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ABSTRACT

Strong southerly winds regularly occur in the Cook Strait region of New Zealand. Occasionally, these
winds are strong enough to cause severe damage to property and threaten human life. One example of a
storm containing such winds is the ““Wellington Storm,”” which occurred on 20 June 2013. For this case, wind
speeds in Cook Strait were stronger than those observed or forecast elsewhere in the storm. Even though
wind speeds of this intensity are rare, storms affecting New Zealand with central pressures equal to the
Wellington Storm (~976 hPa) are not uncommon. Numerical experiments have been carried out to in-
vestigate the possible reasons for the exceptional damaging southerly winds (DSWs) occurring in this storm.
Analyses of the simulations showed that DSWs in Cook Strait for this event were actually barrier jets, not
gap winds as they appeared. The strength of barrier jets in Cook Strait is sensitive to the precise location of
the storm center. This explains the uncommon occurrence of DSWs in Cook Strait. Numerical experiments
that used scaled (either increased or decreased) New Zealand orography showed that the barrier jets be-
came shallower and weaker when the mountain top heights were lower. This decrease in barrier jet strength
with mountain height is largely consistent with the results from linear-scale analyses in previous publica-
tions. This result implies that numerical simulations using a lower topography than actual (usually the case
in current operational NWP) may lead to errors in timing and in forecasting the strength of the damaging
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winds associated with barrier jets.

1. Introduction

The interaction of mountains with environmental
airflow often leads to localized high winds such as
barrier jets, gap winds, and downslope storms. Gap
winds are winds downstream of mountain gaps,
stronger than adjacent airflows (Pan and Smith 1999).
A distinctive feature of the gap wind is that its speed
exceeds the upstream wind speed due to acceleration
from higher upstream pressure to lower downstream
pressure.

Downslope winds may occur in the lee of mountains
when air is forced to flow over them (Durran 2003). In
suitable atmospheric conditions, downslope winds have
been found to occur at many locations [e.g., the Rocky
Mountain chinook (Lilly 1978), the southern Alpine
foehn in New Zealand (Yang et al. 2012)], and can de-
velop to be severe (wind speed >20ms~'). Two main
theories have been put forward to explain these severe
downslope winds: (i) resonant amplification (Clark and

Corresponding author e-mail: Dr. Yang Yang, y.yang@niwa.co.nz

DOI: 10.1175/MWR-D-16-0159.1

Peltier 1984; Scinocca and Peltier 1993) and (ii) the
hydraulic theory (Smith 1985).

A barrier jet, on the other hand, is a strong low-level
mountain-parallel flow on the windward side due to
mountain blocking (Schwerdtfeger 1975; Parish 1982;
Overland and Bond 1993). Adiabatic ascent of airflow
on the windward side of a mountain (Mass and Ferber
1990) leads to the occurrence of a cold anomaly and
positive pressure perturbation against a mountain
barrier. A barrier jet is developed as the winds accel-
erate down the along-barrier pressure gradient on the
windward side.

The occurrence and development of barrier jets de-
pends on the strength and stability of the upstream
airflow and on the shape and height of the mountain
range. According to Overland and Bond (1995) and
Pierrehumbert and Wyman (1985), the Burger number is
defined as B = (N/f)(h,,/L), where N [=+/(g/0)(06/9z) ],
hp, f, and L are the Brunt-Viisila frequency (referred
to as N hereafter), the effective mountain height, the
Coriolis parameter, and the mountain half-width, re-
spectively. For B > 1, the mountain ridge is wall-like
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FIG. 1. (a) NZCSM domain covering New Zealand and the three cities denoted by % symbols. (b) The Cook
Strait, mountains (shading), positions of cross sections (lines AB, CD, and EF), and locations of three stations

(denoted by * symbols) used in this study.

and the mountain-parallel momentum balance is
ageostrophic [i.e., low-level winds accelerate down the
along-barrier pressure gradient; Overland and Bond
(1993, 1995)]. Barrier jets have been found to occur
frequently in places where the Burger number is
normally greater than 1 [e.g., the Appalachians
(Richwien 1980; Bell and Bosart 1988), east of the
Rocky Mountains (Colle and Mass 1995), the Sierra
Nevada (Marwitz 1983; Neiman et al. 2011), and in the
European Alps (Bousquet and Smull 2003a,b), as well
as along the coasts of California—Oregon (Yu and
Smull 2000), the southern Alaskan coast (Olson et al.
2007), and the west coast of Taiwan (Li and Chen
1998; Yeh and Chen 2003)]. Barrier jets also fre-
quently occur along the west coast of the South Island
of New Zealand, parallel to the Southern Alps (Revell
et al. 2002).

New Zealand consists of two main islands: North
Island and South Island. The South Island is dominated
by mountain ranges with a southwest-northeast ori-
entation, known as the Southern Alps with a peak
mountain height of 3724 m, at Mt. Cook (Fig. 1a).
The North and South Islands are separated by Cook
Strait (Fig. 1b) with a width of about 20-60 km. The
Wellington region is located in the southwest of the
North Island. Reid (1996) analyzed pressure values at
mean sea level (MSL) at a few stations in the region of
Cook Strait for a 2-yr period and found that winds
have directions approximately parallel to the pressure
gradient.

