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We derive practical forecasting formulae from statistical models
relating northwesterly surface wind on the Canterbury Plains, New
Zealand, to concurrent conditions over Canterbury and the
Southern Alps to the west. The most important term in models of
maximum gust was a time-variation of the magnitude of pressure
difference across the Alps, motivated by high-resolution wind spec-
tra from the Canterbury Plains. We find that the isallobaric wind
does not explain this effect, and furthermore that an isallobaric wind
term is insignificant and can be omitted.

Spectra of northwesterly wind at seven locations in a line on the
Canterbury Plains were computed from wind samples at 20-second
intervals. Many of these spectra follow a —5/3-power line to periods of
more than an hour. We suggest that this is evidence for large-scale three-
dimensional (though not isotropic) eddy cascades with fluctuations that
cannot be predicted from large-scale concurrent conditions over the
Southern Alps. During a cascade event, the variation of wind would then
be unpredictable on time-scales of one hour and less, which is a sub-
stantial component of the total variation. We further suggest that the
strongest surface wind is likely to occur during such cascade events.

Global model analyses at standard pressure levels from the
European Centre for Medium-Range Weather Forecasts (ECMWF),
and the observed pressure difference across the Alps together with a
measure of its time-variation, were used as predictors of observed
daily maximum three-second gust speed and 10-minute mean wind
speed. The models of maximum gust speeds were found to be more
accurate than the models of 10-minute mean wind speed, but both
accounted for roughly 50 per cent of the variance of the speed. The
models also accounted for about 50 per cent of the variance of the
square of the speed (which is proportional to aerodynamic load), so
that they are suitable for predicting severe wind. The model for dry
conditions accounted for 63 per cent of the variance of daily maxi-
mum gust speed at Christchurch airport, and 60 per cent of the vari-
ance of daily maximum aerodynamic load.

Introduction

The goals of this study are to provide some information
on how well windstorms can be predicted in Canterbury,
New Zealand, and to provide practical forecasting tools.

Corresponding author address: D.K. Purnell, 210 Thorneside Rd.,
Thorneside, Queensland 4158, Australia.
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In Part 1 we estimate the dependency of wind speeds on
concurrent conditions over the South Island. Part 2, a
subsequent paper, is intended as a preliminary study of
uncertainty inherent in forecasting these conditions over
the South Island using a fluid-dynamic numerical
weather prediction model. Predictability is limited in
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any cases where specification of antecedent conditions
is irrelevant or where adequate specification requires
more information than can be provided.

Previous studies of wind in Canterbury have noted the
pressure difference across the Southern Alps to be a rele-
vant factor (Neale 1959; Hill 1979). Hill (1979) proposes
a slowly propagating lee-wave as the cause of the 1
August 1975 wind storm in Canterbury which was
responsible for widespread damage and the destruction of
6063 ha of pine forests 40-60 km downstream of the
foothills. He evidently meant a wind pattern like that
reported by Castro and Snyder (1993) in laboratory
experiments at a Froude number of 0.8, showing localised
maxima of surface wind corresponding to downstream
wave troughs. However, his data are not conclusive evi-
dence for a significant wave of this sort. In the wind
record leading up to the event he definitely shows the
development of a strong jet at an altitude of about 2 km,
associated with a thermally stable stratification below.
But the evidence given for lee waves is a sequence of
times of maximum surface wind at several locations. This
shows only that any lee-wave pattern would have to be
changing to account for the observed surface winds.

An alternative explanation might be that a change in
the flow associated with the approaching cold front
made the jet hydrodynamically unstable, with the result-
ing large eddies transporting high-speed air from 2 km
aloft down to ground level. This explanation could
account for several observations:

a) Very sudden onset of extreme wind recorded at

Eyrewell forest, without a change in mean direction.

In 15 minutes, gusts increased from 30 kn to above

90 kn when the recorder power failed.

b) Extreme gustiness and turbulence during this and
similar events.

