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ABSTRACT

This study uses a series of numerical simulations to examine the structure of the wake of the Hawaiian
island of Kauai. The primary focus is on the conditions on 26 June 2003, which was the day of the demise
of the Helios aircraft within Kauai’s wake. The simulations show that, in an east-northeasterly trade wind
flow, Kauai produces a well-defined wake that can extend 40 km downstream of the island. The wake is
bounded to the north and south by regions of strong vertical and horizontal shear—that is, shear lines.
These shear lines mark the edge of the wake in the horizontal plane and are aligned approximately parallel
to the upstream flow direction at each respective height. The highest-resolution simulations show that these
shear lines can become unstable and break down through Kelvin-Helmholtz instability. The breakdown
generates turbulent eddies that are advected both downstream and into the recirculating wake flow. Tur-
bulence statistics are estimated from the simulation using a technique that analyzes model-derived structure
functions. A number of sensitivity studies are also completed to determine the influence of the upstream
conditions on the structure of the wake. These simulations show that directional shear controls the tilt of
the wake in the north-south plane with height. These simulations also show that at lower incident wind
speeds the wake has a qualitatively similar structure but is less turbulent. At higher wind speeds, the flow
regime changes, strong gravity waves are generated, and the wake is poorly defined. These results are
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consistent with previous idealized studies of stratified flow over isolated obstacles.

1. Introduction

An important component of topographic flows is the
wake that forms in the lee of isolated islands or moun-
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tain ranges. Early satellite images identified the exis-
tence of island wakes (e.g., Hubert and Krueger 1962;
Chopra and Hubert 1965), which were visible in cloud
fields as unstable vortex streets. Striking examples of
such wakes are now easily found within the vast quan-
tities of high-resolution satellite imagery available to-
day. Usually these wakes are visible in the lee of iso-
lated islands, when the wake flow modulates stratocu-
mulus cloud layers, highlighting vortices that can be
quasi steady and attached to the island or unstable vor-
tices that are periodically shed downstream. Island
wakes can influence downstream precipitation, can de-
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fine the prevailing wind in the lee of the island, and can
produce turbulence and mixing downstream.

There is a vast body of literature concerning the
structure of wakes behind isolated obstacles in strati-
fied flows, based on both laboratory experiments (e.g.,
Hawthorne and Martin 1955; Brighton 1978; Hunt and
Snyder 1980; Castro et al. 1983; Baines 1995) and nu-
merical modeling studies (e.g., Smolarkiewicz and Ro-
tunno 1989; Vosper 2000; Epifanio and Durran 2002;
Hafner and Xie 2003; Epifanio and Rotunno 2005).
These studies have examined the dynamics of wake for-
mation in cases with smooth topography and have suc-
cessfully described the way in which different flow re-
gimes vary as a function of nondimensional numbers
such as the Reynolds number Re (=UL/v) and nondi-
mensional mountain height' 7 (=Nh/U), where U is the
incident flow speed, N is the Brunt—Viiséla frequency,
h is the obstacle height, L is the obstacle length, and v
is the kinematic viscosity. For example, these studies
have shown that for 4 < 1 the flow is in a “gravity
wave” regime in which the majority of the flow is over
the mountain, hence generating mountain waves with
little evidence of a wake. As & is increased the flow
becomes blocked and some portion of the fluid moves
laterally around the mountain, contributing to the for-
mation of a wake. Smolarkiewicz and Rotunno (1989)
showed that at 4 ~ 2 flow stagnation can occur at both
the upstream and downstream sides of the mountain
and the wake appears as a set of counterrotating vor-
tices attached to the lee slope. Vosper (2000) showed
that at larger nondimensional mountain heights (ﬁ >
10) these vortices can become unstable and are shed
downstream.

The inclusion of complex topography and realistic
atmospheric environments complicates the dynamics
and structure of island wakes. There have, however,
been a number of detailed experiments and case studies
that examined observed island wakes. The most exten-
sive set of studies stemmed from a number of field
experiments that examined the wake of the island of
Hawaii through both observations (e.g., Smith and
Grubisi¢ 1993) and numerical simulations (e.g., Smo-
larkiewicz et al. 1988). These studies were in the east-
erly trade wind regime, with flow conditions that
equated to h ~ 2.5-4. Both cited studies showed that
Hawaii’s wake consists of two large quasi-steady coun-
terrotating vertical vortices, with the width of the wake
approximately equal to the diameter of the island.
Smith and Grubisi¢ also showed that as the low-level

! In many previous studies this term is referred to as the inverse
Froude number (1/Fr). See Baines (1995) for a discussion of this
terminology.
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flow passed around the island it was accelerated to form
two low-level jets, one to the north and one to the south
of the island. These jets helped to define the edges of
the wake, which were characterized by strong horizon-
tal gradients in wind speed, that is, shear lines, and
within these shear lines there was some evidence of
enhanced turbulence (see Smith and Grubisi¢ 1993,
their Fig. 8). As a consequence of the Hawaii topogra-
phy, the strength of the shear zones was asymmetric,
with the southern shear line being narrower and better
defined than the northern shear line. Other case studies
of island wakes include a detailed observational and
modeling study of the wake of St. Vincent (Smith et al.
1997) and a very high resolution modeling study of tur-
bulence generated in the wake of Lantau Island (Clark
et al. 1997).

Although there have been a number of studies focus-
ing on the island of Hawaii, the other islands in the
Hawaiian chain have been somewhat overlooked. All
islands in the Hawaiian archipelago exhibit down-
stream wakes, which often show up clearly in satellite
sun-glint photographs in which the smoother sea sur-
face in the wake with its velocity deficit is in contrast to
the rougher seas in the trade wind regions outside the
wake. An example is shown in Fig. 1; wakes in the lee
of the islands of Kauai and Oahu are obvious. Scatter-
ometer measurements indicate that the wake may ex-
tend considerable distances downstream, especially for
the larger islands (Xie et al. 2001). The study presented
here examines the near-field wake of Kauai in detail.
Kauai is the westernmost large island in the Hawaiian
chain, is about 40 km in diameter, and peaks at approxi-
mately 1600 m high. Kauai is roughly one-half as tall as
Hawaii, and therefore, for fixed wind and stability con-
ditions, Kauai’s nondimensional mountain height will
be approximately one-half as large as Hawaii’s and thus
may have a different wake structure.

