
Introduction
The aim of the New Zealand Southern ALPs
EXperiment (SALPEX) was to study chiefly, but not
exclusively, how the Southern Alps promote precipi-
tation on the upwind side of the mountain chain in
pre-frontal northwesterly airstreams. The third and
most extensive field phase of the experiment ran for

three weeks during October 1996, and documented two
events in considerable detail. The present paper reports
briefly on the structure of the two cold fronts associat-
ed with these events. For further details on the field
experiment and its aims see Wratt et al. (1996).
The Southern Alps form a narrow barrier 800 km

long and oriented northeast-southwest. On average,
the mountain range is about 2000 m high, with Mt
Cook the highest peak (3754 m). (Figure 1 shows the
orography of the South Island and the location of
Christchurch.) Anticyclones centred to the northeast
of the North Island direct a north or northwesterly air-
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Two cold fronts (or southerly changes) observed during the
New Zealand Southern ALPs EXperiment (SALPEX) are doc-
umented. Although the observations are limited in their scope,
they are perhaps the most detailed yet made of any southerly
change. The first (Event 1) is a very shallow southerly surge
that advanced northeastward along the southeast coast of the
South Island in the early hours of the morning of 21 October
1996. This change was not detected on the northwest coast. The
second (Event 2) was accompanied by a much deeper airmass
change, which affected both sides of the South Island and
arrived at Christchurch mid-morning on 31 October.
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flow across the South Island, and pronounced troughs
commonly form in the lee of the Alps. Such condi-
tions typically precede the passage of a cold front
from the Southern Ocean, often producing strong
foehn winds on the eastern side of the Alps. In New
Zealand, these foehns are often called nor’westers
and the cold fronts are known as southerly changes.
Southerly changes can be shallow, highly modified

by the Southern Alps and are generally associated
with strong lee troughs. They may develop into shal-
low surges of cold air that advance rapidly along the
east coast in the lee of theAlps, sometimes marked by
a gusty squall line at their leading edge. Despite the
importance of southerly changes to the meteorology
of New Zealand, relatively little work has been done
on their structure and dynamics. The most significant
study to date is the SOUtherly CHange EXperiment
(SOUCHEX), which was held in the summer of 1988.
Four southerly changes were documented in detail
during that field experiment, the results of which have
been reported by Sturman et al. (1990) and Smith et
al. (1991). During SOUCHEX the warm pre-frontal
low-level flow was generally from the northwest, and
in each case the post-frontal southerly flow remained
well below the mean ridge height for several hours
after the surface wind change. In one very intense
southerly change, the adverse pressure gradient along
the northeast coast of the South Island, associated
with the strong westerly flow through Cook Strait
(which separates the North and South Islands),
appeared sufficient to halt the northeastward advance
of the southerly change to the North Island. (See also
Ridley 1990.)

Summertime southerly changes appear to be simi-
lar to both the intense, orographically modified cold
fronts that occur along the eastern side of the Andes,
where they are sometimes referred to as the pampero
secco, and those that develop along the southeastern
coast of Australia, where they are commonly called
southerly busters. (See the review articles by Reeder
and Smith 1992, and Reeder and Smith 1998, and the
references therein.) Although the Southern Alps have
a relatively simple shape and are surrounded by
ocean, making them an ideal natural laboratory, very
few detailed observations have been made of souther-
ly changes. The principal aim of the present study is
to document the structure and evolution of the two
fronts observed during SALPEX. An important dif-
ference between SOUCHEX and SALPEX is that the
former field experiment took place during summer
while the latter occurred in spring.

