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Records of Australian climatic statistics, obtained from the Australian Bureau of
Meteorology, have been analysed to investigate the relationship between cloud
cover, precipitation, temperature and the Southern Oscillation Index (SOT). In par-
ticular, the role of cloud cover in climatic change is considered. Analyses show a
close correlation between precipitation and cloud cover and an inverse correlation
between the diurnal temperature range and cloud cover. Significant long-term trends
are evident in the data, with an increase in cloud cover and a decrease in the diurnal
temperature range. There is also a slight increase in daily mean temperature, but no
significant long-term change in precipitation (although the lack of significant trend
may, in part, be due to the shorter length of record). The fluctuations in cloud cover,
diurnal temperature range and precipitation are correlated with the SOI. Corre-
lations of cloud cover with SOI are strongest for the northeast and weakest for the

southwest of the continent.

Introduction

Historical records of climate, most commonly
temperature (e.g. Jones et al. 1986b) and precipi-
tatton (e.g. Diaz et al. 1989), have been used to
investigate climatic change. In order to obtain
some physical insight into the mechanisms of cli-
matic change, it is useful to consider the records of
several climatic parameters together (e.g. Plantico
et al. 1990). Due to the limitations in the avail-
ability of data, such intercomparisons of climatic
records are usually restricted to a regional, rather
than a global basis. This paper presents data for

-cloud cover, precipitation and temperature for
Australia. Because of the significant effect on Aus-
tralian climate of the El Nifo-Southern Oscil-
lation (ENSO), the climatic records are also com-
pared with the Southern Oscillation Index
(SOI).

This paper concentrates on the role of cloud
cover in climate, as a major determinant of tem-
perature due to the effect on incoming visible
solar radiation and outgoing infrared radiation,
and as the source of precipitation. The effects of
clouds are a major uncertainty in general circu-
lation models (GCMs) of the climate (Webster
and Stephens 1984). Historical observations may
be used to clarify the processes involved and to
suggest empirical models which can be related to
GCMs.
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Data and methods

The historical climate records were obtained from
the National Climate Centre (NCC) of the Aus-
tralian Bureau of Meteorology. The data were in
the form of tabulated (TABS) elements, which are
monthly values of a large number of climatic par-
ameters, for over 1000 stations, dating back over
100 years for some stations. The values are
monthly means (for cloud cover and temperature)
or monthly totals (for precipitation).

The main method of data analysis used in this
paper is the least-squares linear fit of the climatic
parameter (cloud cover, precipitation, tempera-
ture or Southern Oscillation Index) against time
to give the long-term trend, or of one climatic par-
ameter against another to give the empirical
relation between the two parameters.

The significance of the correlation between the
two parameters is described by the correlation co-
efficient r, with r=0 where there is no correlation,
0 <r<1forapositiverelationand — | <r<0for
a negative relation. For n degrees of freedom, the
critical value for significance at the 5 per cent level
in the correlation coefficient r is approximately
re=2Xn—05 However, the climate records for
consecutive months are not independent since
there are climatic fluctuations lasting several
months. Due to this serial correlation of the time
series, the number of degrees of freedom is less
than the number of monthly records. Assuming
that the number of degrees of freedom is only half
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the number of monthly records, we get r.=0.15
for 30 years of data. The exact critical level de-
pends on the number of records and the degree of
serial correlation, but this does not affect the con-
clusion that the majority of the correlations con-
sidered here are highly significant. The climatic
data were analysed in several different ways:

(a) Records for individual stations were fitted
against time, to give the long-term trend for
that station {for cloud cover, temperature and
precipitation), and the Australia-wide trend
is given as the mean of the trends for all
stations. -

(b) The relation between precipitation or temper-
ature and cloud cover was considered by using
the mean values (averaged over all years) for a
given station and month of year.

(c) Cloud cover records for each station were
compared to the time series of SOI.

(d) Time series of residuals of cloud cover, pre-
cipitation and temperature were generated by
averaging the data for that month (normalised
by the mean for that station) over all stations.
These Australia-wide time series were corre-
lated against each other and against SOI.

