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ABSTRACT

Three-dimensional idealized simulations using the fifth-generation Pennsylvania State University-NCAR
Mesoscale Model (MMS5) down to 6-km grid spacing were performed in order to understand how different
ambient conditions (wind speed and direction, stability, and inland cold pool) and terrain characteristics
impact barrier jets along the southeastern Alaskan coast. The broad inland terrain of western North
America is important in Alaskan jet development, since it rotates the impinging flow cyclonically (more
coast parallel) well upstream of the coast, thus favoring more low-level flow blocking while also adding
momentum and width to the barrier jet. Near the steep coastal terrain, the largest wind speed enhancement
factor (1.9-2.0) in the terrain-parallel direction relative to the ambient onshore-directed wind speed occurs
at relatively low Froude numbers (Fr ~ 0.3-0.4). These low Froude numbers are associated with (10-15
m s~') ambient wind speeds and wind directions orientated 30°-45° from terrain-parallel. For simulations
with an inland cold pool and nearly coast-parallel flow, strong gap outflows develop through the coastal
mountain gaps, shifting the largest wind speed enhancement to Fr < 0.2. The widest barrier jets occur with
ambient winds oriented nearly terrain-parallel with strong static stability. The gap outflows shift the position
of the jet maximum farther offshore from the coast and increase the jet width. The height of the jet maxima
is typically located at the top of the shallow gap outflow (~500 m MSL), but without strong gap outflows,
the jet heights are located at the top of the boundary layer, which is higher (lower) for large (small)
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frictionally induced vertical wind shear and weak (strong) static stability.

1. Introduction

The low-level flow from the Pacific Ocean interacts
with the steep coastal terrain of Alaska to create strong
(>25 m s~ 1) terrain-parallel winds (Overland and Bond
1995; Loescher et al. 2006; Colle et al. 2006; Olson et al.
2007; among others) known as barrier jets (Schwerdt-
feger 1974; Overland and Bond 1993, 1995). These jets
can result in enhanced turbulence (Smedman et al.
1995; Bond and Walter 2002) and wind stress forcing of
local currents and storm surges (Orr et al. 2005). Bar-
rier jets often create hazardous conditions for mariners
and pilots, which can result in significant losses in the
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fishing, shipping, and aviation industries (Macklin et al.
1990).

a. Previous observational studies of Alaskan
barrier jets

Loescher et al. (2006) completed a climatology of
Alaskan coastal barrier jets and noted both “classical”
barrier jets, fed primarily by onshore flow, and “hy-
brid” barrier jets, which had some gap outflows at the
coast. The strongest jets were located immediately ad-
jacent to and downstream of the Fairweather and Val-
dez-Cordova coastal mountains, with enhanced wind
speeds typically 2-3 times larger than the ambient flow.
The width of most jets extended 40-60 km from the
coast, but some jet widths extended as much as ~250
km. Some hybrid jets were detached 10-15 km from the
coast, while others had sharp wind speed boundaries
(shock jets), which does not conform to the gradual
offshore weakening of barrier jets observed in other
studies (Parish 1982).

Olson et al. (2007, hereafter OL07) detailed the
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structure and dynamics of a classical and hybrid jet
sampled during the Southern Alaskan Regional Jets
Experiment (SARJET; Winstead et al. 2006). The clas-
sical jet had maximum winds >30 ms™' at the coast
between 600 and 800 m above mean sea level (MSL)
and an offshore extent of ~60 km, whereas the hybrid
jet of ~30 m s~ ! was displaced 30-40 km offshore at 500
m above MSL (OLO7, their Figs. 6 and 12). For both
cases, the barrier jet reached its maximum strength as
the winds became more southerly, which is ~40° from
coast-parallel. This suggests that the ambient wind di-
rection has a significant influence on the evolution of
the coastal jets.

b. Background theory on wide-mountain
barrier jets

The barrier jets along the west coast of North
America are associated with steep coastal terrain and
broad inland terrain associated with the Rocky Moun-
tain plateau. Smith (1979a,b) showed that the far up-
stream (>1000 km) response of a broad mountain is a
combination of column stretching and lifted parcel ex-
pansion. As a column of air approaches a barrier, it
undergoes vertical stretching due to the upward dis-
placement of the isentropes aloft (Buzzi and Tibaldi
1977, their Fig. 3; Smith 1979a,b). This acts to create an
upstream cyclonic turning of the impinging flow to a
more barrier-parallel component.

Braun et al. (1999a) explored the impact of a two-
dimensional plateau barrier, similar in width to the
western United States, on barrier jets. They showed
that the upstream deceleration is determined by the
shortwave characteristics of the orography (mountain
height, #,,, and half-width, L,,), while the barrier jet
strength is related to the longwave characteristics (pla-
teau width, L ,,,). The upstream deceleration occurs on
short time scales (7 ~ f ' s), while the total barrier jet
strength depends on the time scale necessary for the
flow to traverse the plateau (7 ~ L,,/U,), which can
be ~24 h (10 ms™' flow over 1000-km plateau). One
goal of our study is to expand the work of Braun et al.
(1999a) to three dimensions in order to determine
whether a particular cross-barrier flow magnitude well
upstream (U,,) of the topography yields a similar barrier
jet structure as the wind direction is varied.

