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This study has investigated the vertical structure of fluctuations of the monthly-mean
circulation of the southern hemisphere (SH) troposphere. Using rawinsonde data from up to
48 stations for the period 1950-1979, the dominant vertical modes of monthly fluctuations of
geopotential height, temperature and wind have been identified. Each of these modes has
been characterised in terms of fluctuations of each variable at a single level. This has
permitted the representation of a large fraction of the variance of monthly fluctuations of the
SH troposphere using a small number of variables only.

An equivalent barotropic structure was predominant for all variables at higher latitudes. At
lower latitudes, a more baroclinic structure was evident although the barotropic mode was
still important. An analysis of all variables combined indicated that geopotential height and
winds at the 300 hPa level represented well the monthly fluctuations at all levels in the

troposphere.

Introduction

Studies of the horizontal structure of the tropospheric
circulation, for example Blackmon et al. (1984), usually
have been undertaken using data at the 500 hPa level.
This level is the ‘steering level’ for synoptic-scale
systems but it is not obvious that over longer time-scales
and larger space-scales this level should have the same
importance. The aim of this study has been firstly to
document the vertical structure of monthly fluctuations
of the southern hemisphere (SH) troposphere. Having
identified the dominant vertical modes, ‘key’ variables
have been selected which characterise and hence econo-
mically represent the monthly variability at all tropos-
pheric levels. These key variables are being used in
studies of the horizontal structure of the troposphere.

The data used for this study were time series of
monthly-mean rawinsonde station data. Although there
is a relatively poor coverage of rawinsonde stations in
the SH, it was better to use station data rather than
numerical analyses for this investigation of the vertical
structure since most numerical analysis schemes in-
clude some assumptions about vertical structure either
explicitly or implicity.

While there has been a large number of studies of the
vertical structure of the atmospheric circulation asso-
ciated with individual synoptic systems and some stu-
dies of the vertical structure in different geographical

regions, there have been few studies of the vertical
structure of atmospheric fluctuations on daily or
monthly time-scales over large regions.

Blackmon et al. (1979) have made a thorough analysis
of the vertical structure of the northern hemisphere
circulation for fluctuations on daily to seasonal time-
scales. The main data used for that study were hemis-
pheric numerical analyses of geopotential height on ten
pressure levels from the National Meteorological
Center, USA. They computed correlations between
geopotential height at 1000 and 500 hPa, and the
principal components of the matrix of inter-level height
covariances. They identified the major difference be-
tween the vertical structure of fluctuations over the
eastern ocean regions associated with a maritime
climate, which exhibit a barotropic structure with
strong vertical coherence; and over the interior of the
continental regions associated with a continental
climate, whose structure is more baroclinic with low or
negative correlations between 1000 and 500 hPa
heights. This large regional contrast in vertical struc-
ture was found for fluctuations on all time-scales from
synoptic to interannual, and was largely a reflection of
the differences in the vertical structure of planetary-
scale fluctuations.

For the southern hemisphere, the most thorough
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analysis of the vertical structure is the empirical work
of Seaman (1982) which used daily rawinsonde station
data at 16 standard levels from 1000 to 50 hPa for 31
stations operated by the Australian Bureau of Meteorol-
ogy. For each station, inter-level correlation matrices
were presented for each of geopotential height, tempe-
rature and zonal and meridional wind for each of the
four seasons. The leading three principal components
were computed from zonally-averaged covariance ma-
trices for each variable and season using all stations in
each of the latitude bands 0-19°S, 20-29°S and 30-39°S.
There was little attempt to describe or interpret any of
the statistics presented in the report.

The study described here differs from the two earlier
ones in several important ways which must be borne in
mind when comparing the results. We have confined
our interests to the troposphere and used data up to the
200 hPa level only, whereas the other studies included
levels up to 50 hPa, which would have included fluctua-
tions in the lower stratosphere also. In order to be able
to reduce the number of variables, we need to identify
the relationships between fluctuations at different levels
so we have used correlation statistics throughout rather
than covariance statistics.