The wake of Kauai has been examined by Burk et al.
(2003) using numerical simulations, with a focus on the
effects of the (relatively dry) wake on radar signal
propagation. In their study, they examined the down-
stream extent of the wake and the wake’s sensitivity to
nondimensional mountain height (which was investi-
gated by varying terrain height for fixed upstream flow
conditions). As in the Hawaii investigations, they also
found that the wake was bounded to the north and
south by shear lines. The current study extends the re-
sults of Burk et al. (2003) by examining the structure of
the near-field wake and the shear lines in more detail,
with a focus on the generation of turbulence within the
wake and quantitative estimates of small-scale velocity
statistics.

This particular study of Kauai’s wake is motivated by
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FI1G. 1. Satellite image of the Hawaiian Island chain (looking toward the east). A wake is particularly evident in the sun-glint
contrast downstream of Kauai (A) and, to a lesser extent, Oahu (B). The source, time, and date of the image are unknown.

the breakup of the Helios experimental aircraft. The
Helios was an unmanned solar-powered aircraft that
was designed for ultralong, very high altitude flight.
Helios’s wingspan was 247 ft (~75 m), and in 2001 it
broke the world altitude record for propeller-driven
flight by reaching 96 863 ft (~29 524 m) (Teets et al.
2002). Helios operated from the Pacific Missile Range
Facility (PMRF) on the western side (and therefore in
the wake) of Kauai. PMRF was chosen for operations
because of the relatively calm winds at that location and
because it is surrounded by extensive controlled air-
space (Teets et al. 2002; Ehernberger et al. 2004).
Shortly after takeoff on the day of interest, 26 June
2003, the Helios entered an aerodynamic stall at an
altitude of about 900 m, followed by an uncontrolled
steep dive, and was destroyed when it crashed into the
ocean. The aircraft track from takeoff to breakup is
shown in Fig. 2, highlighting the importance of the

northern part of Kauai’s wake and the variability of the
wind within the wake. At the request of the National
Aecronautics and Space Administration (NASA) Helios
Mishap Review Board, we completed simulations to
document the structure of the wake of Kauai, including
its horizontal and vertical extent, and to estimate tur-
bulence levels within the wake.

The aim of this study is to document the structure of
the wake of Kauai on 26 June 2003 using numerical
simulations and to examine the occurrence of turbu-
lence within the wake. Sensitivity studies are completed
to examine the processes controlling some of the key
features of the wake, yet it is not the purpose of this
study to explore the entire parameter space of Kauai’s
wake, but rather just those features that may be impor-
tant for understanding the wake structure on 26 June
2003.

The remainder of the paper is arranged as follows.
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FiG. 2. (top) The numerical model’s domain 3, showing the
topography of Kauai and the smaller island of Niihau, contoured
at 150-m intervals. The locations of domains 4 and 5, the PMRF,
and Lihue (PHLI) are marked. Also shown is the flight track of
the Helios on 26 Jun 2003 (dot-dashed) emanating from PMRF.
(bottom) The Helios flight track, with Helios-measured horizon-
tal wind vectors shown and relevant flight altitudes along the
flight track marked.

The numerical model used and the 26 June simulations
are described in section 2, including a description of the
wake, its breakdown into turbulence, and a character-
ization of the turbulence. The sensitivity of the wake to
upstream conditions is examined in section 3. The re-
sults are summarized in section 4.

2. The numerical model and simulations of 26
June 2003

a. Model outline

The numerical model that is used for this study is the
same as that used by Smolarkiewicz et al. (1988) and
Rasmussen et al. (1989) to study the wake in the island
of Hawaii and the formation of upstream cloud bands.
This model was originally developed by Clark (1977),
with subsequent updates and improvements (e.g., Clark
and Hall 1996). The model is a finite-difference ap-
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TABLE 1. Summary of model domain geometry, including the
number of grid points in the zonal (NX), meridional (NY), and
vertical (NZ) directions; the horizontal grid spacing (AX = AY);
the vertical grid spacing above the surface layer (AZ); the domain
depth (H); and the time step (AT).

Domain NX NY NZ AX (m) AZ (m) H (km) AT (s)
1 90 90 100 6000 200 18.7 30
2 100 100 110 3000 100 9.9 20
3 152 128 100 1000 100 8.9 10
4 152 128 100 500 50 4.0 25
5 152 128 90 167 50 35 125

proximation to the three-dimensional, anelastic, nonhy-
drostatic equations of motion. The model uses a ter-
rain-following coordinate transform, second-order spa-
tial and temporal advection schemes, explicit treatment
of cloud processes, and a first-order subgrid-scale clo-
sure. One particular feature of the model that is utilized
in the current study is its two-way interactive grid-
nesting capability (Clark and Farley 1984). This capa-
bility allows the large-scale features of the flow to
evolve while simulating smaller-scale features in limited
areas.

The model domain configurations are summarized in
Table 1 and Fig. 2. Each interior domain takes its
boundary conditions from the next-coarsest domain.
The outermost domain (domain 1) uses open lateral
boundaries and a Rayleigh friction absorber in the up-
permost 8 km to mitigate the reflection of disturbances
from the model lid. Most of the analyses presented
within this paper use the first three domains only, and,
unless stated otherwise, the results from the domain
with 1-km grid spacing (domain 3) will be presented.
Domain 3 is shown in Fig. 2; it encompasses the entire
island of Kauai and resolves most of the wake structure.