Data
SALPEX documented two well-developed southerly
changes, hereafter referred to as Event 1 and Event 2.
Event 1 arrived at Christchurch at 0200 New Zealand
Daylight Savings Time (NZDST) 21 October 1996
(1300 UTC 20 October), and Event 2 arrived at 0800
NZDST 31 October (1900 UTC 30 October).
Before and after the passage of the southerly

changes, regular Omega-sonde soundings of wind,
temperature, pressure and humidity with 50 m resolu-
tion were made at Christchurch (on the east coast of
the South Island) by the group from Monash
University. A time series of the pressure was record-
ed near ChristchurchAirport, and hourly observations
of temperature, wind speed and direction were made
at the MetService New Zealand airport meteorologi-
cal office. These observations have been supplement-
ed by Geostationary Meteorological Satellite (GMS)
infrared (IR) satellite imagery, and the manual Mean
Sea Level Pressure (MSLP) analysis fromMetService
New Zealand. The upper potential vorticity has been
calculated from the re-analysed fields from the
National Centers for Environmental Prediction
(NCEP), which have a horizontal resolution of 2.5°.
Although these data paint pictures of the two souther-
ly changes that are far from complete, they are prob-
ably the most detailed observations yet made of such
fronts in New Zealand.

Event 1
On 20 October 1996 anticyclones were analysed east
of the North Island and over the southern part of
Australia with a broad trough wedged between the
two anticyclones. A cold front lay in the trough and
was connected to a deep low poleward of the South
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Fig. 1 Map of the South Island of New Zealand with
the orography and Christchurch marked.
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Island. By 1800 NZDST (0500 UTC) 20 October, an
upper-level disturbance had been advected over the
northern end of the surface front, and the interaction
between the two had initiated secondary cyclogenesis
over the Tasman Sea. (For a review of southern hemi-
sphere cyclogenesis see Reeder and Smith (1998).)
Figure 2 shows the GMS IR imagery at 0100

NZDST 21 October (12 UTC 20 October), which is
one hour before the passage of Event 1 through
Christchurch. Figure 3 shows the manually analysed
MSLP, and the Ertel potential vorticity on the 330K
isentropic surface calculated from the NCEP reanaly-
ses, both at the same time as the IR satellite image.
At this time the low in the Tasman Sea (marked as

L1 in Fig. 2) has developed the comma-shaped cloud
pattern characteristic of mature extratropical
cyclones. The western edge of the north-south ori-
ented cloudband is associated with a cold front, while
the south-western boundary of the warm-sector cloud
marks a weak stationary front (Fig. 3). The northwest-
southeast cloud line lying along the most poleward
edge of the South Island is associated with the origi-
nal cold front, at this time located to the southeast of
the South Island. It is the passage of this cold front
along the east coast of the South Island that is identi-
fied as the southerly change (Event 1). The surface
anticyclone to the east of the North Island directs a
northwesterly airstream across the southernAlps (Fig.
3), producing a sharp trough in the lee of the moun-
tains and ahead of the approaching southerly change.
While not central to the present study, a second low
(marked as L2 in Fig. 2) is located south of the
Australian continent near the coast of Antarctica; this
low affects New Zealand two days after the passage
of Event 1.
Poleward of about 50°S, the potential vorticity

gradients (in Fig. 3(b)) are large where the 330 K
isentropic surface lies in the stratosphere, but are
weak where it lies further equatorwards in the tropos-
phere. The tropopause, which is marked approxi-
mately by the heavily shaded region, is noticeably
distorted and there is a pronounced region over south-
eastern Australia where a tongue of high (cyclonic)
potential vorticity air extends equatorward and is
almost encircled by low potential vorticity air. This
feature corresponds with an upper-level trough and is
associated with the low in the MSLP (in Fig. 3(a)).
Over New Zealand and over southern Australia broad
regions of low (anticyclonic) potential vorticity air
intrude poleward and are associated with the surface
anticyclones on the MSLP chart (Fig. 3(a)). The wind
vectors on the 330K surface are north or northwester-
ly over the South Island, but curve anticyclonically
above the southerly change identified in Figs 2 and
3(a), implying that the southerly change is shallow.