¢. Previous idealized studies using realistic terrain

Idealized studies of coastal flows using real terrain
have been performed over the orography of California
(Cui et al. 1998), Norway (Barstad and Grgnéas 2005),
Taiwan (Yeh and Chen 2003), and the Alps (Zingl
2005). For example, Cui et al. (1998) varied the ambient
wind direction at 45° increments for wind speeds of
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7 m s~ ! over the coastal mountains of California. They
found the strongest winds occurred for wind directions
oriented ~45° from terrain parallel, producing winds
~2.5 times the background wind speed. Barstad and
Grgnas (2005) also found that barrier jets over Norway
were slightly stronger for southwesterly flows (30°-40°
from parallel to the highest terrain).

d. Motivation

Given the complex orography of southern Alaska,
with its inland plateau, steep coastal terrain, and many
prominent coastal gaps, it needs to be determined how
barrier jets evolve for different ambient wind directions
and stabilities for this region. Also, previous idealized
modeling studies that quantified the broad inland
mountain impacts along the west coast were limited to
two-dimensions and simplified terrain geometries
(Braun et al. 1999a). Some questions that this study
addresses are as follows:

e How does the structure of the barrier jets along the
southeastern Alaskan coast depend on the ambient
wind speed, wind direction, stability, and terrain vari-
ability?

 How does the gap outflow impact the structure
(width, height, and strength) of the coastal jets?

e What is the contribution to the structure of the
coastal jet from the broad inland plateau versus the
steep coastal terrain?

The next section discusses the model configuration
and methods for measuring the barrier jet properties.
Section 3 compares selected idealized simulations to
the case study simulations in OL07 to validate the ide-
alized modeling approach. Section 4 addresses the
large-scale response generated by the inland plateau.
Sections 5 and 6 present the results for the classical and
hybrid barrier jet simulations, respectively. Section 7
discusses the major findings.

2. Methodology

A set of three-dimensional idealized dry barotropic
simulations on an f plane (58°N) was constructed over
the Gulf of Alaska using the fifth-generation Pennsyl-
vania State University—National Center for Atmo-
spheric Research (NCAR) Mesoscale Model (MMS5,
version 3.7; Grell et al. 1995). The three computational
domains had horizontal grid spacings of 54, 18, and 6
km (Fig. 1a) and were run using a one-way nest com-
munication. The 54-km domain was large enough
(>10 000 km wide), such that the fixed lateral boundary
conditions did not impact the inner-nest barrier jet so-
lutions. The model domains were modified for ideal-
ized simulations by setting the map factors to unity and
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FiG. 1. (a) The 54-km domain with the 18- and 6-km nests. The 500-m-level temperature
perturbation field is shown for an initialized cold pool run (gray-shaded every 2°C) with a
maximum perturbation of AT = —10°C within 1000 km of 59°N, 138°W, and decreasing
linearly to zero at a 2000-km radius. (b) The 6-km nest with cross-sectional volume between
A-A'. The region in box U is where a set of ambient flow conditions is measured, and its
location depends on the ambient wind direction. Point X is used to measure the conditions

~500-km offshore.
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TABLE 1. The set of idealized simulations used in this study, which represents a total of 104 runs (56 classical jets and 48 hybrid jets).
The first two columns show the initialized wind speeds and wind directions, while the third column lists the static stabilities. The
initialized strength of the inland cold pools using a fixed stability of N = 0.01 s~' is shown in the fourth column.

Wind speed (ms™ 1) Wind direction (°)

Static stability (s~') Cold pool (—A°C)

10 160
10 180
10 200
10 220
15 160
15 180
15 200
15 220
20 160
20 180
20 200
20 220
25 160
25 180
25 200
25 220

0.015, 0.01, 0.005 -5, —10, —-15
0.015, 0.01, 0.005 =5, =10, =15
0.015, 0.01, 0.005 -5, —10, —15
0.015, 0.01, 0.005 -5, —10, —15
0.015, 0.0125, 0.01, 0.0075, 0.005 -5, —10, —15
0.015, 0.0125, 0.01, 0.0075, 0.005 -5, =10, —15
0.015, 0.0125, 0.01, 0.0075, 0.005 =5, =10, —15
0.015, 0.0125, 0.01, 0.0075, 0.005 -5, —10, —15
0.015, 0.01, 0.005 -5, —10, —15
0.015, 0.01, 0.005 -5, —10, —15
0.015, 0.01, 0.005 -5, —-10, —15
0.015, 0.01, 0.005 -5, —10, —15
0.015, 0.01, 0.005 -5, =10, —15
0.015, 0.01, 0.005 -5, —10, =15
0.015, 0.01, 0.005 -5, —10, —15
0.015, 0.01, 0.005 -5, —10, —15

by removing the curvature terms from the momentum
equations (Zingl 2003). Thirty-two vertical terrain-
following sigma levels were used, with 14 levels below
700 hPa and a model top at 100 hPa. A 10- and 5-min
land-use and topography dataset was utilized in the 54-
and 18-km domains, respectively, while the 6-km do-
main used a 2-min terrain dataset.

The model configuration included the Blackadar
planetary boundary layer (PBL; Zhang and Anthes
1982) scheme to parameterize the frictional and turbu-
lent processes. The Blackadar scheme uses a surface
roughness length over the ocean following Delsol et al.
(1971). All land surface values were configured as ei-
ther water or coniferous forest. The surface fluxes of
heat and moisture were turned off. All runs were dry,
with no convective, microphysical, or radiative param-
eterizations. Horizontal diffusion was calculated on
height surfaces to help preserve vertical potential tem-
perature gradients in mountainous regions (Zingl
2002). Klemp and Durran’s (1983) upper-radiative
boundary condition was used in order to prevent grav-
ity waves from being reflected off the model top.