The next section gives a description of the data and
the analysis technique. The results from the vertical
structure analysis of geopotential height, temperature
and winds, and for all variables combined are presented
in the following three sections. In the last section, the
results are used to select a set of variables which
represent a large fraction of the low-frequency variance
of the southern hemisphere troposphere. A brief sum-
mary of the principal component and principal factor
analysis methods is given in the Appendix.

Data and analysis techniques

The data used for this study were selected from a
magnetic tape containing monthly mean rawinsonde
station data for the period 1950-79 from ‘Monthly
Climatic Data for the World (National Climatic Data
Center, 1950-1979), obtained from the National Center
for Atmospheric Research, Boulder, Colorado. Stations
in the latitude range 10°N to 80°S with more than
twenty years of data were selected. For some months
and stations, the tape contained several versions of the
data and, in such cases, the latest version was retained.
Data greater than four standard deviations from either
side of the long-term means for each month were
considered outliers and discarded. Time series of
monthly anomalies were obtained by subtracting the
long-term monthly means for each calendar month
from the individual monthly values for all months.

The variables chosen were geopotential height, tem-
perature and zonal and meridional (positive northward)
winds at the following levels: 850, 700, 500, 300, and
200 hPa; and pressure and temperature at the surface.
Since we are interested in the relationships of the
fluctuations between the variables, correlation matrices
for the variables are used. This allows us to compare
variables at different levels or different variables to-
gether independent of the variance of each variable
since the correlation statistics are defined for variables
normalised by their standard deviations.

The stations selected are listed in Table 1 with the
period of data for each, and their locations are shown in
Fig. 1. Not all the variables were available for the whole
period, with more missing values for the wind field than
for height or temperature, less data at 200 hPa than at
lower levels and surface data usually not being available
until after June, 1964.

Fig. 1 Location of most stations (identified by station number) listed in Table 1. Some stations are not displayed in this and

subsequent maps because of overcrowding.
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Table 1. Stations for which vertical structure analysis of monthly fluctuations of geopotential height was performed.
* Indicates stations for which analysis of temperature, and winds, and all variables combined was performed.
1 Indicates which stations were not shown because of overcrowding.
STATION ID LAT LONG ELEV RECORD
(°N) (°W) (m) PERIOD
*Trivandrum 43371 8.5 283.0 64 1950-79
tSongkhla 48568 7.2 259.4 10 53-79
Ile Nouvelle-Amsterdam 61996 -37.8 282.4 24 55-79
Nairobi 63741 1.3 323.2 1798 50-79
Bangui 64650 4.4 341.5 365 53-78
tDouala 64910 4.0 350.3 13 54-79
tLagos 65202 6.6 356.6 14 53-79
* Abidjan 65578 5.2 3.9 40 57-79
Luanda 66160 -8.9 346.7 74 54-79
Tananarive 67083 -18.8 312.5 1263 54-79
TBulawayo 67964 -20.2 331.4 1345 53-79
J. G. Strijdom 68112 -22.5 342.5 1718 58-79
tPretoria 68262 -25.8 331.8 1518 50-79
Alexander Bay 68406 -28.6 343.5 23 52-79
Capetown 68816 -34.0 341.4 46 50-79
*Gough Island 68906 -40.4 9.9 54 57-79
Marion Island 68994 -46.9 322.1 22 50-79
Antofagasta 85442 -23.5 70.4 122 57-79
Quintero 85543 -32.8 71.5 8 57-79
Puerto Montt 85799 -41.4 73.1 8 57-719
*Argentine Island 88952 -65.3 64.3 10 57-719
S.A.N.A_E. Station 89001 -70.3 2.4 62 57-719
Casey Station 89611 -66.3 249.5 16 58-79
Koror 91408 7.3 225.5 33 57-79
*Nandi 91680 -17.8 182.5 16 50-79
Tahiti 91938 -17.6 149.6 2 57-79
Auckland Aerodrome 93119 -36.9 185.2 5 50-79
TChristchurch Aerodrome 93780 -43.5 187.4 29 54-79
*Invercargill 93844 -46.4 191.7 1 50-79
Kermadec Island 93997 -29.3 177.9 35 52-79
Darwin 94120 -12.4 229.1 21 50-79
Townsville 94294 -19.3 213.2 4 50-79
Port Hedland 94312 -20.4 241.4 11 51-719
Alice Springs 94326 -23.8 226.1 548 50-79
tCloncurry 94335 -20.7 219.5 191 50-79
TGiles 94461 -25.0 231.7 599 58-79
tCharleville 94510 -26.4 213.7 304 50-79
Perth Airport 94610 -31.9 244.0 18 50-79
tKalgoorlie 94637 -30.8 238.5 361 50-79
TAdelaide Airport 94672 -35.0 221.5 11 50-79
*Williamtown 94776 -32.8 208.2 9 50-79
tLaverton Airport 94865 -37.9 215.2 14 50-79
Hobart Airport 94975 -42.8 212.5 14 50-79
Mawson 94986 -67.6 297.1 14 55-79
tLord Howe Island 94995 -31.5 200.9 45 55-79
Norfolk Island 94996 -29.1 192.1 110 50-79
Macquarie Island 94998 -54.5 201.0 7 51-79
*Cocos Island 96996 -12.1 263.1 1 53-79