Damaging southerly winds (DSWs) occurred during a
storm that impacted the Cook Strait and coastal Wel-
lington area in the evening of 20 June 2013. Storms such
as this one, hereafter referred to as the “Wellington

Storm,” are not uncommon in New Zealand in terms of
the minimum mean sea level pressure in the storm
(~976hPa); however, the exceptionally strong winds
and damage caused by the Wellington Storm on the
night of 20 June were unusual. For example, at Brothers
Island to the west of Cook Strait (Fig. 1b), the maximum
southerly gust wind speed reached 51 ms ™" at 0900 UTC
(Fig. 2). The maximum southerly wind speed observed
at Wellington Airport on the evening of 20 June was
~40ms~' (Fig. 2), the strongest for the past 20 years
(not shown). The hourly maximum gusts at Cape
Campbell were stronger than at Wellington Airport but
weaker than at Brothers Island when DSWs occurred in
Cook Strait. Large trees were downed and transmission
line pylons and roofs were damaged, with the greatest
damage levels in the south coast region of Wellington.

From simulations using the New Zealand Convective
Scale Model (NZCSM), it is interesting to note that
stronger surface southerly winds (>30ms ") than else-
where in the storm were found mainly in the Cook Strait
and Wellington coastal region (Fig. 3). However, it was
not clear as to which of, if any (or combination of) the
three mountain-related effects was responsible for the
DSWs. Numerical simulations of this storm have been
carried out to investigate the mechanisms behind
these localized DSWs, and the effects of mountain
heights and environmental incoming airflow directions
on barrier jet strength.

The paper is structured as follows: a description of the
synoptic weather situation and the numerical model and
data used is presented in section 2; factors leading to the
DSWs are analyzed in sections 3 and 4, respectively; and
results from sensitivity experiments exploring the sen-
sitivity of barrier jets to mountain heights and incoming
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Max gusty winds on 20 June 2013
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FI1G. 2. Observed hourly maximum gust (top

) wind speed and (bottom) direction at the

Wellington Airport, Cape Campbell, and Brothers Island (Fig. 1b).

airflow directions are analyzed in sections 5 and 6.
Finally, a short summary is given in section 7.

2. Description of weather, model, and data
a. Weather

The Wellington Storm moved eastward from the
Australian continent and intensified quickly over the
Tasman Sea. At 0600 UTC 14 June 2013, the main body
of a low pressure system was located off the east coast of
Australia with a central pressure of ~1000 hPa (Fig. 4a).
At 0600 UTC 16 June, the central pressure decreased to
~996 hPa and started to affect New Zealand with surface
northeasterly winds predominating across the country. At
0600 UTC 18 June, the low showed two pressure minima
at the surface: one was over the central Tasman Sea
(~992hPa) and the other was to the southeast of the
South Island (~989hPa). At 0600 UTC 20 June, the
central pressure further decreased to 976 hPa (Fig. 4d)
and was located to the west of the North Island.

This low exhibited a baroclinic structure typical of
other midlatitude cyclones during its development stage
as illustrated by simulations with the New Zealand Lim-
ited Area Model (NZLAM) (Webster et al. 2003; Yang
et al. 2011, 2012). For example, at 0600 UTC 16 June
2013 at 500 hPa (Fig. 5a), higher temperatures were
found to the east of the low center with warm advec-
tion and lower temperatures to the west of the low
with cold advection. At 0600 UTC 20 June when
DSWs affected the Cook Strait and Wellington re-
gion, the low center at 500 hPa coincided with the
center of the upper-level cold air and the associated
cold/warm advection was much weaker than before
(Fig. 5b), indicating that by this stage baroclinic con-
version of potential to kinetic energy were playing less
of a role in the development of the low. In addition,
the maximum Ertel potential vorticity (PV) associ-
ated with the low on the isentropic surface of 310 K
showed a dramatic increase from approximately
—5PVU (1PVU = 10 °Kkg 'm?s™ ') at 0600 UTC
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FIG. 3. Forecasted surface winds, mean sea level pressure (hPa, white contours), and wind speed (shading) by
NZCSM. The strongest surface winds were over Cook Strait. (left) The plus sign (‘‘+") denotes the location where

the environmental mean wind profile was calculated.

16 June to approximately —10PVU at 0600 UTC
20 June 2013 (Figs. 5c,d), implying that diabatic
heating associated with the moist processes also con-
tributed to the development of the low. For more in-
formation about the diabatic heating process for the
development a midlatitude cyclone over the ocean, one

may refer to Reed et al. (1993), Kuwano-Yoshida and
Asuma (2008), and Fu et al. (2014).