The initial and boundary conditions for the 54-km
domain were created with the MMS5 initialization ap-
proach described in Olson and Colle (2007). Although
the scheme was originally designed for initializing a
baroclinic wave, it can also specify barotropic basic
states without a wave perturbation. All simulations
were initialized with gradient wind-balanced barotropic
flow, constant stratification in the troposphere, and a
tropopause at 8.5 km MSL. A barotropic approach was
used in order to better understand the terrain pertur-
bations in the absence of thermal advections in a baro-
clinic system. For the hybrid jet runs an inland cold pool

was initialized over the land grid points within a 1000-
km radius of 59°N, 138°W (Fig. 1a), and the cold pool
linearly decreased to zero at a 2000-km radius. The cold
pool had temperature perturbation magnitudes of —35,
—10, and —15°C below 1 km and decreased linearly to
zero at 2 km MSL, which represents the depth and
strength (~—8°C) of the cold anomaly in the sounding
composites of hybrid jets at Whitehorse, Yukon Terri-
tory (Colle et al. 2006).

Table 1 lists the simulations used for this study. The
ambient wind speeds were incremented every 5 ms!
from 10 to 25 ms™ ! and the wind direction every 20°
from 160° to 220°, which corresponds to ~25° to 85°
from coast-parallel. The static stability was incre-
mented every 0.005 s~ ! from N = 0.005 to 0.015s~*. All
simulations were started impulsively and run out 48 h.
Since the flow features during the early simulation pe-
riod may be dependent on the startup procedure (Smo-
larkiewicz and Rotunno 1989), only hours 12-48 were
used in the analysis. Although the real atmosphere at
this latitude is more baroclinic and variable than these
idealized runs, our approach represents an upper
bound to a steady-state solution that can occur if a
broad uniform onshore-directed flow is orientated to-
ward the west coast with minimal temperature advec-
tions. Persistent onshore flow and weak temperature
advections for more than 12 h have been observed for
several case studies of terrain-forced flows in this re-
gion (Colle and Mass 1996; OL07).

Characteristic barrier jet properties, such as width,
height, and wind speed enhancement, were measured
for each simulation adjacent to the Fairweather Moun-
tains (Fig. 1b), which is the same study area for OL07
and the SARJET experiment (Winstead et al. 2006).
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FIG. 2. Terrain-parallel wind speed (gray shaded every 2 m s~ '), potential temperature (dashed gray every 1 K), and wind barbs (1
flag = 25 m s~ ' and full barb = 5 m s™') along the cross section A-A’ (Fig. 1) for (a) SARJET IOP1 and the (b) idealized simulation
initialized with 25 m s~! winds at 180°, and N = 0.01 s~ L. (c), (d) The same fields, but compare (c) SARJET IOP7 and the (d) idealized
simulation initialized with 15 m's™' winds at 160°, with N = 0.01 s~ and a cold pool anomaly of 15°C.

These properties were measured within the cross-
sectional volume A—A’ (dashed area in Fig. 1b), which
extends 100 km along the coast, ~400 km offshore, and
includes the lowest 14 sigma levels (~2.7 km MSL).
This volume is taller than the mean mountain height
(~2500 m), but shorter than the tallest peak (Mt. Fair-
weather ~3200 m) in the model terrain. The barrier-
parallel wind speed was first averaged along NW-SE
sections within box around A-A’ in Fig. 1b in order to
obtain mean cross-barrier profiles of the jets. Barrier

jet characteristics were then determined from this av-
eraged A—A' cross section.

The barrier jet width is defined as the horizontal dis-
tance between the outer (southwestern) and inner
(northeastern) edge of the jet. The jet edges are located
by first calculating the maximum terrain-parallel wind
speed perturbation (v’ = v — V,,, where v is the time-
varying barrier-parallel wind speed and V, is the ini-
tialized barrier-parallel wind speed) between the sur-
face and the mean mountain height for each point along
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FIG. 3. Pressure (black every 4 mb) and wind perturbation at 1 km MSL at hour 24 for simulations initialized with 10 ms™' and

N = 0.01 s~ ! for wind directions of (a) 220°, (b) 160°, (c) 220° NIT, and (d) 160° NIT. The dark gray arrows show the initialized wind

direction.

the averaged A—A' cross section. Then the jet edges are
located where the maximum v’ decreases by a factor of
e~ ! to both sides of the jet maximum (Fig. 1b)." When
the inner (eastern) edge of the jet is located over the
slope of the barrier, the base of the windward slope is
taken as the position of the inner edge of the jet. The
barrier jet height is the height of the maximum terrain-
parallel wind speed in cross-section A—-A’. To compare
results with previous theoretical studies of barrier jets

! The barrier-parallel component was used as opposed to the
total wind speed to be consistent with the barrier-parallel jet defi-
nition used in Loescher et al. (2006).

(Pierrehumbert and Wyman 1985; Braun et al.
1999a,b), the wind speed enhancement is defined as the
maximum barrier-parallel wind speed perturbation (v’)
in A-A’ divided by U,, the ambient barrier-normal
wind speed.” For this study, the Froude number is de-
fined as a time-dependent quantity:

2The U, in this study is the time-dependent mean barrier-
normal component (at the base of the southeastern slope of the
Fairweathers) between the surface and 2.5 km MSL at ~2000 km
offshore in the 54-km domain, which avoids the influence of the
broad inland terrain while including the frictional Ekman layer
impact on the flow.
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since U, and N evolve as the boundary layer devel-
ops. Therefore a bulk quantity through a depth 4 (~2.5
km) is averaged over the lowest k.., (=14) model
levels.