Northwesterly wind on the Canterbury Plains has a
‘pronounced diurnal variation, tending to spread east-
ward over the plains during the day (Fujibe et al. 1997).
However, this effect is probably insignificant for severe
winds. For example, the 1975 storm at Eyrewell forest
occurred at 4 a.m.

Forecasting of lee windstorms is difficult (Reid 1984).
The wind data show a great deal of variability over peri-
ods of less than two hours, and between locations in
Canterbury. This temporal and spatial variability is one of
the forecasting difficulties. New Zealand MetService Ltd
statistics for 1994 windstorms of all types show warnings
were issued for 80 per cent of storms, with a 30-40 per
cent false alarm rate. We were unable to test the applied
forecasting skill of the formulae developed in the present
study because they depend on a large-scale weather pat-
tern that would itself have to be forecast, probably by a
numerical weather prediction (NWP) system. We did not
have access to a suitable system. However, part 2 of this
study will begin to address this question.

If the interest is in risk of wind damage, and schedul-
ing of outdoor activities such as construction, then maxi-
mum aerodynamic loads will be of more relevance than a
mean wind speed. Aerodynamic load is proportional to
the square of the wind speed. If a linear statistical model is
to be used with pressure difference across the Alps as a
predictor, then another reason for choosing to predict aero-
dynamic load rather than wind speed is that such a model
should be more universally valid, since aerodynamic load
is a pressure. For simplicity, the density factor required to
convert the square of the wind speed to a pressure was
omitted from the models on the ground that its variation is
relatively small. A third reason for this choice is that here
we wish to model strong winds rather than light winds. A
squared model will fit strong wind cases more closely, by
putting less weight on the light wind cases.

The statistical models developed here may have value
as a forecasting tool, to estimate expected maximum
three-second gust and mean wind. The square of the
wind speed was chosen as the variable to be modelled for
the above reasons. The models were estimated from
records of winds at a height of 10 m on the Canterbury
Plains, at Christchurch Airport (1980-1993), Mount John
observatory (1980-1986), and at Kaikoura (1980-1993).
Although there are records from many other stations,
including locations such as pine forests of economic
importance, these records are mostly short, or lack hourly
data, or are limited in some other way. Midday and mid-
night European Centre for Medium-Range Weather
Forecasts (ECMWF) global model analyses at 1000, 850,
500, and 300 hPa were available for these periods, at 2.5
degree latitude and longitude intervals. These data come
from archives of the daily output of the ECMWF global
model, which varied over the period from T93 to T213
global wavenumber resolution. The only ECMWF model
data used here were at a point off the West coast at
42.5°S,170°E, a point inland from Dunedin at
45°S,170°E, and a point offshore, east of Dunedin at
45°S,172.5°E, and the point 42.5°S,172.5°E. Records of
surface pressure at Hokitika and Christchurch spanned
this period. Figure 1(a) is a map showing these places.

The most important term in the models of maximum
gust was motivated by high-resolution wind spectra
from the Canterbury Plains, which are also interpreted
as evidence for a limit to predictability of windstorms in
Canterbury.

Spectra of surface wind on the
Canterbury Plains

Records of surface wind sampled at 20-second intervals
were collected during the SALPEX *96 observing peri-
od (Wratt and Sinclair 1996) at seven locations in a
roughly 50 km WNW line on the Canterbury Plains. The
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Fig. 1(a) Location map.