This study makes use of the multivariate statistical
techniques known as principal component analysis
(PCA) and principal factor analysis (PFA). A brief
summary of these techniques is given in the Appendix
and the reader is referred to Harris (1975), Morrison
(1967) and Harman (1976) for a more detailed coverage.

Broadly speaking, these analysis techniques seek to
describe the relationships between fluctuations of the
variables in terms of modes of variation called prin-
cipal components, principal factors or sometimes ‘la-
tent variables. These latent variables are linear
combinations of the original variables and are ordered
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in importance by the amount of .variance they can
represent in the original data set. For the analysis of
each of the variables individually, a PCA was per-
formed with no rotation. However, in the analysis of all
variables combined, a PFA with oblique rotation pro-
vided a simpler structure and easier interpretation and
was employed routinely. The Quartimax method was
used for the oblique rotation with the aim of getting
each variable to have a large amplitude on only one
factor. This method was more helpful in achieving this
aim (see ‘Discussion and key variables’) than the more
widely used Varimax method. The ‘Kaiser-Guttman’
(KG) criterion for determining how many components
should be retained was adopted (see Appendix). The
test for the degeneracy of the components described by
North et al. (1982) was applied. The problem of degene-
racy arose in only a few cases here. When it did arise,
for example in the analysis of the meridional wind, the
correlations between variables were fairly weak any-
way and therefore it proved hazardous.to draw reliable
conclusions from them.

The PCA and PFA were carried out primarily using
subroutines from the IMSL. (1982) package.

Height analysis

Firstly, the analysis techniques are illustrated by show-
ing the results for the vertical structure of height fluc-
tuations at a single station, Trivandrum (8°N, 77°E),
located in the south of the Indian subcontinent. The
correlation matrix between the monthly anomalies at
the six levels is given in Table 2 (a), with the first three
components from the PCA of this correlation matrix
shown in Fig. 2 (a).

From the correlation matrix, we see clearly that
surface pressure fluctuations correlate relatively
weakly with the upper levels, compared with the corre-
lation between 850 hPa height and upper levels. The
structure of the leading component shows a large ampli-
tude at all levels from 850 hPa to 200 hPa but smaller
amplitude at the surface, representing the structure
apparent in the correlation matrix. This leading compo-
nent represents 73 per cent of the height variance. The
second component shows a large amplitude at the
surface, in phase with the 850 hPa level but opposite in
phase to the upper levels. This baroclinic mode of
fluctuation represents 20 per cent of the variance. The
variances explained by the third and higher modes are
all less than the Kaiser-Guttman criterion (16 per cent
variance explained in this case) and they are unlikely to
represent significant modes of variation.

The covariance matrix for Trivandrum is shown in
Table 2 (b). After allowing for the different units for
surface pressure and geopotential height (using 8z ~ —
Y 8p), the principal components were calculated and
are shown in Fig. 2 (b). The increasing variance of
geopotential height with elevation has the effect of
weighting the upper level fluctuations more highly than
the lower levels in the PCA. The amplitude of first PC
increases almost linearly with height, in the same way

Table 2a. Correlation matrix of monthly mean height and
surface pressure anomalies for Trivandrum.