Previous case studies of Alaskan barrier jets related
jet properties (enhancement, width, and height) to up-
stream conditions a few hundred kilometers upstream

of the barrier (Loescher et al. 2006; OL07). Therefore,
the properties of the simulated jets in our study are
sometimes plotted as a function of the immediate up-
stream conditions within the box U (Fig. 1b). This up-
stream box was positioned according to the ambient
wind direction, such that a forward trajectory released
from box U at 500 m MSL would approach the south-
western slopes of the Fairweather Mountains.

3. Comparison with SARJET case studies

To show the capability of our idealized simulations to
predict realistic coastal flows even for simplified physics
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in the MMS, two idealized simulations were completed
using ambient conditions similar to that measured ~300
km offshore in SARJET 4-km MMS5 simulations of
OLO07. Hour 12 of the idealized runs was used to com-
pare with the SARJET events, since the ambient flow
in the case studies persisted for ~12 h before surface
trough passage.

Using the ambient conditions in OL07 for intensive
observing period 1 (IOP1; 2000 UTC 26 September
2004) (see their Fig. 4), an idealized simulation consist-
ing of ambient southerly (180°) winds of 25 m's™' and a
dry N = 0.01 s~' (RH was ~90%) were used to com-
pare with IOP1. A vertical cross section along A-A’
(Figs. 2a,b) shows the terrain-parallel wind speeds and
potential temperatures through the barrier jet for the
SARJET IOP1 and idealized runs. The jetis ~1 ms™*
stronger in the idealized case and it is ~20-50 km wider
than the IOP1 jet above 1 km MSL, since the approach-
ing trough reduced the offshore extent of the IOP1 jet
above midmountain level. The development of the
well-mixed boundary layer and ~100-m higher place-
ment of the jet maximum in the idealized simulation
was likely due to a neglect of surface fluxes, which can
maintain stratification in prefrontal boundary layers
(Bond and Fleagle 1988). The horizontal structure of
the jet around the Fairweathers was also realistically
simulated using the idealized approach (Olson 2007).
I0OP7 (2200 UTC 12 October 2004 in OL07) featured
gap outflow southwest of the Fairweathers, with south-
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FiG. 6. (a) Maximum barrier-parallel velocity, v’, within the A—A’ box in Fig. 1b as a function of U,, for different initialized wind

directions (gray-shaded lines), (b) v’ associated with the mountain anticyclone (measured at upstream point X in Fig. 1b), and (c) the

difference between (a) and (b), which yields the v' generated within the coastal zone (<500 km offshore). The NIT runs are plotted
as asterisks and are gray shaded, the same as the full terrain runs.

southeasterly flow of ~15 m s~ ! farther offshore to the
southwest (Fig. 8 of OL07). An idealized simulation
was initialized using ambient southeast (160°) winds at
15ms™', N = 0.01 s™!, and an inland cold pool with a
magnitude of —15°C up to 1000 m MSL (not shown).
The maximum winds at 500 m MSL in the SARJET
IOP and the idealized simulations are ~26 m s~ ' south-
west of the Fairweathers at ~50 km offshore (Figs.
2¢,d). The coldest temperatures are also situated ~50
km offshore as a result of the gap outflow (Figs. 2c,d).
Overall, the wind speed enhancement, jet height, and
width were realistically simulated despite the lack of
full physics in the model.

4. Impact of broad inland terrain

The complex terrain of southeast Alaska involves a
broad component (e.g., the width of the inland plateau)
that forces a rotationally dominated (Rossby wave)
component and a short-wave component (e.g., the Fair-
weathers) that produces a gravity wave response. To
understand how the broad inland terrain impacts the
coastal flows as a function of ambient wind direction,
the large-scale pressure and wind perturbations were
examined within the outer 54-km grid (with no inland
cold pool initialized). Figure 3 shows the 24-h pressure
perturbation at 1 km above MSL for simulations ini-
tialized using a background wind speed of 10 ms™ ',
N = 0.01 s7', and wind directions of 220° and 160°
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(Figs. 3a,b). A 16-18-mb pressure perturbation devel-
ops along the windward edge of the Alaskan—Canadian
coastal region for the 220° simulation, while an 8-12-
mb perturbation occurs for the 160° simulation. This
pressure difference results from the greater cross-
barrier flow (U,,) in the 220° simulation, which results in
greater upslope (adiabatic) cooling and more robust
mountain (gravity) waves tilting the isentropes upward
more over the coast (not shown).

Buzzi and Tibaldi (1977) and Bannon (1986) high-
lighted that the depth of the terrain flow response, as
given by the Rossby penetration depth (NL/f, where L
is the barrier width), and its upstream extent increases
with the width of the mountain. Furthermore, Smith
(1979b) and Bannon and Chu (1988) showed that the
magnitude of the upstream-flow deflection is propor-
tional to the cross-sectional area of the terrain. To di-
rectly show the dependence of the flow response to the
barrier width, the same simulations were performed
with no inland terrain (NIT) specified >500 km east of
the West Coast of North America. Near the Fairweath-
ers (Fig. 3c), the pressure perturbation for the 220° NIT
run is about half as large as the 220° control run. The
terrain-parallel wind speed perturbation decays more
rapidly upstream of the coast in the NIT run than in the
220° control (Figs. 4a,c). Meanwhile, the pressure per-
turbation (6-10 mb) in the 160° NIT run is only ~30%
less than the full terrain (160° control) run (Fig. 3d),
since the downstream barrier width was not as largely
affected by removing the inland terrain.