The model topography is defined at the finest grid
resolution, 167 m, and undergoes appropriate averaging
for the coarser domains. This averaging also removes
features in the topography with scales equal to 2 times
the horizontal grid spacing. Surface friction is param-
eterized using a roughness length formulation. The
roughness length is 5 X 10~* m over the ocean and 0.5
m in regions in which the topography is higher than 1
km, and it is a linear function of topographic height
between these values. The modeled wake structure was
found to be insensitive to surface friction values, and a
similar wake formed in a simulation with no surface
friction.

All simulations to be presented are initialized using a
single sounding. That is, at the initial time the modeled
flow is assumed to be horizontally homogeneous with a
vertical structure that is defined by a single vertical
profile. This vertical profile defines the wind and ther-
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F1G. 3. Profiles of (a) potential temperature, (b) wind speed, and (c) wind direction from the 1200 UTC 26 Jun
2003 Lihue (PHLI) sounding.

modynamic variables. Each simulation is run for at
least 6 h after initialization; by this time the wake has
reached a quasi-steady state.

b. 26 June 2003 simulation

In this section the 26 June 2003 simulation is de-
scribed. This simulation uses the 1200 UTC 26 June
2003 rawinsonde sounding that was released from
Lihue (Fig. 3). The location of Lihue, marked on Fig. 2,
is on the southeastern side of the island. This sounding
was considered to be the best representation of the
upstream flow conditions; however, it does include
some influence from island-induced circulations. These
influences will be discussed later in the section. The
1200 UTC sounding nominal release time corresponds
to 0200 local time (LT) 26 June, which was approxi-
mately 8 h before the Helios mishap. The sounding
features a trade wind inversion at about 1700 m MSL
(i.e., above the mountain top), with the low-level winds
from the northeast with speeds of about 7 ms~'. The
wind shifts to easterly near the inversion, and there is a
flow reversal above 7 km.

Below 1600 m (mountain height), the sounding ob-

served the wind speed to be approximately 7 ms™!

(a typical value; see Rasmussen et al. 1989) and the
average Brunt-Viisild frequency to be approximately
0.007 s~ !. Therefore, the nondimensional mountain
height is approximately 1.67, which is somewhat smaller
than in the simulations of Smolarkiewicz et al. (1988)
and Rasmussen et al. (1989) (h ~ 2.5-5). There is, how-
ever, some ambiguity in assigning a single value to hin
flows such as this for which both the wind speed and
stability vary over the depth of the mountain and the
mountain height % is not well defined because of the
complex topography.

Observations from PMRF suggested that the sea-
breeze circulation induced by the island’s surface heat-
ing may influence the low-level flow within the wake
[see also Leopold (1949) and Lavoie (1967)]. However,
as mentioned earlier, the simulation uses a single-
sounding initialization integrated in time to a quasi-
steady state. Therefore, the assignment of a valid time
to the simulation is arbitrary. The effect of surface heat-
ing and the sea-land heating contrast was included in
the simulations by assuming that the initial time of the
model was 0400 LT. The model uses solar heating and
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F1G. 4. Horizontal wind vectors at (a) sea level, (b) 170 m MSL, (c) 517 m MSL, and (d) 1020 m MSL from domain 3 for the simulation
initialized with the 1200 UTC 26 Jun Lihue sounding. Also shown are the coastline and the topography contour that intersects the
relevant altitude. The coordinate axes are relative to the southwestern corner of the outermost domain, and the vector in the upper-left

corner represents 5 ms~ .

topography shadowing, with the albedo over land taken
to be 0.14, with zero sensible heat flux over water. The
modeled sunrise is at approximately 0600 LT, and
therefore 6 h of integration assigns a valid time to the
simulation of 1000 LT.

Horizontal wind vectors at 0, 170, 500, and 1000 m
MSL are shown in Fig. 4 at 6 h into the simulation. At
sea level (Fig. 4a), the upstream northeasterly flow
shows strong blocking, with wind vectors aligned ap-
proximately parallel to the coastline on the upstream
side of the island. This deviated flow accelerates into
the lee of the island, with two low-level jets: one east-
erly jet (from the south side of the island) and one
northeasterly jet (from the north side of the island).
Between these two jets is a relatively narrow region of
slower recirculating flow, which is reversed from its up-

stream direction and is directed onshore, in qualitative
agreement with the observations of the Hawaiian wake
by Smith and Grubisi¢ (1993). At 170 m (Fig. 4b), evi-
dence of blocking is reduced and there is less deviation
of the upstream flow around the mountain. In the lee,
the two jets remain but are farther apart; that is, the
width of the region of reversed flow is larger. At 500 m
(Fig. 4c), the flow features a well-defined wake that
extends about 30 km downstream from the western
shore of Kauai. The edges of the wake are defined by a
strong reduction in wind speed from approximately its
background value to being almost stagnant within the
wake. Within the wake, the strong onshore flow is not
present and the flow features two relatively large eddies
(or vertical vortices). The edges of the wake are aligned
approximately with the upstream flow direction. At
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F1G. 5. Horizontal cross section of wind speed at (a) 500 and (b) 1000 m MSL from domain
3 of the 1200 UTC 26 Jun simulation. Wind speed contours have 1 m s~ interval. Also shown
is parameterized TKE (shaded); the maximum TKE in (a) is approximately 1 m?> s~2 and in (b)
is approximately 0.7 m? s 2. Note that these figures do not show the entire horizontal extent

of domain 3.

1000 m (Fig. 4d), the upstream flow has a weaker north-
erly component and is therefore more easterly. Like-
wise, the wake is aligned more east—west. At this height
the wake is well defined and consists of a large region
with much slower wind speed in comparison with the
upstream flow. The wake extends about 40 km down-
stream, is quasi steady, and remains attached to the
mountain.