MSL 850 700 500 300 200

MSL }1.000 0.525 0.350 0.192 0.077 0.018
850 }0.525 1.000 0.902 0.769 0.629 0.602
700 ]10.350 0.902 1.000 0.927 0.819 0.784
500 [0.192 0.769 0.927 1.000 0.919 0.880
300 [0.077 0.629 0.819 0.919 1.000 0.964
200 |0.018 0.602 0.784 0.880 0.964 1.000

Table 2b. Covariance matrix (m?) of monthly mean
height and surface pressure anomalies for
Trivandrum.

MSL 850 700 500 300 200

MSL |0.013 0.066 0.064 0.057 0.037 0.012
850 |0.066 3.146 3.938 5.043 6.671 8.939
700 |0.064 3.938 6.058 8.420 12.13 16.43
500 |0.057 5.043 8.420 13.67 20.54 28.22
300 |0.037 6.671 12.13 20.54 36.98 50.98
200 }0.012 8.939 16.43 28.22 50.98 83.94

as the variance, and this mode explains 92 per cent of
the variance. The shape of this mode reflects the in-
crease in variance with height and not the relationships
shown by the correlations. The second mode primarily
represents mid-tropospheric fluctuations. Neither of
these two modes represents well the relationships be-
tween the fluctuations at different levels which were
seen in both the correlation matrix and the components
obtained from the correlation matrix. In the remainder
of this paper, all the analysis has been performed using
correlation matrices.

The principal component analysis of the correlation
matrix was repeated using data at additional levels in
the lower stratosphere. Very similar vertical structures
of the principal components were found in the tropos-
phere but there was an additional mode representing
out-of-phase variations of height between the tropos-
phere and the lower stratosphere. Since we are prima-
rily interested in the structure of variations in the
troposphere, we have used data up to the 200 hPa level.
This is a somewhat arbitrary choice for the upper
boundary and may influence the structure of the com-
ponents at this level.
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Fig. 2 First three principal components for fluctuations of
monthly mean height at Trivandrum derived from
(a) the correlation matrix and (b) the covariance
matrix.
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Next, the geographical variation of the vertical struc-
ture of height fluctuations is examined. The distribu-
tion of the amount of variance explained by the first and
second principal components are shown in Figs 3 (a)
and 3 (b). It is apparent that there is an overall increase
in the variance explained by the leading component in
the poleward direction and a corresponding decrease
for the second component. For all stations, the first and
second components together account for at least 85 per
cent of the variance, and there were no more than two
components which satisfied the Kaiser-Guttman crite-
rion. For many of the middle to high latitude stations,
only one component satisfied the criterion. In the cases
where two components were retained, they were dis-
tinct from each other in the sense of the degeneracy
criterion of North et al. (1982).

For most sites the actual structure of the first compo-
nent can be described as equivalent barotropic. Inver-
cargill (46.4°S, 168.3°E) is typical of the middle to high
latitude stations, with the barotropic component repre-
senting almost all of the height variance, with results
shown in Fig. 4.

From site to site most of the variations in structure of
the first component occur mainly with the amplitude of
the surface pressure. This can be seen by comparing the
structure of the first component at Invercargill in Fig. 4,
which has similar amplitude at all levels, and at Trivan-
drum in Fig. 2 (a) with much reduced amplitude at the
surface. An actual phase reversal at the surface is found
at only four sites; Abidjan, Bangui and Douala in West
Africa and Puerto Montt on the Chilean coast. The
first three components for Abidjan are shown in Fig.
5. Weak amplitudes at the surface such as is
shown for Trivandrum in Fig. 2 were found also for
Quintero, Antofagasta, Pretoria, Luanda, Tananarive,
Elizabeth Bay, Songkhla, Tahiti and Fiji. Where an
equivalent barotropic structure was found at a conti-
nental location it explained a lower proportion of the
variance, typically 50-60 per cent, with an example
being Alice Springs.