In the late afternoon and evening, south-southeasterly
winds in the southwestern portion of the Wellington
Storm impinged on the coastal regions and mountains in
the northeast of the South Island. This led to cold strong

SN
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FIG. 4. Surface analysis for the Wellington Storm at (a) 0600 UTC 14 Jun, (b) 0600 UTC 16 Jun, (c) 0600 UTC
18 Jun, and (d) 0600 UTC 20 Jun 2013. (Courtesy of MetService New Zealand.)
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FIG. 5. Potential height (<10 m, white contours), winds, and air temperature at the 500-hPa level at (a) 0600 UTC
16 Jun and (b) 0600 UTC 20 Jun 2013. Pressure (hPa, green contours), winds, and Ertel potential vorticity
{PV = (¢, + f)Fg(8/9p)], 1 PVU = 10" °K kg~' m*s ™'} on isentropic surface of 310 K at (c) 0600 UTC 16 Jun and

(d) 0600 UTC 20 Jun 2013.

southerly winds (i.e., barrier jets) along the coast toward
Cook Strait.

b. Model

In this study all of the numerical simulations were
conducted using the NZCSM, a regional configuration
of the Met Office Unified Model (MetUM; Webster
et al. 2003; Davies et al. 2005). The NZCSM has a do-
main size (Fig. 3a) of 1200 (west—east) by 1350 (south—
north) horizontal grid points with a horizontal grid
spacing of ~1.5km. It has 70 levels in the vertical up to
40km above the mean sea level. The highest vertical
resolution is in the lower boundary layer.

The NZLAM, also a local configuration of the MetUM
(Webster et al. 2003; Yang et al. 2011, 2012), provided the
initial conditions as well as lateral boundary conditions at

30-min intervals for NZCSM. NZLAM has a domain size
of 324 X 324 grid points and ~12-km horizontal resolu-
tion. It has 70 levels in the vertical and the top level is at
80km. A global configuration forecast run of the MetUM,
initialized using a 4DVAR data assimilation scheme,
provided the lateral boundary conditions for NZLAM.
NZLAM is initialized four times a day (0000, 0600, 1200,
and 1800 UTC) by using an incremental 3DV AR first
guess at appropriate time (FGAT) analysis scheme
(Lorenc et al. 2000).

The very high resolution of NZCSM resolves the
mountains of New Zealand well. However, un-
derestimations of mountain heights were found for
mountains with half-widths of only a few kilometers. A
typical example is Mt. Cook where the underestimation
was ~900m. As described later, Mt. Cook is far away



1208

TABLE 1. A description of numerical experiments.

Expt name Brief description
CTRL Simulation without modifying the
model terrain
TERO0.0 Flat New Zealand land area
with 0.1-m height
TERO.25 25% of the CTRL terrain height
TERO.5 50% of the CTRL terrain height
TERO.75 75% of the CTRL terrain height
TER1.1 110% of the CTRL terrain height
TER1.2 120% of the CTRL terrain height
TER1.3 130% of the CTRL terrain height
TER1.4 140% of the CTRL terrain height
TER1.5 150% of the CTRL terrain height
TER1.7 170% of the CTRL terrain height
TERmv Moving the New Zealand terrain northward
by 300 km
TERflatN Flat North Island with 0.1 m above the

mean sea level

from Cook Strait and has little effect on the winds there.
For the major mountains in the northeast of the South
Island, the underestimation of mountain heights was
~300m or less, accounting for ~15% of the mountain
heights or less. The effect of this underestimation on
DSWs in Cook Strait will be discussed in the summary.

The NZCSM simulation was initialized at 2100 UTC
19 June 2013 from an NZLAM forecast initialized at
1800 UTC and run for 24 h for this study (called CTRL
in Table 1). To investigate the effects of mountain
heights on the DSWs, 10 more simulations with different
model terrain heights were also conducted (Table 1).
For TERO.0, all the land grid points were set 0.1 m above
the mean sea level. For other experiments, the model
terrain heights were set as a proportion of the CTRL
terrain height. All the vegetation types and fraction
were the same for all simulations. All NZCSM lateral
boundaries are over the sea. These lateral boundary
conditions were provided by NZLAM and kept the
same for all experiments. The initial conditions of
NZCSM over New Zealand were adjusted to accom-
modate the terrain heights for each experiment. A
spinup of 2-4 h was allowed for in each experiment. In
the following analyses we use output from NZCSM after
the initial spinup time.

Figure 6 shows the simulated (CTRL) and observed
wind speed at the three stations shown in Fig. 1b. At Cape
Campbell and Wellington Airport, the observed strong
winds from 0700 to 2000 UTC were well simulated by the
model with relative errors (simulation errors/observations)
of 2%-15%. These strong winds were actually the barrier
jets that will be described later. At Brothers Island
(Fig. 6¢), the simulated strong wind speed occurred be-
tween 0900 and 2000 UTC 20 June, corresponding well to

MONTHLY WEATHER REVIEW
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observations, but 10-15ms~ " weaker than the observa-

tions. Brothers Island is ~250 m long and ~60 m wide and
thus not resolved by NZCSM. Further, the wind obser-
vation site on Brothers Island is at 67 m above sea level
with a steep cliff on the southern approach, while the
simulated wind at the Brother Island is at sea level. This
likely accounts for a large fraction of the magnitude of
errors in wind speed but not their timing.

At the three stations, large errors (much weaker
simulated winds) were found at 0500 and 0600 UTC
(Fig. 6). Simulated strong southerlies occurred 2-3h
later than in the observations. During this time period, a
cold front was observed to pass over these stations.
Strong southerly winds and heavy rainfall occurred after
the passage of the cold front. From rainfall observations
and simulations (not shown), the simulated cold front
passed each of the three stations about 2h later than
indicated by the observations. This is the main reason
for the large errors in the simulated winds during this
time period. Another possible reason is the error in the
intensity of the simulated cold front in terms of the air
temperature gradient across the front. Part of the reason
for the slower movement of the simulated cold front will
be discussed in the summary.