Backward trajectories released from the coast at 500,
1000, and 2000 m MSL starting at hour 24 for the 220°
wind direction with and without the inland terrain il-
lustrate the impact of the inland terrain on the up-
stream flow (Fig. 5). In agreement with linear theory
(Pierrehumbert 1984; Braun et al. 1999a), which em-
phasizes the mountain height and slope for upstream
blocking, trajectories at 500 m MSL in both simulations
result in blocked flow (Figs. 5a,b). Also, the flow as-
cends over this blocked flow ~150 km upstream of the
coast for trajectories at 1000-2000 m above MSL (Figs.
Sc—f). Meanwhile, the initial 220° flow at 500 m MSL
becomes more southerly in the control (full terrain) run
at ~300 km upstream (southwest) of the barrier (Fig.
5a). In contrast, the trajectories approaching the coast
in the NIT run are nearly orthogonal to the barrier and
there is less total wind speed enhancement (Fig. 5b).
Therefore, the broad mountain cyclonically turned the
flow in a direction that adds momentum to the terrain-
parallel barrier jet, and this flow can further accelerate
down the along-barrier pressure gradient near the coast
to create wind speeds exceeding 20 m s~ ! (Fig. 5a). At
2000 m MSL (Figs. Se,f), little blocking is evident in the
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FI1G. 7. The impact of wind direction and broad inland terrain
along cross section A—A’ for three simulations with the same
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gray-shaded), potential temperature (every 1 K, gray contours),

and wind barbs are plotted.
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NIT run (Fig. 5f) as compared to the control run. This
suggests that the stronger mountain anticyclone for the
wider terrain helps reduce the cross-barrier flow mag-
nitude, which in turn lowers the Froude number. For
example, parcels at 2000 m above MSL approaching the
remaining 1200 m of Mt. Fairweather (h,, ~ 1200 m;
N ~ 0.01 s~") have a lower Froude number in the control
(Fr ~ 0.7) than the NIT run (Fr ~ 0.85), thus favoring
more blocking in the control simulation when using the
conditions a few hundred kilometers upstream of the
coast (U, ~ 8.5 ms ' and ~ 10 ms™', respectively).
The influence of wind direction on the barrier-
parallel wind speed perturbation (v') is shown as a
function of the barrier-normal velocity U, measured
~2000 km upstream of the coast (Fig. 6). Figure 6a
shows the maximum v’ within the A—A’ box region in
Fig. 1b for the full terrain runs, which combine the
near-coast accelerations and the mountain anticyclone.
For the same U, ~ 10 ms™ !, there is a ~8 ms™! dif-
ference in the magnitude of v’ for the various wind
directions, with the largest wind perturbation associ-
ated with the more barrier-normal wind direction
(220°). The v' at a point 500 km offshore (point X in
Fig. 1b) is also largest for the 220° simulation (Fig. 6b),
due to the development of the mountain anticyclone.
The difference between the v’ within A—A’ and the v’
at point X represents the additional barrier-parallel ac-
celeration closer to the coast. This difference is small
for all wind directions for a given U, (Fig. 6¢c), except

for when the ambient flow is oriented parallel to the
coast. The NIT runs with initialized wind speeds of 10
m s~ for the various wind directions are also included
for comparison (see * symbols in Fig. 6). The v’ re-
sponse for the NIT runs are similar to each other (7-9
m s~ '), which further highlights the importance of the
inland terrain on enhancing the barrier-parallel v’ by
changing the large-scale flow perturbation.

Figure 7 shows a cross section of v’ for flows initial-
ized with the same U, = 10 ms~! but different wind
directions (10 ms™! at 220° and 25 ms™' at 160°) at
hour 24. The 160° simulation produces a 1-km pressure
perturbation that is ~6 mb less than the 220° run over
the Fairweathers (not shown) due to a reduction in the
cross-barrier flow and mountain anticyclone. This re-
sults in a maximum terrain-parallel wind perturbation
in the 160° simulation that is only half as large (Fig. 7b)
compared to the 220° simulation (Fig. 7a). To show the
effect of a reduced barrier width more explicitly, Fig. 7c
shows the simulation with the same ambient conditions
as in Fig. 7a, but with no inland terrain. The barrier jet
in the NIT (220°) run is both weaker and narrower than
the full-terrain 220° simulation (Figs. 7a,c).

The above analysis indicates that the “ambient flow”
within box U, which is typically measured only a few
hundred kilometers offshore of the coast (Overland
and Bond 1995; Braun et al. 1997; Colle et al. 2002;
OLO07; among others), may not really represent the
flow unperturbed by terrain. Rather, the broad in-
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TABLE 2. Linear correlations of atmospheric parameters and the barrier jet characteristics are listed for the 56 classical barrier jet
simulations for hours 24-48. There were 43 simulations with Fr < 1 and 13 with Fr > 1. The boldface values represent correlations with
p values < 0.05, testing the hypothesis of no correlation against the alternative that there is a nonzero correlation.

Classical jet characteristic Atmospheric parameter All simulations Fr<1 Fr>1
Wind speed enhancement Barrier-normal flow -0.54 —-0.38 —0.33
Wind speed —0.66 —0.61 —0.52
Wind direction —0.26 —0.08 —0.14
Stability 0.75 0.58 0.51
Jet width Barrier-normal flow —0.58 —0.55 —-0.10
Wind speed —0.11 0.06 0.47
Wind direction —0.75 —-0.81 —0.39
Stability 0.56 0.37 0.15
Jet height Wind speed 0.75 0.87 0.36
Stability -0.34 -0.31 -0.30

land terrain helps turns the flow more terrain paral-
lel, which increases the strength of the jet and the po-
tential for flow blocking against the steep coastal ter-
rain.