Over the next few hours the southerly change
advances along the eastern side of the Alps passing
through Christchurch as a shallow southerly surge at
about 0200 NZDST 21 October. The surge was not
detected on the western side of the Alps as the front
there remained stationary.
Figure 4 shows a time series of the pressure at

Christchurch Airport. Time runs from right to left in
this figure so that, in so far as it is steady, the time
series can be thought of as a space series. The pres-
sure at Christchurch falls during the day as the lee
trough develops along the east coast of the South
Island; the minimum pressure before the change
occurs at 1600 NZDST 20 October and coincides with
the strongest northerly flow. The southerly change
arrives roughly 10 hours later and is marked by a
pressure rise of about 0.5 hPa (at about 0200 NZDST
21 October) and a sudden change from northwester-
lies to southwesterlies. Observations taken at the air-
port meteorological office show that with the arrival
of the southerly change the temperature falls by about
5°C in the following hour, while the dew-point tem-
perature rises by about 2°C.
Time-height cross-sections constructed from the

radiosonde soundings launched from Christchurch
Airport are shown in Fig. 5. Although the radiosondes
reached altitudes greater than 20 km, for clarity only
the lowest 4 km of the soundings are plotted. As with
the time series in Fig. 4, time runs from right to left.
The across-mountain wind and along-mountain wind
are defined such that across-mountain direction points
towards 130° and the along-mountain direction points
towards 40°. Nine radiosonde soundings are used to
construct Fig. 5, and thus one must bear in mind that

Fig. 2 GMS infrared satellite image for Event 1 at
0100 NZDST 21 October (1200 UTC 20
October) 1996.



while the time-height cross-sections have very high
vertical resolution (50 m), their temporal resolution is
relatively coarse.
There is a marked difference between the flow

and thermodynamic structure above and below the
height of the mountain ridge, which is around 1.7
km. A pronounced change also occurs in the lowest
200 m. A shallow radiation inversion forms during
the early hours of the morning on 20 October (Fig.
5(a)). Through this period a strong low-level across-

mountain flow and associated region of cold, dry
(pseudo-adiabatic) equivalent potential temperature
develops, presumably due to drainage in the lee of
the Alps (Fig. 5(c)). The depth of the drainage flow
appears to be around 1 km. A shallow low-level
along-mountain wind maximum forms around 0500
NZDST 20 October.
A strong across-mountain jet centred at a height of

2.6 km (Fig. 5(c)) is analysed at 1100 NZDST 20
October. At this time and height the along-mountain
flow is positive (directed towards the North Island).
These two flows are consistent with the MSLP pattern
at 1200 NZDST 20 October (Fig. 3(a)), which implies
that the (geostrophic) wind is a strong north-north-
westerly. The across-mountain and along-mountain
winds above the ridge level weaken between about
1100 NZDST and 2000 NZDST, which implies
cyclonic turning consistent with the approach of the
upper trough. Below the ridge height the cross-moun-
tain flow is relatively uniform, while the potential and
equivalent potential temperature show strong warm-
ing associated with foehn (Fig. 5(a)).
As analysed by Lane et al. (2000), the pre-frontal

airflow across the Alps generated strong internal
gravity waves downwind of the mountains with a
tendency towards shorter vertical wavelengths at
lower levels and longer vertical wavelengths at
upper levels. Lane et al. estimated that the momen-
tum flux into the lower stratosphere was -0.02 Nm-2,
although this value is probably underestimated by a
factor of four.
Upstream of the Alps, the northwesterly flow com-

monly splits and is channelled around the southern end
of the South Island through Foveaux Straits, and around
the northern end through the Cook Straits. The
airstream through Cook Strait subsequently recurves at
low levels and is directed down the low-level pressure
gradient into the surface lee trough producing a low-
level northerly or northeasterly. This kind of recircula-
tion into the lee trough produces the low-level negative
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Fig. 3 Event 1 at 0100 NZDST 21 October (1200
UTC 20 October) 1996. (a) Manual analysis of
the MSLP. Contour interval is 4 hPa. (b)
Potential vorticity and horizontal wind vectors
on the 330K isentropic surface. The potential
vorticity contour interval is 0.5 PVU (where 1
PVU = 10-6Km2kgs-1). The heavily shaded
area is bounded by the -2 and -2.5 PVU con-
tours, which marks the intersection of the
tropopause with the 330K surface. The light
shading highlights those regions where the
potential vorticity is more cyclonic than -2.5
PVU, thereby marking stratospheric air.