From 0900 to 1100 UTC 20 June, maximum hourly
wind gusts were found at the three stations (Fig. 2) and
the simulated wind speed was close to the observations
(Fig. 6). This period also excluded the time period
(0500-0800 UTC) when larger errors in simulated winds
occurred associated with the passage of the cold front.
Thus, in the following analysis, we will mainly analyze
the model outputs during 0900-1100 UTC 20 June to
understand the reasons for the occurrence of DSWs in
Cook Strait.

c. Parameters

To understand the effects of the mountains of the
South Island on the strong airflow associated with the
Wellington Storm, parameters controlling the dynamics
such as the Froude number (F,, = U/Nh,,), mountain
Rossby deformation radius (L,, = Nh,/f), and Burger
number B need to be determined. For the Southern
Alps, h,, = ~2250m (Revell et al. 2002). However,
airflow speed U and N need to be determined specifi-
cally. For this investigation, U and N should represent
the upstream environmental airflow to the east of the
South Island, which is not affected by the thermal and
dynamical forcing of the mountains. To meet these
conditions, we select an area occupied by 20 X 20 grid
points of the NZCSM with its center located at —45°S,
176°E, about 200km to the east of the central coast of
the South Island (indicated in Fig. 3a) to avoid any
possible effects of the mountains of New Zealand on the
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environmental airflow. At each model level, the selected
area mean values of U and N were calculated using
model output from the CTRL run. Because we want to
compare the results from our NZCSM experiments with

the linear-scale analysis of Overland and Bond (1995)
about the relationship of barrier jet strength with
Froude number (F,,), the calculation of N here is from
potential temperature (or dry atmosphere). Figure 7
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shows the profiles of the environmental winds perpen-
dicular to the South Island and N upstream of the South
Island for 3h where the strongest DSWs occurred in
Cook Strait. Near the sea surface in the boundary layer,
the effects of sea surface thermal forcing and boundary
layer mixing led to very small N below 400 m. These are
not shown in the profiles (Fig. 7a) and were ignored in
the calculation of the mean value. From 400 to 1000 m,
N increased with height, while from the ~1.8-km level and
higher, it overall decreases with height. Large variations
of N were found in the 1-1.8-km layer with two maxima
(~0.009s™ ") and a minimum (~0.006s"'). Because the
effective mountain height is ~2.2km, the average value
of N was calculated only between 0.4 and 2.2km to be
~0.0075s . Although the N used in this study is dry N,
please note that for this case study the profiles of the
mean dry N from potential temperature (Fig. 7a) were
very close to those of the mean moist N from virtual
potential temperature below S5km (not shown).
Reinecke and Durran (2008) used two methods to esti-
mate the low-level air stability, averaging N below the
mountain crest and using the bulk change in potential
temperature between the ground and the crest level.
They indicated that one method is not always better than
the other. The best method depends on the applica-
tion. Here the method we used to calculate N is the
“averaging” method used by Reinecke and Durran
(2008). The impact of the uncertainty in the de-
termination of N will be discussed in section 5.

A strong wind speed (~22ms ') perpendicular to the
South Island was found in the 1-1.5-km layer (Fig. 7b).
Above the 1600-m level, wind speed decreased with
height. Below 1000 m wind speed increased with height.
The mean wind speed was ~18.5ms ™! for the layer from
400 m to 2.2 km. The mean wind direction was ~150° for
this layer. Therefore, F,, = 1.1. According to Overland
and Bond (1995), for f = 0.0001s™' and F,, > 1 the
mountain Rossby radius L,, = ~170km for the South-
ern Alps. Based on this mountain Rossby radius value,
the Southern Alps are too far from the Cook Strait re-
gion to influence the local airflow. Thus, under a
southerly or southeasterly flow, the effect of major
mountains on the winds in the Cook Strait would come
from the nearby mountains in the northeast of the South
Island. For the northeast mountains of the South Island,
the greatest height in the model terrain is ~2000, 2000,
or 1900 m may be a more suitable effective mountain
height. Mountain half-width is ~40km. This gives B =
3.560r3.75and F,, = 1.23 or 1.3 for L = ~40km. These
large B values imply that barrier jets could occur for the
Wellington Storm due to the effects of the mountains in
the northeast of the South Island.

3. Barrier jets

In this paper, following Li and Chen (1998) and others,
barrier jets are defined to consist of two wind compo-
nents. One is the environmental airflow parallel to the
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FIG. 8. The differences (CTRL — TERO0.0) in winds and mean-
sea level pressure (hPa) between the simulations by NZCSM with
mountains (CTRL) and that without mountains (TERO0.0) at
(a) 1000 and (b) 1100 UTC 20 Jun 2013.

mountain ridges. The other is the ageostrophic wind re-
sulting from local pressure gradients due to mountain
effects. The best way to show the local pressure anomalies
is to use the differences between the simulations with
mountains and those without mountains.

Figure 8 shows the differences in the mean sea level
pressure and surface winds between CTRL and TERO.0.
When the south-southeasterly winds of the Wellington
Storm impinged on the mountains in the northeast of the
South Island (Fig. 3a), positive local pressure anomalies
occurred (Fig. 8) due to adiabatic ascent of airflow as a
result of orographic lifting. The maxima (8-10 hPa) were
found over the windward coastal region. This is much
higher than the maximum sea level pressure disturbance
(~3hPa) due to mountain blocking for normal weather
conditions in the summer when the mean low-level wind
speed was only about ~5ms ™' (Yang et al. 2011).