5. Classical barrier jet simulations

Since the barrier jet strength and height slowly
evolve after hour 24 (not shown), an average of hours
24-48 is used to diagnose the jet properties as a func-
tion of the ambient conditions. The terrain-parallel
wind speed enhancement (v'/U,,), jet width, and height
were related to the ambient wind speed, direction, sta-
bility, and Froude number obtained a few hundred ki-

(a) Offshore extent (km; Hours 24-48)
o13f ' ' ' '
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lometers upstream of the coast® (box U in Fig. 1b). This
location was chosen since it represents the “ambient”
flow typically measured in case studies (OL07; Loe-
scher et al. 2006).

a. Wind speed enhancement

Figure 8a illustrates that the largest wind speed en-
hancements (~1.9) are associated with Fr ~ 0.3-0.4,
which is consistent with flow blocking at low Froude
numbers (Pierrehumbert and Wyman 1985). The bar-
rier-normal velocity component, U,,, and the total wind

3 Except U,, which was obtained ~2000 km upstream of the
coast as mentioned in section 2.
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Fi1G. 9. Relationship between barrier jet width (numbers in km and dashed every 25 km) for
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The gray shading in (a) represents Froude number regimes: 0 < Fr < 0.5 (light gray), 0.5 <
Fr < 1.0 (medium gray), and 1.0 < Fr (dark gray). The variations in the size and thickness of
the numbers are relative to the initialized wind direction (see Fig. 8).
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speed, Ui, are both negatively correlated (—0.54 and
—0.66, respectively, in Table 2) with the wind speed
enhancement, while N has a positive correlation of 0.75.
This suggests that wind speed enhancement approxi-
mately scales as Nh,,/U,, or somewhat better as Nh,,/
U, o1 given that wind speed enhancement continues to
increase as the total wind speed decreases (Fig. 8b),
since the flow is more easily blocked and subsequently
accelerated along the coast. However, as U, falls be-
low ~7 ms™' (Fig. 8a), the mountain-induced pres-
sure perturbations are small, resulting in weaker accel-
erations. Figure 8c supports this argument by showing

that the largest barrier-parallel wind speed enhancements
are associated with a wind direction of ~170° (~30°
from coast-parallel), since the southerly flow produces
a well-defined mountain anticyclone and along-barrier
pressure perturbations near the coast (not shown).*

4 If Figs. 8b,c are plotted against the initialized wind speeds and
wind directions (not shown), the maximum wind speed enhance-
ment is still found for weak initialized wind speeds, but the opti-
mal wind direction becomes centered around ~190° rather than
170° given the influence of the mountain anticyclone and Ekman
layer in cyclonically turning the large-scale flow by about ~20°.
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This result agrees with Petersen et al. (2003), who
showed that the strongest barrier winds for wind direc-
tions oriented 30°-45° from the axis of an isolated
ridge.

b. Barrier jet width

Figure 9 compares the barrier jet width with the U,
(measured >2000 km upstream), stability, and Froude
number measured in box U (Fig. 9a), as well as the
wind direction (Fig. 9b). Both U, and wind direction
are negatively correlated with the offshore extent of the
jet (—0.56 to —0.75 in Table 2), meaning that more
coast-parallel flow favors the widest jets. This negative
correlation implies that an increase in U, favors a de-
crease in jet width even for Fr < 1. This result is in
contrast to previous studies (i.e., Overland and Bond
1995), which found that jet width was proportional to
the cross-barrier wind speed (L = U, /f) for Fr < 1.
One possible reason for this discrepancy is that our ide-
alized results apply to near-equilibrium solutions (hours
24-28), whereas the flow perturbation (jet) width does
increase initially (hours 0-6) for increasing U, (not
shown), and may also occur for an evolving case study.

The influence of wind direction on the jet width is
illustrated in Fig. 10. As an initialized wind of 15 m s~
is rotated from 220° to 180° for N ~ 0.01 s, the jet
width increases from ~50 to ~250 km and the jet maxi-
mum moves farther offshore (Figs. 10a—c). For a wind
at 180° (Fig. 10c), the coast-parallel wind speed is a
combination of the large-scale mountain anticyclone
superimposed on the down-gradient acceleration of
southeasterly flow near the coast. Also, the Fr at box U
decreases from ~0.6 to ~0.4 as the wind direction shifts
from 220° to 180°, which favors more blocking and a
more pronounced jet. As the wind direction is further
rotated to 160° (Fig. 10d), there is little cross-barrier
flow and a weak pressure perturbation near the coast
(not shown), resulting in a weaker flow maximum
within the broad jet. Thus, the e-folding definition of
the barrier jet width results in widest jets for flows ini-
tialized nearly coast-parallel.

c. Barrier jet height

The height of the barrier jet maximum is most strongly
correlated with the total wind speed (0.74) and stability
(—0.34) measured in box U (Table 2). This suggests that
the jet height scales as U, /N, with low jet heights
(<400 m MSL) occurring for weak wind speeds and large
stabilities (Fig. 11). Over the windward slope, weaker
(upslope) flow and stronger stability limits the vertical
extent of the terrain-induced flow, but the offshore por-
tion of the barrier jet in our idealized simulations are
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F1G. 11. Classic barrier jet height as a function of Brunt—Vaiisila
frequency and wind speed (m s~ '). The variations in the size and
thickness of the numbers are relative to the initialized wind di-
rection (see Fig. 8).

found at the top of the boundary layer, consistent with the
idealized studies of Braun et al. (1999b) and Peng et al.
(2001). The depth of the boundary layer is driven in part
by turbulent mixing, which will be greater as the wind
speed increases and/or stability decreases. The influence
of wind speed on the height of the jet is shown in simu-
lations initialized with the same stability (N = 0.01 s 1)
and wind at 180°, but the wind speeds are increased
every 5 ms~ ! from 10 to 25 ms~' (Fig. 12). The jet
maximum is lowest (~500 m MSL) for the 10 ms™*
simulation (Fig. 12a). The jet maximum rises and shifts
over the windward slope when the speed is increased to
15 and 20 m s~ ! (Figs. 12b,c). A further increase to 25
m s~ ! lifts the jet maximum to ~1200 m MSL (Fig. 12d).