17253

Fig. 1(b) Locations of the wind array sites, marked with a
star. The map also shows roads, the edge of
urban Chrischurch at bottom right, the
Waimakariri river between Harewood to the
south and the other sites to the north, the Ashley
river north of all these sites, and foothills to the
north and northwest.
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locations are shown in Fig. 1(b). Wind at these sites was
recorded from 10 October 1996 until 2 November 1996.
Much of these data were sampled at 20-second intervals,
however missing data and different sampling rates com-
plicates the record. There was a strong southerly on
October 13, but otherwise there were no strong winds
except for the evening of 17 October, from 1800 to 2052
New Zealand Standard Time (NZST; see Fig. 2).
Fortunately the data record for this three-hour period is

clean; there appear to be no sampling gaps which could
affect the results. From this record the power spectrum
of westerly and southerly components was estimated by
autoregression, because this method is the least depen-
dent on arbitrary analysis choices. The standard settings
of the ‘S-Plus’ statistics package (e.g. Venables and
Ripley 1996) were used. Spectra of the westerly compo-
nent for this period are shown in Figs 3-9. The spectra
for sites Horrellville, Eyre, Coopers Creek, Ohapuku
and Harewood have the remarkable feature in common
that they follow a —5/3 slope from periods of a few min-
utes to periods of more than one hour. This could be
attributed to chance sampling of a short record.
However, it is difficult to explain how five out of seven
spectra should show this feature by chance, since there
is little temporal correlation between sites. The spec-
trum for site Horrellville, which is in the middle of the
plain, about 30 km south of foothills, follows a —5/3
slope strikingly closely from periods of 20 seconds to
periods of more than one hour. The spectra for sites
Oxford and Mandeville have less slope though these
sites lie between the others. A —5/3 slope is characteris-
tic of a three-dimensional eddy cascade in an ‘inertial

Fig. 2 Northwest wind component during SALPEX ’96.
The northwest component of the wind at
Ohapuku when the Stewart Bradley wind array
was operating from 10 October until 2
November. The sample used is from the occasion
of strongest northwest component at all sites, and
was the only occasion with a northwest compo-
nent greater than 15 m/s (at sites Eyre, Oxford,
Coopers Creek, Ohapuku, and Harewood). This
period is from day 290.75 to day 290.87, i.e. for
the period 1800 to 2052 NZST, 17 October 1996.
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Fig.3  Power spectrum of the westerly component of
wind at Horrellville for the period 1800 to 2052
NZST, 17 October 1996 (see Fig. 2 for location).
A -5/3 slope is also shown.

Westerly component at Horrellville from 280.75 to 290.87
mean speed 3.7 m/s direction -41.6 deg
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Fig.4  Asin Fig. 3, for Eyre.

Westerly component at Eyre from 280.75 to 290.87
- _mean speed 9.4 m/s direction -66.3 deg
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subrange’ (e.g. Blackadar 1997). This is a range of
eddies of scales much greater than the scale of diffusion,
but also less than the scale of the generation mechanism.
The -5/3 rule as developed by Kolmogorov using
dimensional arguments applies to this inertial subrange.
In the case of unstratified, uniform mean flow, the tur-
bulence in an inertial subrange will be isotropic, but
these special conditions do not seem to be essential to
the idea of an inertial subrange, or to the ~5/3 rule.
Consequent spectra of wind components across and par-
allel to the mean flow are given in Reeves (1974). The

Fig.5  Asin Fig. 3, for Oxford.

Westerly component at Oxford from 290.75 to 290.87
mean_speed 6.4 m/s direction -47.4 deg
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Fig. 6 As in Fig. 3, for Coopers Creek.

Westerly component at Coopers Creek from 290.75 to 280.87
[ mean speed 9.8 nvVs direction -85.8 deg
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variance across the mean flow is expected to be a little
less than the variance along it and the observed spectra
did follow this rule out to periods of one hour, except for
sites Oxford, Eyre and Harewood. The horizontal wind
variation at Harewood was nearly isotropic, but only out
to a period of 30 minutes. A ‘frozen eddy’ hypothesis
can be used to relate spatial spectra to the time spectrum
of a component measured at a fixed location.

We propose that the ~5/3 slope spectrum is a limiting
form which is likely to be seen during or immediately
after a larger scale wind change, and that the mechanism



Purnell and McGavin: Predictability of northwest wind storms in Canterbury, Part 1 27

Fig.7  Asin Fig. 3, for Ohapuku.