From the east coast of the South Island to Cook Strait,
ageostrophic winds of 4-20ms~ ' were developed and

YANG ET AL.
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strengthened by the local pressure gradient anomalies.
The positive pressure anomalies gradually decreased
offshore. Positive anomalies of pressure of about 1 hPa
could still be found about 200 km to the east of the South
Island. This indicates that the effects of the mountains of
the South Island could extend about 200km offshore,
close to but longer than the mountain Rossby deformation
radius (~170km) calculated for the Wellington Storm
in the last section. This is the reason that the mean wind
profile and Brunt-Viisidld frequency were calculated
for the environmental airflow about 200km offshore
as described earlier.

Along the northeast coastline, positive pressure anom-
alies can be found up to the 2000-m level and higher
(Figs. 9a,b). Ageostrophic winds developed due to the
pressure gradient anomalies and gradually strengthened
along the cross section (alongshore). These ageostrophic
winds combined with the environmental flow alongshore
to form barrier jets with maximum wind speed (~38ms ')
at the 600-800-m levels (Fig. 9b).

Figure 9c shows the wind speed parallel to the
mountains along transect AB (Fig. 1b). Strong winds or
barrier jets (~5ms ') were found over the coastline and
gradually weakened offshore. Strong winds (~40ms '),
even stronger than the barrier jets, were also found over
the leeside mountains at the ~2-km level (Figs. 9c,d) as a
result of the descent of airflow aloft over the leeside
slopes for F,, slightly larger than 1. These strong winds
were different from the barrier jets and did not impact
on the Cook Strait region.

For the mountains over the northeast of the South Is-
land, the aspect ratio (length/width) is greater than 2. As
described in section 2, for the south-southeasterly flow
associated with the Wellington Storm hitting these
mountains, F,, = 1.23 — 1.3. According to Smith (1989),
this implies a nonlinear mountain wave or wave breaking
regime. The potential temperature contours (Fig. 9d)
show pronounced wave patterns or gravity waves over
the mountains below 4500 m.

4. Winds entering Cook Strait

The strong winds shown in Fig. 3 over Cook Strait
have the appearance of gap winds. However, after fur-
ther investigation, we suggest that this is not the case.
The width of Cook Strait is not uniform and the smallest
gap is around Brothers Island (Fig. 1b). According to the
definition of gap winds (Pan and Smith 1999), the
strongest winds occur at the exit of a gap. For this case,
the strongest winds would occur to the north of Brothers
Island (Fig. 1b). However, as shown in Fig. 3, the winds
to the south of Brothers Island were slightly higher than
those to the north. In addition, for gap winds, local
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pressure immediately upstream of a gap is higher than
that nearby the exit of the gap. As revealed in Fig. 8b, the
local pressure at this time as a result of mountain effects
upstream of Brothers Island (Fig. 1b) was lower than that
to the north. A similar feature was also found for the sea
level pressure (Fig. 10a). Further strong evidence comes
from a numerical experiment conducted using the NZCSM
in which the North Island was changed to a flat land
surface only 0.1 m above sea level (TERflatN; Table 1),

but the full South Island orography was kept. Cook
Strait disappeared for this case. At 1100 UTC 20 June
2013 (Fig. 10), the wind speed maximum in Cook Strait
for CTRL was only ~1ms ! larger than that of TERflatN.
Overall, the simulated surface wind distributions/
patterns in Cook Strait by TERflatN were very similar
to those of CTRL. The wind speeds were also very close
for the two simulations. The reason is very likely that for
southerly winds prevailing in Cook Strait, the major

(syw) paads puip

FIG. 10. Forecasted surface winds, mean sea level pressure (hPa, white contours), and wind speed (shading) by
NZCSM at 1100 UTC 20 Jun 2013 for (a) CTRL and (b) TERflatN.
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mountains of the North Island lie far away downstream or
to the east and have little effect on Cook Strait. In addi-
tion, for this case, low-level southerly winds were mainly
to the west of the North Island (Fig. 3).

Figure 11 shows the simulated horizontal wind speed
and vectors at three levels. From 100 to 750 m, winds
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stronger than 39ms~' were mainly located over the

western coastal region of Cook Strait. In contrast, the
wind speed over the eastern coastal region of Cook
Strait was 3-10ms™~ ' weaker. This wind speed distri-
bution in Cook Strait is consistent with observations.
Brothers Island lies at the west edge of Cook Strait and
Cape Campbell at the southernmost point of the west
coast of Cook Strait. From 0600 to 1800 UTC 20 June
when very strong winds occurred in Cook Strait, the
hourly maximum gusty winds at Brothers Island was
8-16ms~ ' stronger than that at Wellington Airport on
the eastern side (Fig. 2) of Cook Strait. Part of the dif-
ference was due to not resolving Brothers Island as
discussed in section 2. The wind speed at Cape Campbell
was 3-10ms ™! stronger than at Wellington Airport. This
also helps confirm the overall reliability of the NZCSM
simulation for the Wellington Storm.