6. Hybrid barrier jet simulations

The hybrid barrier jet simulations were initialized
with a constant static stability (N = 0.01 s™!) and a
1000-m-deep cold pool over the interior varying in mag-
nitude from AT = —5° to —15°C (columns 1, 2, and 4 of
Table 1). A range of Fr numbers from 0.2 to 1.0 were
sampled within box U in Fig. 1b, but this Fr range in-
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creased during the simulations to 0.2-3.0 after the
boundary layer and gap outflows developed. The sta-
bility for these simulations was measured in the 250-
750 m MSL layer directly southwest of the Fairweath-
ers, which encompasses the transition layer over the top
of the gap outflow (Lackmann and Overland 1989;
Overland and Bond 1995). Since the influence of the
gap outflow on the hybrid jet is weak after the inland
cold pool drains after hour 24, hours 12-24 are used for
the analysis below.

a. Wind speed enhancement

Figure 13 shows the relationships between wind
speed enhancement (v'/U,) and U,, (measured >2000 km

upstream of the coast) (Fig. 13a), wind speed
(Fig. 13b), and wind direction (Fig. 13c) obtained in
box U. The greatest wind speed enhancement is asso-
ciated with weak (<15 m s~ ') ambient flows (Fig. 13b)
and barrier-parallel wind direction of ~140° (Fig. 13c).
In contrast to the classical jet simulations, the wind
speed enhancement maximum for hybrid jets is
shifted to lower Fr (<0.2) (Fig. 13a). Thus, the addi-
tion of gap outflows initiated under low Fr condi-
tions results in large wind speed enhancements. The
onshore flow component, U,, has a slightly stronger
correlation with wind speed enhancement (—0.86) than
wind speed (—0.76) (Table 3), suggesting that wind
speed enhancement scales slightly better with Nh,,/U,,
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different Fr regimes (see Fig. 8).

than Nh,,,/U,.., which was not the case for the classical
jets.

The cold pool strength has little influence on jet wind
speed enhancement for simulations with ambient wind
directions initialized between 180° and 220°, since the
ambient pressure gradient is not oriented to effectively
accelerate the cold pool through the coastal gap. How-
ever, strong gap outflows can produce strong coastal
flows for the most coast-parallel flows (~160°). This
acts to shift the maximum wind speed enhancements to
Fr ~ 0, which is in contrast to the maximum found at
Fr ~ 0.3-0.4 for the classical jets.

The relative contribution of wind speed and direction
for the hybrid jets was explored at 500 m MSL (Fig. 14).
The largest wind speed enhancement (~2.4) occurs for
relatively weak background flow (10-15m s~ ') and the
most coast-parallel wind directions (160°-180°). The

cases with the largest offshore-directed pressure gradi-
ent generate the largest gap outflows (top row of Fig.
14), producing the strongest winds relative to the back-
ground flow. With strong background winds (cf. upper
left- and right-hand corners of Fig. 14), the gap outflow
is more efficiently mixed away, resulting in a smaller
impact by the gap outflow.

The terrain-parallel wind speed for cross section
A-A’ also highlights the influence of wind direction on
hybrid jet structure (Fig. 15). Enhanced wind speeds
(>4 m s~! greater than the ambient wind speed) extend
more than 200 km offshore for wind directions =180°
and the gap outflow acts to shift the position of the jet
maximum ~50 km offshore (cf. the 10 ms~' at 180° in
Fig. 15 with the classical jet simulation in Fig. 12a). The
enhancement region is reduced to <100 km offshore
for more onshore-directed flow (bottom row of Fig. 15),

TABLE 3. Linear correlations of atmospheric parameters with barrier jet characteristics for the 48 hybrid barrier jet simulations for
hours 12-24. There were 28 simulations with Fr < 1 and 20 with Fr > 1. The bold values represent correlations with p values < 0.05,
testing the hypothesis of no correlation against the alternative that there is a nonzero correlation.

Hybrid jet characteristic Atmospheric parameter All simulations Fr<1 Fr>1
Wind speed enhancement Barrier-normal flow —0.86 —-0.81 —0.86
Wind speed —0.76 -0.50 -0.55

Wind direction -0.48 —-0.47 -0.72

Cold pool strength 0.08 0.11 —0.20

Jet width Barrier-normal flow -0.77 —0.88 —0.66
Wind speed -0.15 -0.12 0.35

Wind direction —0.78 —-0.89 -0.71

Cold pool strength 0.15 0.44 —0.18

Jet height Wind speed 0.81 0.97 0.65
Wind direction -0.54 —0.61 -0.75

Cold pool strength 0.02 0.15 0.08
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The strength of the inland cold pool is a secondary
factor in the barrier jet width, which only made a strong
impact for the nearly coast-parallel wind directions.
Figures 17 and 18 show the impact of cold pool strength
versus wind direction for the same ambient wind speed
(15 ms™ '), where the offshore extent is primarily a
function of wind direction for all cases with wind direc-
tions of =180° (bottom two rows). However, for flows
oriented at 160°, the inland cold pool is effectively ac-

celerated through the mountain gap, initiating gap
outflow. This leads to an approximate doubling of
the jet width for a cold pool approaching —15°C. In
contrast, a pressure gradient orientated more coast-
parallel does not favor acceleration of the cold pool
through the coastal gaps. This is consistent with the
results of Zingl (2005), in which Alpine cold pool
drainage was found to be highly sensitive to the ambi-
ent wind direction.
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c. Hybrid jet height

The range of hybrid jet heights (250-950 m MSL) is
comparable to the heights measured in the classical bar-
rier jet simulations (Figs. 11 and 19). A strong correla-
tion (0.81) exists between jet height and the wind speed
(measured within box U). Since all hybrid simulations
were initialized with N = 0.01 s™!, correlations with
static stability were not meaningful.