Woesterly component at Ohapuku from 290.75 to 290.87
mean speed 11 m/s direction -69.3 deg
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Fig. 8  Asin Fig. 3, for Harewood.

Westerly component at Harewood from 290.75 to 290.87
mean speed 6.9 m/s direction -50.7 deg
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is a three-dimensional (but not isotropic) eddy cascade.

We further propose that the strongest surface wind is

likely to occur during such transient cascade events,

because an eddy cascade is a way of communicating a

big wind change to ground level. Some questions are

(a)Is this the mechanism here, and does it extend to
periods of more than one hour?

(b) Why are shallower slopes observed at two sites?

(c) Why are shallower slopes observed at periods less
than a few minutes?

Fig.9  Asin Fig. 3, for Mandeville.

Westerly component at Mandeville from 290.75 to 290.87
mean speed 7.8 m/s direction -64.9 deq
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Question (c) can be answered by citing the nature of
the Canterbury Plains, which features shelter-belts of
exotic pine at spacings on the order of 1 km, enough at
any rate to generate the observed additional eddies in
excess of an eddy cascade at periods of a few minutes
and less.

Question (b) can be answered by proposing that the
—5/3 slope is a limiting form, representing a pristine
three-dimensional eddy cascade in the same way that a
freshly dumped pile of sand often has a characteristic
limiting slope; the angle of rest of the particles. In this
analogy are many ways the pile may reach a lesser
slope. However the point is that the slope cannot be

. greater than the limiting slope except for very short peri-

ods, and that a limiting slope is likely, but not inevitable,
in a pristine pile, depending on how it is created. We
propose that a pristine -5/3 slope eddy cascade will usu-
ally not last long anyway. It will decay as soon as the
source for turbulent energy provided by large-scale
events is exhausted.

Question (a) can be answered by comparing statistics
implied by alternative proposed mechanisms. Above
the ground we expect a component of wind to blow
along the pressure gradient across the Alps in response
to changes in pressure gradient (the isallobaric wind).
We propose that eddy cascades result from large-scale
wind changes due to this and other mechanisms, and
that these cascades account for the observed —5/3 slope
spectra. This idea motivates our choice of a predictor of
maximum daily gust based on the magnitude of tempo-
ral variation in the pressure difference across the
Southern Alps.
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Table 1(a). CoefTicients of predictors for model of maximum NW gust speed at Christchurch

Dry Wet Wet & dry Predictor

17.6 18.7 18.3 Variation of pressure difference (0 -24 NZST)
18.8 22.6 20.9 P{Hokitika}(noon)-P[Christchurch](noon)

-84 -5.83 -7.0 1/2(u+v)(300hPa)[45°S,172.5°E](noon)

0.364 0.372 0.365 . 1/2(u? + v2 (500 hPa)[42.5°S,170°E](noon)
0.237 0.151 0.195 1/2(u? )(500 hPa)[45°S,170°E}(noon)

14.0 7.59 9.80 1/2(u+v)(850 hPa)[42.5°S,172.5°E](noon)
-4.46 -3.50 -4.00 1/2(u+v)(300 hPa)[45°S,172.5°E](midnight)
0.276 0.276 0.285 12(u? + v2)(500 hPa)[42.5°S,170°E](midnight)
Table 1(b). t-statistics of predictors for model of maximum NW gust speed at Christchurch

Dry Wet Wet & dry Predictor

6.4 6.6 9.2 Variation of Pressure difference( 0 —24 NZST)
5.3 5.6 7.7 P[Hokitika](noon)-P[Christchurch](noon)

-5.9 -3.6 -6.6 1/2(u+v)(300 hPa)[45°S,172.5°E](noon)

54 4.8 7.0 1/2(u? + v2)(500 hPa)[42.5°S,170°E](noon)
3.0 . 1.6 32 1/2(u2 )(500 hPa)[45°S,170°E](noon)