Horizontal cross sections of wind speed (Fig. 5) show

that the boundary of the wake is defined by strong
horizontal shear zones, or shear lines. Outside of the
wake, the flow is relatively undisturbed; within the
wake, the wind is weak (~1 m s~ '). The orientation of
the shear lines, and hence the orientation of the wake
itself, compare well to the upstream flow direction. For
example, at 500 m the shear lines are oriented from
east-northeast to west-southwest, and at 1 km the shear
lines are oriented from approximately east to west. The
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(see Fig. 5). Wind is contoured at 1 ms ™'

speeds.

vertical structure of these shear lines is illustrated in a
meridional cross section about 15 km downstream of
Kauai (Fig. 6a) and in a zonal cross section through the
northern shear line (Fig. 6b). The meridional cross sec-
tion highlights the tilt of the wake with height. At lower
heights, both of the shear lines are farther to the south
than at upper levels. It will be shown later that this tilt
with height is mostly due to directional shear present in
the upstream sounding. The zonal cross section inter-

intervals, and darker shading represents higher

sects the northern shear line and identifies the location
of the low-level jet that forms on the northwestern side
of the wake. This jet undercuts the shear line, because
of the northward tilt of the wake with height.

Figure 5 also shows regions of parameterized subgrid
turbulent kinetic energy (TKE). The subgrid param-
eterization produces nonzero TKE in regions in which
the resolved Richardson number (Ri) is small (<1). In
general, the TKE is largest within the shear lines and
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the downstream portion of the wake. The next section
examines the highest-resolution domain, which explic-
itly resolves most of the turbulence that is parameter-
ized in this 1-km-grid-spacing domain.

The temporal and spatial variability of the winds
within the wake and the uncertainties in the simulation
make a detailed direct comparison between the model
simulation and the Helios-measured winds intractable.
Nevertheless, the modeled winds shown in Fig. 4 do
show some consistency with the winds measured along
the Helios flight track (Fig. 2). The wind directions
measured at the surface, 170 m, and 500 m (Fig. 2) all
compare well to those shown in Figs. 4a—c. The only
major difference between the simulations and the mea-
sured winds occurs near the top of the flight track
(~900-1000 m). Yet, in this region the shear line is near
to the track, and the flow should be expected to be
highly variable in time and space.

As part of our sensitivity studies, the 26 June simu-
lation was also completed without inclusion of surface
sensible heat flux. This simulation therefore did not
produce flows induced by heating of the land surface,
such as a sea-breeze circulation. The structure of the
wake, however, was very similar to that shown with
heating, and the location and intensity of the shear lines
were each very similar. The only notable difference was
a slightly weaker onshore flow in the lee of Kauai. The
0000 UTC (1400 LST) 27 June sounding was also used
to initialize the model in another sensitivity study. This
sounding was very similar to the 1200 UTC 26 June
sounding, and the modeled wake structure was qualita-
tively similar also.

To initialize the model, the Lihue sounding is used to
define the background flow conditions. This sounding is
released from the southeastern side of Kauai (see Fig.
2) in a region in which the flow direction is influenced
by low-level blocking and sea breezes (see Fig. 4). To
examine the influence of blocking on the modeled so-
lution, a model sounding from domain 3 at Lihue was
compared with the real Lihue sounding. This compari-
son showed that at this location the flow blocking only
affected the model solution in the lowest 100 m, with
the wind attaining a slightly stronger northerly compo-
nent. Simulations with modified low-level wind profiles
(not shown) all showed very similar wake structures
aloft, with only minor differences in the orientation of
the wake at the surface. Given this lack of sensitivity,
the use of the Lihue sounding was considered to be
acceptable for this study.

c¢. Turbulent breakdown of the wake

In the previous section, the 1-km-grid-spacing do-
main illustrated that the wake of Kauai is bounded by
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shear lines that extend downstream from the island.
This simulation produced shear lines that were rela-
tively smooth but contained localized regions of Ri <1
and relatively large values of parameterized subgrid
TKE along their length. In this section, we analyze a
higher-resolution domain with 167-m horizontal grid
spacing and 50-m vertical grid spacing in an attempt to
resolve better the turbulence that is parameterized in
the 1-km domain. The location of the 167-m domain
(domain 5) is shown in Fig. 2. Domain 5 is centered
over the northern shear line, which is the stronger of
the two, and is most important for the Helios investi-
gation because of the aircraft’s northwestward flight
track. This domain is initialized 4 h into the simulations
and is integrated forward in time for an additional 2 h.

Horizontal cross sections, at 6-h simulation time and
at 1 km MSL, of wind speed, vertical velocity, and the
vorticity magnitude are shown in Fig. 7. The wind speed
shows the shear lines to have a complicated structure.
In the 1-km-grid-spacing simulation considered in sec-
tion 2b the shear lines were relatively smooth, with the
isotachs approximately straight. In this simulation,
however, the shear lines have become unstable and
have broken down into smaller-scale turbulent eddies.
At approximately (X, Y) = (285, 285) km, the wind
speed, vertical velocity, and vorticity illustrate a break-
down of the shear line. At this location, the vertical
velocity and wind speed exhibit wavelike structures
with fronts aligned perpendicular to the mean flow. In
the vicinity of this wave, isolated vortices are formed
that are advected to the west (downstream) as well as
into the region of the wake with relatively slow wind
speeds. The vertical velocity exhibits a variety of com-
plicated coherent structures aligned in a variety of di-
rections relative to the background flow.

