a buildup and
collapse cycle continues, requiring several hours for the
wave to regain its maximum strength. Overall, the two
solutions agree in the sense that both predict weak long
wakes. However, in the nTP experiment, the velocity
deficit in the wake is stronger, the wake has a more
irregular appearance, and, most importantly, it does not
reach the ground. Instead, a shallow layer of accelerated
fluid extends far downstream. We conclude that the ef-
fect of the turbulence parametrization on the model so-
lutions is nontrivial. The mixing reduces the down-
stream extent of the accelerated lee-slope flow, brings
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FIG. 17. Potential vorticity (PVU) in a flow past St. Vincent from
the control-TP experiment at (a) in the y–z cross section 60 km down-
wind of the island and (b) z 5 1100 m.

the wake down to the ground, and eliminates the col-
lapse of the mountain wave.

To test the sensitivity with respect to experimentsĥ,
were performed with 5 0.7, 0.8, 1.1, and 2.1. In theĥ
first case, a deep mountain wave is present, but there is
no breaking and no wake. In the last case, two short
wakes with strong reverse flow exist in the lee of the
island, one behind Soufriere and the other behind the
mid-island ridge. The two middle runs exhibit wakes as
well, providing for a continuous transition from a no
wake to a strong wake regime.

Lastly, we examine the generation of PV given by
PV 5 (1/r)j · =u. Potential vorticity is an important
wake diagnostic in stratified flow as its conservation
law (i.e., DPV/Dt 5 0) in ideal flow gives the wake
fluid its permanent signature. Figure 17 shows the po-
tential vorticity field from the -TP control run. In Fig.
17a, the PV in the wake is shown in a cross section at
x 5 260 km. In Fig. 17b, the PV at z 5 1100 m takes
the form of elongated banners of positive and negative

PV that originate near the island. The PV in these ban-
ners must have its origin in the wave breaking region
since the air parcels at this elevation have never come
in contact with the island surface, the only other likely
source of PV.

8. Discussion

In this paper, we have investigated weak mountain
wakes of the Windward Islands, with the wake of St.
Vincent as a prototype. Weak wakes are caused by
mountains just high enough to cause gravity wave
breaking. Most of our information comes from quali-
tative interpretations of GOES and Landsat sunglint im-
ages. These images show a straight and extraordinarily
long region of smooth sea surface downwind of St. Vin-
cent, which we interpret as a deep atmospheric wake
with reduced wind speed. The length of the wake ex-
ceeds 300 km and appears to be unaffected by diurnal
heating of the island.

In addition to the satellite images, boat surveys and
low-level aircraft surveys were used to investigate the
field of airflow close to the island. The boat surveys
near St. Vincent confirmed the wake behind Soufriere,
the sharp wind shear at the edge of the wake, and the
embedded jet seen in the sunglint images. The aircraft
surveys showed that the wake air is warm and dry, and
revealed the descent of warm dry air over the island.

A key property of weak wakes is their sensitivity to
variations in the mountain ridgeline. This sensitivity is
due to the fact that weak wakes form under conditions
where the terrain is only just high enough to create a
wake. The island of Barbados and the southern part of
Martinique fall below this threshold. The islands of
Dominica, northern Martinique, southern St. Lucia, and
St. Vincent exceed the threshold. A related result of this
sensitivity is the occurrence of fine structure in the near
wakes—jets and wakes caused by ridgeline irregulari-
ties. All the Windward Islands have examples of this
fine structure in their sunglint images.

The great length of St. Vincent’s wake is evidence of
inefficient entrainment of momentum at the top and
sides of the wake. The remaining wake decay mecha-
nism, acceleration by the regional pressure gradient,
would give a wake length of L 5 H/(2 CD). The agree-
ment of this value with the observed wake length pro-
vides support for the pressure gradient mechanism.

Somewhat surprisingly, the single-layer shallow-wa-
ter model captures some essential aspects of weak wake
dynamics. This model generates a wake by first accel-
erating the flow and then decelerating it rapidly in a
hydraulic jump that forms over the lee slope. The dis-
sipation in these jumps generates weak banners of vor-
ticity that advect downstream to form the edges of the
wakes. The single-layer model also predicts the up-
stream blocking, the corner winds, the near wake valley
jet, and the long straight wake found in the St. Vincent
observations. With bottom friction added, the
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water model illustrates the pressure gradient wake decay
mechanism.

Another view of wake generation is afforded by our
fully three-dimensional ideal-fluid numerical simulation
with a subgrid turbulence parameterization. When the
control parameters are chosen appropriately, wave
breaking above the lee slope generates PV banners that
trail downstream, advected by the mean flow. The 3D
model also captures the descent of the cumulus-layer
air, the upstream blocking, the corner winds, and the jet
through the valley south of Soufriere. The predicted
wake depth is about 800 m.

The primary conclusion of our study is that weak
wakes are common, robust, and long lived in atmo-
spheric flow, but they are sensitive to mountain height.
According to our models, weak wakes are created by
stratification-induced dissipation, so-called wave break-
ing, and are closely connected with PV generation. Sev-
eral questions regarding weak wakes are left unan-
swered however. We were not able to determine the
shape and location of the dissipative region over the
island that generates St. Vincent’s wake, nor the nature
of the heat, momentum, and moisture fluxes within that
region. We do not know the relative importance of wave
breaking and surface roughness in creating the dissi-
pative zones. We have not documented, by direct ob-
servation, the acceleration of the air over the ridge crest,
although this phenomenon has been observed elsewhere
(Smith 1987). We do not know the depth of the wake,
nor how it evolves downstream.
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