(a)

(b)

Fig. 4 Event 1. Time series of pressure at
Christchurch Airport. The notation along the
abscissa is hour/day.



along-mountain flow (directed away from the North
Island) in Fig. 5 between about 0900 and 2300 NZDST
20 October. Comparison with the surface pressure time
series (Fig. 4) shows that the low-level along-mountain
flow is negative when the lee trough is strongest.
The most important feature of time-height cross-

sections shown in Fig. 5 is the shallow cold, moist
surge at about 0500 NZDST on 21 October. The cross-
sections of potential temperature (Fig. 5(a)) and equiv-
alent potential temperature (Fig. 5(b)) show that the
surge is no deeper than 500 m, which is well below the
height of the mountain barrier. The arrival of the cold,
moist air is accompanied by a significant pressure rise

(Fig. 4), and a strong but shallow surge in the along-
mountain wind reaching a maximum of 10 m s-1 in the
sounding data (Fig. 5(b)). The pressure rise is presum-
ably related hydrostatically to the increased density of
the cold post-frontal air. Although it is not possible to
determine from the observations alone, the channelling
through the Foveaux Straits may play a role in devel-
oping the cold surge. The structure of the cross-moun-
tain flow depicted in Fig. 5 is dramatically different
below the height of the mountain barrier compared
with that above. Ahead of the southerly change, in the
lowest few hundred metres, there is a cross-mountain
jet of 18 m s-1 (Fig. 5).
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Fig. 5 Event 1 at Christchurch. Time-height cross-section of (a) potential temperature, (b) equivalent potential tem-
perature, (c) cross-mountain wind, and (d) along-mountain wind measured by the radiosondes. Contour inter-
vals are 2 K and 2 m s-1. Dashed lines denote negative values. Time runs from right to left along the abscissa.
The front arrived at Christchurch at 0200 NZDST 21 October.

(a) (b)

(c) (d)



Event 2
The MSLP analysis and the Ertel potential vorticity
on the 330 K isentropic surface at 0100 NZDST 31
October (1200 UTC 30 October) are shown in Fig. 6.
At this time the southerly change, which we have
called Event 2, lies across the south end of the South
Island, and a lee trough extends along the southeast
coast of New Zealand reaching as far equatorward as
25°S. As depicted in the potential vorticity field, the
southerly change is embedded within a deep trough,
which is the principal difference between it and Event
1. Also, in comparison with Event 1, the eastern anti-
cyclone is located more poleward and, consequently,
does not direct such a strong low-level northwesterly
across New Zealand.
Over the next seven hours the southerly change

advances northeastward, reaching Christchurch
around 0800 NZDST 31 October (1900 UTC 30
October). Figure 7 shows the IR satellite image of the
New Zealand region at 0700 NZDST 31 October
(1800 UTC 30 October) 1996. The cloud pattern
associated with Event 2 is simpler than that with
Event 1 as the parent low is far to the south of New
Zealand. To the extent that the cloud marks the posi-
tion of the southerly change, the position of the front
on the northwestern side of the South Island is slight-
ly ahead of that on the southeastern side.
A time series of the pressure at Christchurch

Airport is plotted in Fig. 8. The wind change arrives
at Christchurch Airport at 0800 NZDST 31 October
and is preceded by a strengthening of the across-
mountain winds. With the arrival of the change the
temperature falls rapidly and the dew-point tempera-
ture rises as air that has subsided and warmed in the
lee of the Alps is replaced by cold, moist air from the
Southern Ocean. Like Event 1, the minimum pres-
sure is associated with the deepening of the lee trough
well ahead of the southerly surge. The pressure rises
after the passage of the front as the trough in which it
is embedded moves eastward.
Time-height cross-sections of the potential tem-