A zonal cross section of potential temperature
through Y = 285 km (Fig. 8) shows the vertical extent
of the vortices so evident in Fig. 7. This cross section
shows waves at the base of the trade wind inversion and
also structures resembling classical Kelvin—-Helmholtz
(K-H) billows at lower levels. The billows are most well
defined between approximately 500 and 1000 m MSL
surrounding X = 285 km. The (vertical and horizontal)
wind shear is strong within the shear line, and, coupled
with the relatively low static stability below the trade
wind inversion, the Richardson number becomes small
enough to develop K-H instability. This K-H instabil-
ity generates turbulent eddies that break down within
the shear line, reducing its coherence. These eddies are
advected downstream and into the relatively calm wake
by the large-scale flow recirculation that characterizes
the wake. The K-H billows, wavelike signals in veloc-
ity, and resultant eddies possess horizontal scales of
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the 26 Jun 2003 simulation. (a) Wind speed contoured at 0.5 ms™"
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tical velocity contoured at 0.25 m s~ ! intervals, with negative val-
ues dashed. (c) The magnitude of the vorticity vector contoured at
0.01 s~ ! intervals, with subgrid TKE shaded; the maximum sub-

2

grid TKE is approximately 0.65 m?s™>.

about 2 km and are therefore adequately resolved by
the 167-m horizontal grid spacing but not with the 1-km
(domain 3) simulations.

Analysis of the resolved vorticity fields (not shown)
reveals that the meridional component of the vorticity
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FIG. 8. Zonal cross section of potential temperature through
Y = 285 km from domain 5 of the 26 Jun 2003 simulation. The
contour interval is 0.4 K.

vector is by far the strongest, being about 3 times the
zonal component of vorticity in magnitude. The vertical
vorticity is negligible in comparison. The meridional
vorticity is dominated by the vertical shear term du/dz,
where u is the zonal wind. In a similar way, the zonal
vorticity is dominated by the vertical shear term dv/dz,
where v is the meridional wind. Therefore, the zonal
component of the vertical wind shear is the strongest
term contributing to the vorticity, which is partly due to
the vertical tilt of the shear line. The dominance of the
meridional vorticity is consistent with flow-perpendic-
ular K-H billows.

The Richardson number is defined as the Brunt—
Viisild frequency squared divided by the total defor-
mation squared. In standard tensor notation,

N2
Ri = >
Def
where
1
Def” =5 >>. D2
i
and
py =t B2,
ax;  dx; 3 Y ax,

where u; are the velocity components. Thus, the total
deformation includes both horizontal and vertical shear
terms that contribute to lowering Ri and encouraging
K-H instabilities. In this case, however, the horizontal
shear remains weak relative to the vertical shear. For
example, Fig. 6a shows that in the northern shear line
the vertical (speed) shear is about 15 m s~ km ™' and
the horizontal speed shear is about 0.7 m s~' km ™. This
dominance of the vertical shear is mostly due to the
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strong northward tilt of the shear line with height,
which has an aspect ratio of about 20:1. If the shear line
were oriented exactly vertically, that is, with no tilt,
there would be no vertical shear, only horizontal shear.
In this case, it is clear that the strength of the vertical
shear plays a dominant role in the K-H instability, and
the strong vertical shear owes its existence to the north-
ward tilt of the shear line with height.

To examine the robustness of these results to the
domain configurations, we conducted two tests. The
first test was to rerun the highest-resolution domain in
a different location, approximately 10 km to the south
(not shown). This domain encompassed the northern
shear line (at low levels) and the southern shear line (at
upper levels). Both shear lines developed turbulence in
a fashion qualitatively similar to that presented here.
The second test was to examine results from the next-
coarsest domain (domain 4) in a simulation that did not
include the 167-m domain (domain 5). This simulation
showed that at 500-m horizontal grid spacing the wake
was more transient than in domain 3; however, turbu-
lent eddies still did not form. It will be shown in the
next section that at 167-m grid spacing the model does
in fact resolve a part of the inertial range, allowing
turbulence to form.

Therefore, the reduction of the grid spacing from 1
km to 167 m has better resolved the northern shear line.
This increased resolution has allowed turbulent eddies
to form as a consequence of the breakdown of the shear
line through K-H instability. The result is a turbulent
transition zone that lacks the coherence of the shear
lines seen in the coarser-resolution simulation but still
defines the wake boundary.

d. Characterization of the turbulence within the
wake

The resolved fields within the highest-resolution do-
main (domain 5) of the 26 June simulation can be ana-
lyzed to estimate the turbulence levels within the wake.
To do so, values of spatial second-order velocity struc-
ture functions were computed from numerical model
output in a manner similar to that described in Frehlich
and Sharman (2004) to infer eddy dissipation rate. For
a homogeneous field the local horizontal spatial statis-
tics of the model output variable § can be computed
from second-order structure functions:

Dy (r,s,2) = ([q(x,y,2) = Glx + r,y +5,2)F),
2.1)

where () denotes an ensemble average and r and s are
separations (or lags). Because the model fields ¢ have
been spatially averaged (by numerical smoothing and
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filtering), the model-derived structure functions are fil-
tered versions of the true structure functions. At
shorter lags, the structure functions reflect the smallest
scales resolved by the model, but these scales are the
most heavily filtered and therefore cannot be used to
infer turbulence intensities directly. At larger lags, the
structure functions reflect the larger scales in the
model, which are not so heavily filtered, and so turbu-
lence-level estimates using the information from the
larger lags are more reliable, although even these esti-
mates must be considered to be a lower bound because
of some minimal model filtering at the larger scales.
Note that the structure functions provide a spatial
average of the turbulence over the analysis domain, and
therefore the assumption of homogeneous turbulence
over the analysis domain will have a small effect on the
interpretation of the turbulence levels; that is, the high-
est turbulence levels will be larger than the spatially
averaged estimate. More information about the spatial
variations of the turbulence field is required to quantify
the effects of assuming locally homogeneous turbulence
[see Frehlich and Sharman (2004) for more details].
Longitudinal and transverse structure functions are
computed from model output fields of zonal velocity u
and vertical velocity w using Eq. (2.1) for portions of
the model grid of interest and are then averaged in the
y direction and over three vertical levels, including one
model level above and one model level below the level
of interest. The values of these global-average structure
functions are then plotted as a function of separation
index s. We assume that for some intermediate values
of s the magnitudes of the longitudinal D, (s) and
transverse Dyn(s) structure functions will obey the
Kolmogorov relations [e.g., Monin and Yaglom 1975,
their Eq. (2.17")]:
Dy, (5) = Ce??s??