For the winds in Cook Strait from the surface to the
~400-m level, the orientation of the wind speed maxi-
mum area was roughly north to south, as denoted by the
dotted line in Fig. 11a. The wind speed maximum was
over the sea about 5-10km off the west coast of Cook
Strait. This suggested that the strong winds were not
from the west coast of Cook Strait.

For the cross section EF (Fig. 2b) along Cook Strait, a
pronounced local pressure gradient due to mountain
blocking can be found below the 2-km level (Fig. 12a).
From the southern end of the cross section to the middle,
the pressure gradient increased the wind speed at low
levels. In the northern portion of the cross section, the
local pressure gradient slightly slowed the winds. This
counter-wind pressure gradient in this area can also be
found in Fig. 8b. Maximum wind speed (~42ms ') was
found at the 600-800-m level (Fig. 12b), almost the same
height as the maximum barrier jets along the northern
section of the east coast of the South Island (Fig. 9b), but
the maximum wind speed was ~4ms™ ' stronger due to
additional increase in wind speed by the local pressure
gradient in the southern Cook Strait region as described
earlier. These results suggested that the strong winds in
Cook Strait were an extension of the barrier jets de-
veloped along the northern section of the east coast of
the South Island.

5. Effects of mountain heights on barrier jets

Assuming uniform wind speed and static stability,
inviscid and adiabatic conditions and using linear-scale
analysis, Overland and Bond (1995) showed that the
enhancement in the mountain parallel wind component
is AV =U for F,, <1 or AV = Nh,, for F,, = 1. In other
words, for the F,,, <1 regime, barrier jet strength is fixed
and independent of mountain height, where U is the
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Jun 2013.

wind speed perpendicular to the mountain ridge. For the
F,, =1 regime for an airflow with fixed U and N, the
barrier jet strength is determined by mountain height
h,,. In this section we describe several numerical ex-
periments with different scaled mountain heights (Table
1) to investigate the effects of mountain height on bar-
rier jet strength including nonlinear effects and dy-
namical and thermal processes.

Figure 13 shows the simulated surface winds and sea
level pressure for four different mountain heights at
1100 UTC 20 June. For TERO.0 with a flat surface of
0.1 m, strong southerly winds (environmental flow) were
found to the east of the South Island and reached the
southernmost point of Cook Strait (Fig. 13a). For
TERO0.25 (Fig. 13b), relatively strong southerly winds
(barrier jets) reached farther into Cook Strait itself. As
mountain height increased for experiment TERO0.5
(Fig. 13c), strong southerly winds reached the middle
region of Cook Strait. For experiment TERO.75, with a

further increase in mountain height (Fig. 13d), strong
southerly winds extended right through the Cook Strait
region. For the CTRL run, with higher mountains than
TERO0.75, very strong winds extended even farther to the
north (Figs. 3b and 10a). Figure 14 shows the wind
component along the east coast of the South Island (line
CD in Fig. 1b). Without mountains, the environmental
airflow still had an alongshore wind component
(Fig. 14a). This wind component is considered to be part
of the barrier jet in this study. It is quite clear that the
barrier jets strengthened with increasing mountain
height. The depth of the barrier jets also increased with
increasing mountain height.

Figure 15 shows the barrier jet strength for different
mountain heights from the numerical experiments (Table
1) and the scale analysis (Overland and Bond 1995). The
simulated barrier jet strength was determined by using
the mean of the maximum wind speed (or the strongest
barrier jets) at 0900, 1000, and 1100 UTC in the cross
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FIG. 13. As in Fig. 3 (the right panel), but for (a) TERO0.0, (b) TER0.25, (c) TERO.5, and (d) TERO.75.

section parallel to the northeast mountains of the South
Island (Fig. 14). The maximum wind speed in Fig. 14a
(TERO0.0) was added to AV from the scale analysis as
described earlier, because the barrier jets also consisted
of the environmental airflow parallel to the mountains in
this study. According to Revell et al. (2002), the effective
mountain height of the main spine of the Southern Alps is
~2250m for a westerly airflow. For a southerly or south-
southeasterly airflow hitting the northeast mountains of
the South Island, the effective mountain height would be
~2000 or ~1900m as described in section 2c. In Fig. 15,
barrier jet strengths corresponding to all these three ef-
fective mountain heights were calculated from scale
analysis. Three possible regimes are shown in the diagram
based on Froude numbers.

For the F,,>1 regime, the simulated barrier jets
strengthen with increasing mountain heights, consistent
with the scale analysis. But the variation is not so linear
due to the nonlinear processes included in the simula-
tion. For the F,, <1 regime, the simulated barrier jets
were still strengthened with increasing mountain
heights, but the strengthening rate was very small, about

0.4-0.5ms ' (0.1H)"'. In contrast, for the F,,>1 re-
gime, the strengthening rate was 1.5-1.8ms™ ' (0.1H) ..
The effect of mountain height on the strength of the
simulated barrier jet was different between the F,, >1
regime and the F,, <1 regime, consistent with the scale
analysis. However, the strengthening of the simulated
barrier jets with increasing mountain heights for the
F,, <1 regime is different from the scale analysis (i.e.,
consistent wind speed).