The wind speed impact on the hybrid jet height can
be seen in Fig. 15, where simulations with the largest
wind speeds have the highest barrier jets (right col-
umn). These same conditions also dictated the jet
heights in the classical jet simulations. During condi-
tions of strong gap outflow, the jet maximum is located
at the top of the gap outflow (upper left-hand corner of
Fig. 15 and the adjacent panels), but when gap outflow
is not initiated or mixed away by the strong ambient
winds, the hybrid jet height is controlled by the same
mechanisms as the classical jets (noted in section 5).

7. Discussion and conclusions

Three-dimensional idealized simulations with the
MMS were completed down to 6-km grid spacing over
the southeast Alaskan coast. The model was initialized
with varying wind speeds, wind directions, and static
stabilities for a set of classical barrier jet simulations,
while an inland cold pool was initialized for the hybrid
jet simulations.

The broad inland plateau rotates the upstream winds
cyclonically to become more terrain-parallel 500-1000
km upstream of the coast. Simulations without the
broad inland terrain resulted in a weaker and narrower
coastal barrier jet. The large-scale mountain anticy-
clone produced by a broad plateau acts to “precondi-
tion” the impinging flow for barrier jet development by
turning the far upstream flow to become more barrier-
parallel, which increases the likelihood of flow blocking
near the coast. The combination of the flow with the
mountain anticyclone and near-coast accelerations acts
to expand the region of enhanced barrier-parallel wind
speeds. This reinforces the results obtained by the two-
dimensional simulations of Braun et al. (1999a), which
showed that barrier jets are stronger for flow over a
plateau-like barrier. Our results also show that there is
a wind direction dependence on the large-scale moun-
tain anticyclone caused by variations in the width of the
downstream (relative to Mt. Fairweather) inland pla-
teau. This resulted in the strongest mountain anticy-
clones for the most coast-perpendicular wind directions
(220°), which contributed ~50% of the total momen-
tum of the barrier jet when compared to a simulation
with the inland terrain removed.

Loescher et al. (2006) showed that there was an ap-
proximate equal number of hybrid versus classical jets
along the southeast Alaskan coast and the maximum
wind speeds were comparable, while the hybrid jets
have a ~10-km-larger median jet width. They also
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speed. The gap outflows also act to shift the position of
the jet maximum farther away from the coast. In con-
trast, flows oriented more perpendicular to the coast
(having a pressure gradient oriented more coast-
parallel) prevent acceleration of the cold pool through
the coastal gaps. Thus, the hybrid barrier jet structures
forced by southwesterly flows resembled the classical
barrier simulations, which have no inland cold pool ini-
tialized.

Our largest simulated wind speed enhancements for
classical jets (~1.9) occurred for a low Fr (~0.3-0.4),
which is consistent with other studies (Olafsson and
Bougeault 1996; Braun et al. 1999a; Petersen et al.
2003). Low ambient wind speeds (10-15 ms~') and
southerly (170°-180°) wind directions (~30°—45° from
coast-parallel) generate the largest wind speed en-
hancements. The lower momentum flow can more eas-
ily become blocked, deflected, and subsequently accel-
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erated in a terrain-parallel direction for quasi-two-
dimensional terrain. The optimal wind direction for
wind speed enhancement is ~175°, because flows ori-
ented more normal to the coast (at 200°-230°) have the
largest terrain-parallel accelerations, but also have the
largest U,. On the other hand, flows oriented more
parallel to the coast (130°-160°) have a small U,, but
receive little or no acceleration down the along-
mountain pressure gradient. Intermediate wind direc-
tions (160°-200°) can result in barrier jets produced by
a superposition of blocked flow accelerating down the
along-barrier pressure gradient as well as contributions
from the mountain anticyclone. The influence of the
gap outflows is to enhance the coastal jets for the most
coast-parallel flows (~160°), shifting the maximum
wind speed enhancements to Fr < 0.2 for the hybrid jet
simulations.

During periods of maximum gap outflow (hours
6-18), the height of the jet maximum is typically at the
top of the shallow gap outflow (~500 m MSL) and
typically lower than the jet maximum in the classical jet
simulations. After the gap outflows begin to weaken
(~18 h), the hybrid jet heights are comparable to the
classical jet heights. At this time, the jet height (both
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classical and hybrid) is positively correlated with total
wind speed, U, While it is negatively correlated with
static stability, N, suggesting that the height of the jet
maximum approximately scales as U,,/N. The total
wind speed, U, governs the strength of the turbulent
mixing in the PBL by increasing the frictionally induced
wind shear, but this mixing is countered by increases in
static stability. The turbulent mixing enhances the sta-
bility at the top of the PBL, thus modulating the height
of the barrier jets.

This numerical study advances our understanding of
the nature of barrier jets produced by the interaction of
impinging flow toward the complex three-dimensional
orography of coastal Alaska. Additional insight may be
gained by including time-dependent barrier jet struc-
tures within landfalling idealized baroclinic waves as
well as some other physical processes (moisture, sur-
face fluxes, radiation, etc.).
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