The change in the relationship between surface pres-
sure fluctuations and height fluctuations as a function of
position can be seen in Fig. 6 which gives the correla-
tion between monthly mean surface pressure and 500
hPa height at each station. In general this correlation is
large, except on the west coast of South America and at
some low latitude stations. The smaller values of this
correlation correspond with a reduced amplitude of
surface pressure in the first principal component. The
regions of small or negative correlation shown in Fig. 6
are much less than found by Blackmon et al. (1979) for
the northern hemisphere, indicating a more barotropic
structure for the monthly fluctuations of height in the
SH. )

The second component always had a baroclinic struc-
ture with one node at approximately 500 hPa. The
structures of the second and subsequent components
are constrained to be orthogonal to the leading com-
ponent. It was found that the second component ex-
plained more variance at lower latitudes outside of
South-East Asia and at continental locations than at
South-East Asian stations, maritime stations and sta-
tions at higher latitudes. It explained most variance in
the 10°S-25°S latitude band.

The seasonal dependence of the height components
was weak with most of the variation in the shape of the
components being at the surface. There was also a
tendency for a slightly larger amount of variance ex-
plained by the second or baroclinic component in
summer but this change was generally small.

In summary, the geographical variation in the ver-
tical structure of height for the southern hemisphere
is different to that in the northern hemisphere
(Blackmon et al. 1979). There is a weaker continental
effect leading to greater zonal symmetry. The major
variation of the vertical structure is associated with
changes in latitude. Two similar structures were found
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Fig. 3 Percentage variance explained by (a) the first principal component and (b) the second component for height
fluctuations at each station.
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Fig. 6 Correlation between monthly mean surface pressure and 500 hPa height at each station.
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for the leading component of the height variations; a
uniform equivalent barotropic mode at all levels and a
barotropic mode at all levels except the surface, where it
had small amplitude. No structures as baroclinic as the
continental type for the northern hemisphere were
found for the leading component in the southern hemis-
phere.

Temperature and wind analysis

The other variables are now considered in the study.
They are temperature and zonal and meridional wind.
The analysis for these variables proceeds in a similar
way as for height. Owing to the amount of work
involved, the data set is restricted to eight stations
which have been selected to give some degree of repre-
sentativeness based on the height results. The data set
was split into four zones 10°N-10°S, 10°-25°S, 25°-45°S
and 45°-80°, and then two sites from each zone were
chosen. Taking into account the proportion of ocean to
continent, the proportion of barotropic height structure
to other structures, and also, the availability of data, the
following stations were chosen: Abidjan, Trivandrum,
Cocos Is and Fiji from low latitudes, Gough Is and
Williamtown from middle latitudes, and Argentine
Island and Invercargill from high latitudes.
Temperature

For the eight stations, the first principal component for
temperature falls into one of two categories. There
appears to be a typical tropical structure of more or less
uniform amplitude throughout the vertical domain and
an extra-tropical structure with uniform structure from
the surface to 300 hPa and a node near 200 hPa. These
two structures are shown for Trivandrum and Invercar-
gill in Figs 7 (a) and 7 (b). The node in the extra-tropical
structure is probably due to the tropopause, but there is
not enough vertical resolution to confirm this. There
does not appear to be any clear latitudinal trend in the
variance explained. For the leading component the
variance is around 50 to 60 per cent with a maximum at
Trivandrum of 69 per cent and a minimum at Cocos Is
of 48 per cent.

Fig. 7 First three principal components for monthly fluc-
tuations of temperature at (a) Trivandrum and (b)
Invercargill.
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There is a close relationship between the principal
components for temperature in Fig. 7 and those for
height in Fig. 2 (a) and Fig. 4 arising from the connec-
tion between geopotential thickness and temperature
variations. This relationship is not simple because the
principal components have been computed from the
correlation matrix.