42 2.0 39 1/2(u+v)(850 hPa)[42.5°S,172.5°E](noon)
2.9 23 -3.6 1/2(u+v)(300 hPa)[45°S,172.5°E](midnight)
4.1 42 6.1 1/2(u2 + v2)(500 hPa)[42.5°S,170°E](midnight)
Table 1(c). - Statistics of fit of model of maximum NW gust speed at Christchurch

Dry Wet Wet & dry Statistic of model fit to data

60% 38% 48% (‘explained’ variance)/(total variance) : load
63% 43% 54% (‘explained’ variance)/(total variance) : speed
4615 6358 10960 Bayesian Information Criterion (BIC)
298(33,312) 319(33,426) 602(33,771) F-statistic on (n,m) degrees of freedom

It has been suggested, however, that the isallobaric
wind might by itself explain the gusts without any eddy
cascade. We have therefore devised a statistical test of
this hypothesis using the 1980 to 1993 records of maxi-
mum daily gusts. The test consists of a standard analysis
of variance of linear models with and without terms pro-
- portional to the isallobaric wind and to the magnitude of
pressure change. The models are described in the next
section and the results are shown in Table 2. The test
results reject with 99 per cent confidence the proposition
that the isallobaric-only model is sufficient. In addition,
it is found that the isallobaric term is not significant and
can be omitted. In the absence of some other plausible
theory, this result suggests that eddy cascades dominate
the production of strong gusts in Canterbury.

Statistical models of aerodynamic load

Each model was fitted at the target location to wind
from the northwest quarter, i.e. when the direction was
in the range 270° to 360°. Each model consisted of the
sum of a random error € and m predictors g with coeffi-
cients ¢ that were fitted by the standard linear-least-
squares method. There is no constant term, because zero
values of all the chosen predictors should correspond to
a state of complete calm.

Speed? =X/, cq; + €

An alternative nonlinear mode! was also proposed, con-
sisting of a product of two factors, one factor being a
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Table 2(a). Dry model of maximum NW gust speed at Christchurch

t-statistics Coefficients Predictor

-0.5 -84 Max Pd increase

34 40.0 Max Pd change

34 22.9 Max Pd

0.4 28 P[Hokitika](noon)-P[Christchurch](noon)
-6.1 -8.7 1/2(u+v)(300hPa)[45°S,172.5°E](noon)

5.0 0.341 1/2(u? + v )(500hPa)[42.5°S,170°E](noon)
2.7 0.218 1/2(u? )(500hPa)[45°S,170°E)(noon)

3.8 129 1/2(u+v)(850hPa)[42.5°S,172.5°E](noon)
-3.0 -4.60 1/2(u+v)(300hPa){45°S,172.5°E](midnight)
4.1 0.285 1/2(u? + v2)(500hP2)[42.5°S,170°E](midnight)

Table 2(b). Dry mode! of maximum NW gust speed at Christchurch

t-statistics Coefficients Predictor

22 22.8 Max Pd increase

4.9 30.5 Max Pd

-0.38 -2.47 P[Hokitika](noon)-P[Christchurch](noon)

-6.3 -8.95 1/2(u+v)(300 hPa){45°S,172.5°E](noon)

55 0.370 1/2(u2 + v2)(500 hPa)[42.5°S,170°E](noon)

29 0.230 l/2(u2 )(500 hPa)[45°S,170°E](noon)

4.17 14.1 1/2(u+v)(850 hPa)[42.5°S,172.5°E](noon)

-3.2 -4.9 1/2(u+v)(300 hPa)[45°S,172.5°E](midnight)

3.9 0.268 1/2u2 + v2)(500 hPa)[42.5°S,170°E](midnight)
Table 2(c). Dry model of maximum NW gust speed at Christchurch

t-statistics Coefficients Predictor

34 34.1 Max Pd change

3.5 23.4 Max Pd

0.32 2.1 P[Hokitika](noon)-P[Christchurch](noon)

-6.2 -8.7 ’ 1/2(u+v)(300 hPa)[45°S,172.5°E](noon)