and (2.2a)

4
Drn(s) = 3 Cre™?s*>, (2.2b)

where the turbulence intensity is measured by the eddy
dissipation rate ¢ and Cx =~ 2 is the Kolmogorov con-
stant. These relations are valid for separations s much
less than the integral length scale L, In general, L,
is not known a priori but can be inferred from plots
of Dy (s) and Dyyn(s) as a function of the separation
distance s. Note that for s < L, Dy (s) and Dyn(s)
have an s?? slope, and as s approaches L, the slope
starts to deviate from +2/3 and (ideally) the structure
functions become a constant at large separations. As is
well known, within the convective boundary layer the
length scale for the vertical velocity component is much
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FIG. 9. Structure functions (solid line) derived from model output of domain 5 (167-m grid spacing) for the 26 Jun case at an altitude of
1000 m for (left) zonal velocity u and (right) vertical velocity w. The best-fit Kolmogorov model is also shown (dotted line).

less than the length scale for the horizontal velocity
components (see, e.g., Kaimal and Finnigan 1994, chap-
ter 2).

Using these ideas, average turbulence intensities
were derived from the 26 June simulation in the north-
west quadrant of the resolved wake and at z = 1000 m,
that is, near the location and altitude of the Helios
breakup. Inspection of Fig. 7 shows that at this level the
northwest quadrant is downstream of the K-H break-
down region and has the strongest variability away
from this region; that is, it represents well-developed
turbulence. Figure 9 shows the u (longitudinal) and w
(transverse) average structure functions computed
from the model (denoted D, and D,,, respectively) over
this region. The u (longitudinal) structure function ex-
hibits a well-defined Kolmogorov scaling region over a
wide range from about 600 to 1500 m; that is, L, is
about 2000 m. Using Eq. (2.2a) and an approximate fit
to the inertial range (dotted line), we estimate a lower
bound to the turbulence level of &.* = 0.056. The struc-
ture function for the vertical velocity derived from the
model does not resolve the Kolmogorov behavior very
well because the integral scale L, is relatively small
(approximately 500 m). The best-fit Kolmogorov level
(dotted line) predicts a lower bound to the turbulence
level of about £ = 0.042, which is not greatly different
from the predictions using the longitudinal velocity
structure function.

If we assume the small-scale turbulence in the model
has a 3D isotropic Kolmogorov description, then &'* ~
13 and this level should be maintained down to smaller

u

scales along the dotted line in Fig. 9. However, this

€

neglects the inherent model filtering at small scales
demonstrated by the solid line, which is more pro-
nounced for the vertical velocity because of the smaller
length scale. Equation (2.2b) implies that the lower
bound for the 1-o vertical velocity difference over the
100-m Helios wingspan is about [D, (s = 100 m)]'? =
[8/323(100)*°]"> = 0.42 m s~ '. The lower bound of the
2-o vertical velocity difference is therefore about 0.8
m s~ . These values could be used to determine wheth-
er it was likely that the Helios encountered aerody-
namic loads that exceeded its design capacity. These
computations were also performed for other quadrants
in the simulation domain (not shown) and produced
somewhat lower estimates of turbulence levels.

3. Sensitivity experiments

In section 2, simulations describing the wake of
Kauai on 26 June 2003 were presented. The simulations
showed that the wake extended approximately 40 km
downstream, remained attached to the island (i.e., no
vortex shedding), and was bounded by strong shear
zones that were intense enough to cause breakdown
through K-H instabilities into smaller turbulent eddies
that were advected predominantly downstream and, to
a lesser extent, into the wake itself. In this section, a
number of sensitivity studies are presented to examine
the effect of changing upstream flow conditions on the
wake structure. A number of simulations were also
completed that examined the effect of varying the up-
stream thermodynamic structure; however, these simu-
lations found little sensitivity to the details of the trade
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F1G. 10. Profiles of (a) potential temperature, (b) wind speed, and (c) wind direction from the 0000 UTC 7 Jun
2003 PHLI sounding.

wind inversion (i.e., its altitude and strength) when
these quantities were varied within reasonable bounds
defined by the available observations, and they will
therefore not be presented. The sensitivity experiments
presented here are not designed to describe the entire
parameter space that governs the Kauai wake dynam-
ics; rather, a few cases are chosen to explain a few of the
key dependencies of the wake structure on upstream
conditions.

a. 7 June 2003 case

On 7 June 2003 the Helios aircraft operated under
the same configuration as the 26 June 2003 flight with-
out incident. It was noted by Helios operations that this
flight was one of the least turbulent experienced out of
nearly a score of flights of this or similar aircraft over
several years. This day was examined to determine the
differences between the flow conditions on the two
days. The 0000 UTC 7 June 2003 Lihue sounding was
used to initialize the model in the same way as the 26
June case. This sounding is shown in Fig. 10, and hori-
zontal cross sections of the wind speed at 500 m and 1
km MSL are shown in Fig. 11. The thermodynamic

structure sampled by the 6 June sounding is similar to
that in the 26 June sounding, except that the trade in-
version (or stable layer) is less well defined. The pri-
mary difference between the two is the wind profile.
The 6 June sounding has much weaker winds of about
3 ms ! below the inversion (as compared with 7 ms™!
for the 26 June case). The simulation shows that the
wake has a similar shape and orientation to that seen on
26 June; the primary differences are the strength of the
shear lines that bound the wake and the depth of the
wake. In this case, the low upstream wind speed means
that the wind speed difference between the flow within
the wake (~1 ms™ ') and outside the wake (~3 ms™ ")
is smaller than that seen in the 26 June case. As a
consequence, the wind shear is not very strong, and
there is less likelihood of turbulent breakdown of the
shear lines. The parameterized TKE is also shown in
Fig. 11, and its magnitude and extent are much smaller
than that seen in Fig. 5. The wake is much shallower in
this simulation than in the 26 June case; this difference
is consistent with the simulations of Smolarkiewicz and
Rotunno (1989), who showed that an increased nondi-
mensional mountain height (or reduced wind speed)
could result in a shallower wake.
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Fi1G. 11. Horizontal cross section of wind speed at (a) 500 and (b) 1000 m MSL from domain