For the model simulation, the possible range of the
effective mountain heights is 2250-1900m for airflow
affecting the northeast of the South Island as discussed
earlier. This is equivalent to mountain height from 1.1H
to 1.3H corresponding to F,, =1 or very close to 1
(Fig. 15). From TERI1.1 (1.1H) to TER1.2 (1.2H), the
barrier jet strength was almost the same. However, a
large increase was found for the jet strength from
TER1.2 to TER1.3. Large variations of the barrier jet
strength may occur for F,, very close to 1. This is dif-
ferent from the linear-scale analysis.

Figure 15 was plotted using the “averaging” method
to calculate Brunt-Viiséld frequency. Using the Bulk
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method (Reinecke and Durran 2008), the frequency was
~0.00955s !, slightly higher than the averaging method.
This will make the maximum wind speed from the
linear-scale analysis about 4ms ™' stronger, and a slight
left shift of the F,, very close to 1 regime (gray area).

6. Effects of airflow directions on barrier jets

Assuming an incoming environmental airflow with
speed V at an angle a (<90°) to a mountain ridge, then

the wind components parallel to and perpendicular to
the mountain ridge are V cosa and V sine, respectively.
Based on the linear-scale analysis of Overland and Bond
(1995), for the F,, =1, the enhancement in the wind
component parallel to the mountain ridge is Vsina.
Then the wind speed of the barrier jet as defined in this
paper as V cosa + Vsina (assuming linear processes).
The maximum strength of the barrier jet is thus attained
when tana =1 or a = 45°. For F,, > 1, the enhancement
in the wind component parallel to the mountain ridge is
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TABLE 2. The mean low-level (400-2200m) incoming wind
speed and direction with respect to the orientation of the mountain
ridges in the northeast of the South Island and the corresponding
maximum barrier jets at various times (UTC) on 20 Jun 2013.

Time (UTC) 0900 1000 1100 1800 1900 2000

Max barrier jet (ms ') 39.0 402 39.0 340 327 311
Mean incoming wind (ms~!) 21.0 20.0 20.0 22.0 219 22.0
Incoming wind direction 49°  52° 49° 57° 57° 58

Nh,, = V sina/F,,. Assuming constant F,,, then the wind
speed of the barrier jetis V cosa + (V sina/F,,). Toreach
the maximum strength of the barrier jet, one requires
tana = 1/F,,. For F,, = 1.23 to 1.3 as described in section
2¢ for airflow hitting the mountains in the northeast of
the South Island, « is 38°-40°. Thus, even if the airflow
speed and Froude number are the same, the barrier jet
strength is sensitive to the airflow direction.

The DSWs in Cook Strait were due to the southerly or
south-southeasterly winds in the southwestern area of the
Wellington Storm hitting the mountains in the northeast
of the South Island. With the southeasterly movement of
this storm, the wind direction of the airflow with respect
to the orientation of the South Island may change. This
may result in variation of the barrier jet strength. To show
this variation, we selected an area of 20 X 20 grid points
of NZCSM with its center located at —45°S, 176°E (de-
noted by a plus sign‘“+”" in Fig. 3a). The average u and
v components of the simulated winds for this area at
model levels from 400 to 2200 m were calculated for the
CTRL experiment. Then the mean wind speed and wind
direction relative to the orientation of the South Island
were calculated and are shown in Table 2. At 0900, 1000,
and 1100 UTC 20 June, the mean of the incoming wind
speed was 20-21 ms ! and the wind direction was 49°-52°
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relative to the orientation of the South Island. The barrier
jet was 39.0-402ms" ! along the northeastern coast of
the South Island. At 1800, 1900, and 2000 UTC 20 June,
the average incoming wind speed was ~22ms ™' and the
direction was 57°-58°, while the barrier jet flow weakened
to 31.1-34ms ™', It is interesting to note that when the
direction of the incoming airflow (F,, =1.23 — 1.3 as de-
scribed earlier) was closer to 38°-40° earlier on 20 June,
the barrier jets were stronger for almost the same in-
coming wind speed.

To further investigate the influence of incoming wind
direction on the barrier jets, we conducted another ex-
periment by moving the New Zealand terrain 300 km to
the north. This is equivalent to a 300-km southward dis-
placement of the Wellington Storm. Because the lateral
boundaries of NZCSM are over the sea, moving the ter-
rain inside the model domain does not change the lateral
boundary conditions. With this change, the airflow in the
Wellington Storm hitting the South Island changed to
south-southwesterly from south-southeasterly in CTRL.
The simulated surface winds and sea level pressure at two
times are shown in Fig. 16. Relatively strong winds
reached the middle southeastern coast of the South Island
at 1100 UTC 20 June (Fig. 16a), and reached Cook Strait
3h later (Fig. 16b). At this time, the wind strength in the
Cook Strait was much weaker than that of CTRL (Fig. 3).
This further supports the idea that the incoming wind
direction affects barrier jet strength.

These analyses indicate that for a storm affecting New
Zealand, the strength of barrier jets and southerly winds
developing in the Cook Strait region is sensitive to the
precise location of the storm center. This helps explain
that while storms affecting New Zealand with almost the
same intensity (in terms of central surface pressure) as
the Wellington Storm are not uncommon, the winds
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FI1G. 16. Asin Fig. 3 (the right panel), but for TERmv at (a) 1100 and (b) 1400 UTC 20 Jun 2013. The black lines denote the coastlines of the
moved islands. The blue lines denote the real coastlines.
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experienced in the Cook Strait region during the Wellington
Storm are not that common.