5.1 0.345 1/2(u2 + v2)(500 hPa)[42.5°S,170°E](noon)

2.8 0.224 ) 1/2(u2 )(500 hPa)[45°S,170°E]}(noon)

3.8 12.9 1/2(u+v)(850 hPa)[42.5°S,172.5°E](noon)

-3.0 -4.64 1/2(u+v)(300 hPa)[45°S,172.5°E](midnight)

4.1 0.278 172(u? + v2 )(500 hPa)[42.5°S,170°E](midnight)
Table 2(d). Analysis of variance ratios for Dry models at Christchurch

Models Compared Deg Freedom F Probability (F)

Model 2a/ Model 2b 336/335 717 0.008

Model 2a/ Model 2¢ 336/335 0.29 0.59

model of wind well above the g round and the other fac- The model variables were selected by:

tor being a model of the rate of mixing down to the sur- (a) physical relevance. This suggested a pool of 33
face. However no attempts of this sort were better than potential predictors from which the actual predictor
the above linear model. Richardson and Froude numbers variables were selected.

were also tested, again without finding anything of (b)a t-statistic of large magnitude for each variable,

value. ) unlikely to occur by chance.
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(c) For otherwise similar models, the one with the small-
est Bayesian Information Criterion (BIC, Sakomoto
et al. 1983) was selected. For a statistical model with
m parameters and independent normally distributed
residuals, '

1 n
BIC = n(log2n + 1) + nlog( 5, Zl &%) + log(mm
J=1j

where n is the number of observations, m is the number

of parameters and QJ is the estimated residual for the j-th

observation.

The most significant variable for predicting daily
maximum gusts turned out to be a sum of variations in
the Hokitika to Christchurch pressure difference over
successive three-hour intervals, motivated by high-reso-
lution wind spectra as discussed above. The pressure dif-
ference at noon was the next most significant variable.

The measure of the variation in the pressure differ-
ences was defined as the sum each day of the absolute
values of the change in pressure differences in succes-
sive three-hour intervals, except that to avoid missing
data at 0300 NZST the first two intervals were four and
two hours. Measures of variation over longer intervals
were found to be inferior predictors, while measures of
variation over shorter intervals were no better than for
three-hour intervals. The root-mean-square measure of
variation was not better than the norm used.

The other predictors are computed from midday and
midnight ECMWF global model analysis winds. The
terms involving 1/2(u? + v2) and 1/2(u?) are measures of
wind energy density, that have the same dimensions as
the model output. The terms involving 1/2(u+v) are cho-
sen because this is the wind component roughly perpen-
dicular to the line from Hokitika to Christchurch of
length d, so that for Coriolis parameter f, 1/2(u+v)fd is
a pressure difference roughly parallel to the measured
pressure difference. A more accurately aligned compo-
nent should give slightly better results. The upstream
relative humidity was considered important because sat-
uration of this air by water vapour will result in a major
reduction in the stability of vertical motion, probably to
a nearly neutral value. Since the vertical stability is a
major factor in airflow over mountains, the sample was
stratified into ‘wet’ and ‘dry’ cases (upstream relative
humidity < 0.8, see definitions below).

Figures 10 and 1] show scatter plots of observed ver-
sus predicted daily maximum three-second gusts at
Christchurch and Kaikoura. Tables 1 and 3 show the
model coefficients, their significance, and measures of
the fit of the models. The degrees of freedom of the F-
statistics of fit of the models has been adjusted to
include the whole pool of the 33 potential predictor vari-
ables. Even with this adjustment, variance ratios this
large give exceedingly small F-statistic probabilities of

Fig. 10 NW gusts at Christchurch airport. Measured vs
predicted” maximum daily three-second gust
(knots) when the gust direction is between north
and west at Christchurch airport station H32451.
Dry means ECMWF model relative humidity <
0.8 at noon, 850hPa, [42.5°S,170°E]. Wet means
not Dry.
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