3 of the 0000 UTC 7 Jun simulation. Wind speed contours have 1 ms™!

interval. Also shown

is parameterized TKE (shaded); the maximum TKE in (a) is approximately 0.3 m? s~2. Note
that these figures do not show the entire horizontal extent of domain 3.

b. Sensitivity to wind speed

To examine further the sensitivity of the wake to
incident wind speed, two more simulations were com-
pleted. Both used the same thermodynamic and wind
direction profiles as were used in the 26 June case simu-
lation. In the first case the wind speed at each level was
halved, and in the second case the wind speed at each
level was doubled. Horizontal cross sections of the wind
speed for these two cases are shown in Fig. 12, and a

plot from the 26 June case is also shown for compari-
son. To aid in the comparison, the contour and shading
intervals for each plot are scaled according to the wind
speed multiplier.

While Figs. 12a and 12b have substantial differences,
they show qualitatively similar wakes of similar relative
intensity and horizontal extent. The wakes are both
bounded by shear lines, except the case with halved
wind speed (Fig. 12a) has a much weaker southern
shear line. Both the case with reduced wind speed and
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FIG. 12. Horizontal cross sections of wind speed at 500 m MSL
for cases in which the wind speed from the 26 Jun 2003 sounding
is multiplied by (a) 0.5 (4 ~ 3.33), (b) 1 (h ~ 1.67), and (c) 2 (h ~
0.83). Contour levelis 0.5m s 'in (a), I ms 'in (b),and2m s~ !
in (c). Darker shading represents faster wind speeds.

the 26 June case show a substantial wind speed reduc-
tion within the wake and evidence of acceleration re-
sulting from blocking on the northern and southern
sides of the island. The case with reduced wind speed
also has a shallower wake than the 26 June case (not
shown) and has much less parameterized TKE than is
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found in the 26 June case. The case with reduced wind
speed has a nondimensional mountain height of about
3.33, as compared with the 26 June case, which has a
nondimensional mountain height of about 1.67. The
above results are consistent with previous studies that
showed that there is no major flow-regime change
within this range of values of h.

However, the increased wind speed simulation in Fig.
12c shows a very different flow structure relative to the
previous cases. The flow shows very little evidence of
blocking, with little acceleration of the wind at the
northern and southern sides of the island. There is
some evidence of a weak elongated wake; however, it is
much weaker in relation to the 26 June case and the
case with reduced wind speed. This case with increased
wind speed has h ~ 0.83; this reduction in nondimen-
sional mountain height has clearly induced a change in
flow regime.

The flow-regime change among the three cases is also
illustrated by zonal cross sections of potential tempera-
ture in Fig. 13. The three cases show that as the non-
dimensional mountain height decreases from ~3.33
(Fig. 13a) to ~1.67 (Fig. 13b) to ~0.83 (Fig. 13c) the
amplitude of the perturbations in potential temperature
above the island increases. Figures 13a and 13b show
relatively low amplitude gravity waves aloft; Fig. 13c
shows large-amplitude gravity waves above the island.
This figure clearly shows the change in flow regime
from a quasi-blocked flow inducing a wake to a pre-
dominantly gravity-wave regime. These results are in
qualitative agreement with those of Smolarkiewicz and
Rotunno (1989) and other idealized studies.

It is important to note that the above simulations do
not isolate the influence of vertical wind shear in de-
fining the structure of the wake. The vertical shear will
undoubtedly influence low-level trapping of lee waves
through vertical variations in the Scorer parameter and
other changes in the downstream structure. The mag-
nitude of the vertical wind shear may generate a large
parameter space that certainly warrants investigation
but is beyond the scope of this study. Directional shear
will be considered briefly in the next section to deter-
mine its role in defining the shear line orientation.

c. Wind direction and directional shear

The simulations described earlier show that the lat-
eral wake boundaries, that is, the shear lines, show an
orientation that is approximately aligned with the up-
stream wind direction. To investigate this effect further,
two sensitivity simulations are completed.

The first simulation uses the 26 June thermodynamic
sounding, with the wind speed set to 7 ms~' and an
easterly direction throughout the depth of the sound-
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Fi1G. 13. Zonal cross sections of potential temperature at Y =
275 km for cases in which the wind speed from the 26 Jun 2003
sounding is multiplied by (a) 0.5 (& ~ 3.33), (b) 1 (7 ~ 1.67), and
(¢) 2 (h ~ 0.83). Potential temperature is contoured at 1.5-K
intervals, with the outline of the topography also shown.

ing. The results from this simulation are shown in Fig.
14a, using a meridional cross section of the wind speed
about 7 km downstream of the island. This figure shows
that the shear lines downstream of the island exhibit
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very little tilt with height; the southern shear line is
aligned almost exactly vertically and the northern shear
line has only slight northward tilt with height. This
wake certainly shows much less systematic tilt than is
seen in the 26 June case. The wake, however, is not
symmetric, and it contains many detailed structures,
probably due to the complicated topography of Kauai.
Also, this wake does not extend as far downstream as
that in the 26 June case and is less coherent (not
shown). This result may be due to the removal of ver-
tical shear in the sounding; this topic is the subject of
continuing research. This simulation shows that the re-
moval of directional wind shear from the upstream
sounding removes the majority of the cross-stream tilt
of the wake with height.