7. Summary

Damaging southerly winds, associated with the
Wellington Storm, occurred in the Cook Strait and coastal
Wellington region during the night of 20 June 2013,
causing severe damage to property and infrastructure.
The DSWs in the Cook Strait region were stronger than
elsewhere in the storm. Storms with the same minimum
sea level pressure as the Wellington Storm (~976 hPa)
are not unusual; however, the occurrence of the DSWs
was unusual. Numerical experiments and simulations
using the NZCSM have been conducted to investigate the
reasons.

Analyses showed that the DSWs in Cook Strait asso-
ciated with the Wellington Storm were actually barrier
jets that developed along the northern section of the east
coast of the South Island. When the strong south-
southeasterly winds in the Wellington Storm impinged
on the northeast mountains of the South Island, local
pressure anomalies and local pressure gradients were
generated. This led to the development of ageostrophic
winds. These alongshore ageostrophic winds combined
with the mean environmental airflow component par-
allel to the mountain ranges to form the barrier jets (i.e.,
strong low-level winds that moved north-eastward ap-
proximately parallel to the east coast of the South Island
and entered Cook Strait). After the barrier jets entered
Cook Strait, the wind speed was further increased by
~4ms~! due to the local pressure gradients generated
in the southern Cook Strait from mountain blocking.

Based on Overland and Bond (1995), assuming uni-
form airflow and static stability, inviscid and adiabatic
conditions, the strongest barrier jet is reached for the
F,, =1 regime when the direction of the incoming air-
flow is 45° with respect to the orientation of the moun-
tain range. For the F,,, > 1 regime, the strongest barrier jet is
reached when the airflow direction is tan™'(1/F,,) (<45°).
The effect of the incoming airflow direction on barrier jet
strength is supported by our numerical experiments.
These analyses indicate that for a storm affecting New
Zealand, the strength of barrier jets and southerly winds
developing in the Cook Strait region is sensitive to the
precise location of the storm center. This helps explain
that while storms affecting New Zealand with almost
the same intensity (in terms of central pressure) as the
Wellington Storm are not uncommon, the winds experi-
enced in the Cook Strait region during the Wellington
Storm are not that common.

Numerical experiments that used scaled New Zealand
orography showed that barrier jets along the northern
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section of the east coast of the South Island are affected
by the mountain heights. For the F,, >1 regime, the
barrier jets became stronger and deeper with increasing
mountain heights. This is consistent with the linear-scale
analysis results of Overland and Bond (1995). The rate of
strengthening is about 1.5ms ™' for each 200-m increase
in the mountain height up to 2000 m. For the F,, <1 re-
gime, the simulated barrier jets still strengthened with
increasing mountain heights but at about 0.5ms ' for
each 200-m increase of the mountain height, much
smaller than for the F,, > 1 regime. The effect of moun-
tain height on the simulated barrier jets was different for
the F,, > 1 and the F,, <1 regimes. This is also consistent
with the linear-scale analysis. However, the slight
strengthening of the barrier jets with an increasing
mountain height for the F,, <1 regime is different from
the linear-scale analysis (i.e., consistent barrier jet
strength). In addition, pronounced variations were found
in the strength of the simulated barrier jets with different
mountain heights for F,, very close to 1. This is also dif-
ferent from the linear-scale analysis. The results of these
numerical experiments imply that numerical simulations
using a lower topography than actual (usually the case in
NWP forecasting) may lead to errors in timing and in
forecasting the strength and direction of the damaging
winds associated with barrier jets.

NZCSM underestimated the major mountain tops in
the northeast of the South Island by ~300 m or less. This
is equivalent to ~15% of the mountain height. The ac-
tual mountain heights are probably equal to those by
increasing NZCSM mountain heights by 15%-20%.
This is almost equivalent to TER1.2. In Fig. 15, the
differences in wind speed of barrier jets between CTRL
and TER1.2 was ~3ms™'. Thus, underestimation of
mountain heights in the northeast of the South Island by
NZCSM probably would lead to weaker simulated
southerly winds in Cook Strait by ~3ms ™. In front of
the southerly winds in Cook Strait was the cold front.
This partly explains why the cold front moved more
slowly than observations as described in section 2b. This
process may also explain why the front moves faster in
CTRL than in TERO0.0, as visible in Fig. 8 showing the
northwest—southeast-oriented band of strong wind
speeds in the difference field.

Analysis of PV at isentropic surface implied that la-
tent heat release associated with the moist processes
contributed to the development of Wellington Storm.
How did the moist processes affect the DSWs in the
Cook Strait? The strong barrier jets entering the Cook
Strait were caused by south-southeasterly environmen-
tal flow impinging on the mountains in the northeast of
the South Island. This environmental flow is associated
with the storm winds located in the southwest portion of
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the storm. Moist processes probably strengthened the
storm flow (or environmental flow), leading to stronger
barrier jets and stronger DSWs in Cook Strait. On the other
hand, ascent of airflow due to mountain blocking caused
adiabatic cooling on the windward side of the mountains in
the northeast of the South Island. Latent heat release from
precipitation associated with the ascent of airflow on the
windward side may partly balance the adiabatic cooling,
leading to weaker barrier jets. Answering which of these
effects dominates is left for a future investigation.
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