The second component shows greater variation with
latitude. In the extra-tropics, it is essentially an upper
level (300-200 hPa) in-phase structure with very weak
or zero amplitudes at 500 hPa and below, and is pro-
bably due to the tropopause variations (Fig. 7 (b)). In
the tropics several structures have been found. Cocos Is
and Fiji have a surface-850 hPa in-phase structure with
weak amplitudes at the upper levels. This mode ac-
counts for 23 per cent of the variance. Abidjan shows a
two-node structure where the 850-700 hPa layer is out of
phase with the surface and the 300-200 hPa layer.

The strongest seasonal variation takes place at the
two stations in the 10°-25°S latitude band. Figures 8 (a)
and (b) show the change in structure of the temperature
fluctuation between summer and winter at Fiji. In both
cases the surface-850 hPa layer varies independently of
the upper layers in winter. This seems likely to be due to
the low-level inversion layer associated with the south-
east trade winds during winter.

Zonal wind

The major feature of zonal winds is the increase with
latitude poleward in the variance explained by the first
component. This ranges from 37 per cent at Trivandrum
to 85 per cent at Invercargill and reflects the increased
importance of the baroclinic component in the tropics,
where the wind appears to be divided into two layers
varying out of phase with each other. The 300-200 hPa
layer is most strongly evident in the first two compo-
nents at stations north of 15°S, where the second com-
ponent explains >30 per cent of the variance. Zonal
wind was examined at four stations: Yap, Songkhla,
Darwin, and Tahiti, in addition to the usual eight
stations, and a typical equatorial structure is shown in
Fig. 9 (a) for Abidjan. Extra-tropical stations have first
components which typically explain >70 per cent of the
variance and show a uniform barotropic structure (Fig.
9 (b)).

Of the twelve stations, Cocos Is and Abidjan show
most seasonal variation. In both cases the change takes
place in the 300-200 hPa layer when this layer becomes
out of phase with the lower layers in summer and in
phase with the lower layers in winter.

Meridional wind

As for zonal wind, the major feature for the meridional
wind is the strong increase in the poleward direction of
the amount of variance explained by the leading com-
ponent. Equatorial stations have 30 per cent of the
variance in the leading component and 55 per cent in
the first two components, whereas high latitude sta-
tions, for example Invercargill, have correspondingly
85 per cent and 95 per cent of the variance. The
structures follow the pattern of the other variables,
showing a marked tropical/extra-tropical contrast. A

Fig. 8 First two principal components for temperature for
Fiji in (a) summer and (b) winter.
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barotropic structure prevails at middle and high lati-
tudes, while at low latitudes, the baroclinic structure
becomes increasingly important, though it does not
account for as much variance as the barotropic mode at
high latitudes. Very close to the equator (within 5°), the
baroclinic mode becomes the dominant mode albeit
with a relatively low variance (Fig. 10 (a)). The struc-
ture for Fiji shown in Fig. 10 (b) is typical of low latitude
stations away from the equator. Invercargill (Fig. 10(c))
is typical of the high latitude stations.
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Fig. 9 First two principal components for monthly fluc-
tuations of zonal wind at (a) Abidjan and (b)
Invercargill.
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There is more seasonal variability in the meridional
wind than in zonal wind. These results are less reliable
as the correlations between the levels are smaller, the
components explain less variance and the components
are degenerate in some cases.

Fig. 10 First two principal components for monthly fluc-

tuations of meridional wind at (a) Abidjan, (b)
Fiji and (c) Invercargill.
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Combined variables

In this section, the results of the analyses for all
variables combined are presented in detail for two
stations and summarised for the other six.

Principal factor analysis was used in preference to
principal component analysis because it offered simpler
descriptions. Less factors were retained than compo-
nents in preliminary trials and for this reason factors
were chosen. The main difference between a compo-
nent and a factor description was in the way height and
temperature were combined.

Oblique rotation has been undertaken as a routine
step. The lower proportions of variance explained by
each factor and the increased number of factors retained
based on the KG criterion makes the requirement of
orthogonality too strict, especially in view of the lack of
physical reasons for this constraint. Prior to rotation,
the leading factors had significant amplitudes on most
variables and as such presented a confusing picture.
After rotation, a clearer representation is obtained by
partitioning each variable’s contribution to the variance
among fewer factors.