perature, equivalent potential temperature, along-
mountain wind and across mountain wind are shown
in Fig. 9. These cross-sections are based on six
radiosonde soundings that are not evenly spaced in
time. As the main aim of SALPEX was to examine
the formation of precipitation in pre-frontal
airstreams, soundings were made more frequently in
the warm air in order to properly resolve the north-
westerly flow. Consequently, the passage of the
southerly change is not well resolved in the cross-sec-
tions.
The time-height section of potential temperature

shows that a shallow radiation inversion forms
overnight preceding the arrival of the southerly

change. Only the leading portion of the southerly
change is captured in Fig. 9. Nonetheless, the cold air
is much deeper in Event 2 than in Event 1 (cf. Figs 5
and 9). The equivalent potential temperature shows
that Event 2 heralds a deep airmass change in which
the equivalent isentropes are virtually independent of
height. Ahead of the change in the northwesterly
airstream, the air is relatively warm and dry above the
mountain ridge height, and is probably associated

Fig. 6 Event 2 at 0100 NZDST 31 October (1200
UTC 30 October) 1996. (a) Manual analysis of
the MSLP. Contour interval is 4 hPa. (b)
Potential vorticity and horizontal wind vectors
on the 330K isentropic surface. The potential
vorticity contour interval is 0.5 PVU (where 1
PVU = 10-6Km2kgs-1). The heavily shaded
area is bounded by the -2 and -2.5 PVU con-
tours, which marks the intersection of the
tropopause with the 330K surface. The light
shading highlights those regions where the
potential vorticity is more cyclonic than -2.5
PVU, thereby marking stratospheric air.

(a)

(b)
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with subsidence in the lee of the Alps. There is a
strong cross-mountain jet centred at a height of about
1.5 km ahead of the change, as required by (approxi-
mate) thermal wind balance. Although smeared
because of the time resolution, a strong low-level
wind surge along the mountains accompanies the
leading edge of the front.

Conclusions
The climate of New Zealand is strongly affected by
the passage of fronts, or southerly changes as they are
known. These fronts generally form in the trough
between two migratory anticyclones and from this
point of view are similar to the Australian cool
change. The anticyclone to the east directs a north or
northwesterly flow over the South Island so that the
approaching front is preceded by northerlies or north-
westerlies. The present study has documented the
structure of two southerly changes observed during
SALPEX. Although the observations are limited in
their scope, they are among the most detailed made of
any southerly change.

Event 1 was the equatorward end of a cold front
located south of New Zealand. It was observed at
Christchurch as a strong but very shallow southerly
surge that advanced northeastward into the orographic
trough along the southeast coast in the early hours of the
morning of 21 October. The southerly change was not
detected on the northwestern side of the South Island.
The cold air was confined well below the height of the
Southern Alps, and appeared to be strongly affected by
the orography. The following day a deep Southern
Ocean front crossed the South Island, although the
observations presented here focus on the shallow
southerly surge. Event 2 arrived at Christchurch mid-
morning on 31 October. It was deeper than Event 1,
was observed on both sides of the South Island, and its
motion did not appear to be strongly affected by the
Southern Alps. Nonetheless, the wind structure below
the height of the mountain ridge appeared to be signifi-
cantly different from that above.
There are two features common to the southerly

changes documented during SOUCHEX (Smith et al.
1991) and those presented here. The first is the pre-
frontal cross-mountain airflow responsible for the for-
mation of the lee trough and adiabatic warming ahead
of the change. It is likely that the pressure gradient
associated with the lee trough plays a fundamental
part in the formation of the southerly change. The
second common feature is a southerly surge that is, at
least initially, confined below the ridge height and
which heralds a pronounced airmass change (as
reflected in the field of equivalent potential tempera-
ture). The main difference between the changes
reported here and those observed during SOUCHEX
is that the temperature difference across the change is
greater in the SOUCHEX events. The likely reason
for this is that SOUCHEX was held in summer when
the land-sea temperature contrast is larger. However,
the results from SOUCHEX and SALPEX show
clearly that the synoptic-scale flows in which souther-
ly changes form vary greatly from case to case.
Consequently, there is a clear need for a program of
numerical modelling to identify the key dynamical
process responsible for their formation.
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