To explore the role of directional shear further, a
second simulation is performed. This second simulation
retains a constant wind speed of 7 m s~ ! but uses a wind
direction that rotates with height from being southeast-
erly at the surface to northeasterly at mountaintop, and
it remains northeasterly aloft. This wind rotation is
more rapid than and is in the opposite sense to that of
the 26 June case. Figure 14b shows that downstream of
the island the wake has a dramatic tilt toward the south
as altitude is increased. As expected, the shear line ori-
entation is from the southeast to northwest at the sur-
face and rotates with the wind to be from the northeast
to southwest at the mountaintop (not shown), inducing
the tilt seen in Fig. 14b.

These two simulations imply that the directional
wind shear in the 26 June sounding is responsible for
the change in orientation of the wake boundaries and
therefore the vertical tilt of the wake seen in the me-
ridional direction. The orientation of the wake matches
the upstream wind direction at that height, which is an
intuitive result. This result also implies that any low-
level contamination of the upstream sounding resulting
from flow blocking should have little effect on the
structure of the wake at upper levels. Last, the role of
directional shear in creating a meridional tilt in the
wake with height is important because the meridional
tilt strengthens the vertical shear and plays a key role in
generating turbulence within the wake.

4. Summary

In this study a nested nonhydrostatic model has been
used to examine the structure of the wake of Kauai on
26 June 2003. The model was configured using up to 5
two-way nested domains; the horizontal grid spacing of
these domains varied from 6 km down to 167 m. The
majority of the analyses presented used three domains
only, focusing on the 1-km-horizontal-grid-spacing do-
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FIG. 14. Meridional cross sections of wind speed contoured at 1 m s™! interval, with darker
shading representing faster wind speed: (a) a case with purely easterly wind upstream, with the
cross section at X = 280 km, and (b) a case in which the wind is from the southeast at the
surface and turns to the northeast at mountaintop, with the cross section at X = 272 km.

main. The simulations were initialized with a single
sounding observed at Lihue, which is located on the
southeastern shore of Kauai.

For the 26 June 2003 case, the wind was from the
east-northeast and its speed was approximately 7 m s~ .

These conditions equated to a low-level upstream non-

dimensional mountain height h = Nh/U of about 1.67.
The simulation produced a well-defined wake extend-
ing approximately 40 km downstream from the western
shore of Kauai and was bounded by regions with strong
vertical and horizontal wind shear—that is, shear lines.
The shear lines marked the edges of the wake and in
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the horizontal plane were oriented approximately par-
allel to the upstream wind direction at each respective
height. It was subsequently shown that directional
shear induced a change in orientation of the wake and
produced a pronounced northward tilt of the wake
boundaries with height. This tilt caused the vertical
wind shear to be about 20 times the horizontal wind
shear. In contrast to the observations of the Hawaiian
wake by Smith and Grubisi¢ (1993), the northern shear
line was the stronger of the two, representing a differ-
ence in the asymmetry of the topography in the two
islands.

In the 1-km-grid-spacing domain, the shear lines that
bounded Kauai’s wake had strong enough vertical
shear that the local Ri was reduced to values <1 and
therefore produced regions of large parameterized sub-
grid TKE. A higher-resolution simulation resolved one
of the shear lines with 167-m horizontal grid spacing,
which was able to resolve at least some of the turbu-
lence within the shear line, which formed as a result of
Kelvin—Helmholtz instability. The instability formed
flow-perpendicular billows and formed turbulent ed-
dies that were advected downstream and into the rela-
tively calm wake flow, leading to a fully turbulent wake.
Thus, the interior of the wake is highly unsteady at the
smallest resolved scales in the simulations, although the
mean wake boundaries show little fluctuation. The
K-H breakdown process was not observed to be peri-
odic, and the classical von Karman vortex street was not
observed. This result is consistent with the findings of
Etling (1989) and Kang et al. (1998), who showed that
a condition necessary for vortex street formation was
that the upstream nondimensional mountain height be
large, h>25andh > 4.5, respectively. The breakdown
of the shear lines into turbulence may have been a fac-
tor in the Helios mishap on this day, but because of
both uncertainties in the simulations and the temporal
and spatial variability of the turbulence, this is impos-
sible to ascertain.

Quantitative estimates of the small-scale turbulence
statistics were produced using a technique that accounts
for the inherent filtering of the model fields at small
scales. More accurate estimates of these statistics are
possible, especially for the vertical velocity fields
(where the length scales are smaller), using more rig-
orous corrections for the model’s spatial filter (see
Frehlich and Sharman 2004). This topic is the subject of
continuing research.

Sensitivity studies showed that reducing the wind
speed to one-half of that observed on 26 June produced
a similar wake, both in terms of its lateral extent and
relative strength. However, the case with reduced wind
speed produced much less parameterized turbulence
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within the shear lines than was seen on 26 June. In-
creasing the wind speed to 2 times that on 26 June
produced a very different flow regime. The flow did not
show much evidence of blocking, nor was there a well-
defined wake. These results imply that a flow-regime
change occurs between a nondimensional mountain
height of 1.67 (the 26 June case) and 0.83 (the increased
wind speed case). This result is consistent with previous
experimental and idealized studies.

This study documented the wake of Kauai and briefly
examined the sensitivity of some key components of
Kauai’s wake to upstream conditions. The modeled
wake of Kauai is strongly affected by complexities in
the topography and the real upstream conditions used,
but some features of the wake compared well to previ-
ous idealized studies, and therefore some of these re-
sults probably apply more generally. This study also
documented the formation of turbulence in the shear
lines that define the boundaries of Kauai’s wake. Fur-
ther studies of turbulence generation in mountain/
island wakes are planned for the future.
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