(e) Thetime series werecorrelated against time to
give the overall trends.

The correlations between climatic parameters
considered here, and the corresponding fitted re-
lations, should be treated with caution as a stat-
istical correlation doesnot imply a direct physical
cause. Since physical féeedbacks between the par-
ameters are expected tobe important, the cause of
a correlation between'any two parameters may
not be simple. Howevery. it is plausible that cloud
cover has a direct effect'on precipitation and diur-
nal temperature range..

Cloud cover

In order to obtain records of sufficient length,
stations which had more than 30 years of cloud
data were chosen. The cloud data were at two
times of day, 9 am and 3 pm, and an average of
these values was used to construct monthly mean
cloud amounts for the 318 stations which had data
at both times of day. The original observations
were in oktas after January 1949 and in tenths
before this date, but were converted to oktas by
the NCC for the TABS data set. In this paper
cloud cover is expressed as a percentage or a frac-
tion of the total sky solid angle.

There has been an overall increase in cloud over
Australia of around 5 per cent since 1910, but the
change is not linear over time, and the trend is not
uniform over all stations. A simple linear fit to the
monthly records for each station gave an increase
in cloud cover for 252 stations and a decrease for
66 stations. The mean fitted change in cloud cover
was 1.01%/decade (standard error of the mean

SEM=0.08, standard deviation SD=1.42%/
decade).

The amount of sunshine is closely linked to
cloud cover but, due to the small number of
stattons with sunshine data and the short length of
record, 1s not discussed in detail here. The
monthly sunshine fraction (sunshine hours div-
ided by the maximum possible sunshine hours for
that station and month) was correlated with cloud
cover with coefficient r= —0.87. The sum of
cloud and sunshine fractions was found to be 1.2,
not the value of 1.0 expected if the fractions are
complementary, probably due to thin high cloud
which allows sunshine through but it still visible
to the observer.

Precipitation

Since one of the major aims of studying the pre-
cipitation data was to compare it with the cloud
data, only stations which had more than 30 years
of cloud data and 20 years of precipitation data
were extracted from the TABS data set. This gave
263 stations, a subset of the 318 stations con-
sidered above. The period of record was mostly
later than 1957, with a few stations having data
back to around 1940.

A simple linear fit to the monthly total pre-
cipitation for each station gave an increase for 149
stations and a decrease for 1 14 stations. The mean
fitted change in precipitation was 0.6 (mm/
month)/decade (SEM=0.2, SD=3.7 (mm/
month)/decade). However, these results should be
treated with caution as the precipitation data are
not normally distributed; the distribution is
highly skewed with many low values and a long
tail at the high end. Thus the assumptions made in
applying a least-squares linear fit are not strictly
valid.

There are large differences in mean precipi-
tation between different stations and large annual
cycles of precipitation. In order to detect small
changes in precipitation (and for later analysis),
the original data were normalised by dividing the
data by the mean for that station and month of
year. This suppresses the annual cycle, making the
distribution of the normalised data closer to a nor-
mal distribution. A linear fit to the normalised
data for each station gave an increase for 175
stations and a decrease for 88 stations. The mean
fitted change in precipitation was 3.9%/decade
(SEM =0.5, SD = 7.9%/decade).

It is expected that there should be a positive
correlation between cloud cover and precipi-
tation. Consider the mean precipitation for a
given station and month of year (that is, the values
used to normalise precipitation above) and simi-
larly the mean cloud cover for that station and
month of year. The relation between these values
of cloud cover and precipitation are plotted in Fig.
1. Note that precipitation increases with cloud
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Fig. 1 The relation between cloud cover (expressed as a
fraction) and precipitation, where each point is
the mean value (cloud cover and precipitation) for
a given station and month of year, so that this
represents the variation due to differences
between stations and the annual cycle. Note that
there is a positive correlation, as expected, but
that the relation is non-linear.
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cover, as expected, but that the relation is non-
linear. The relation is approximately given by an
exponential dependence of precipitation with in-
creasing cloud cover, as shown by Fig. 2 where
precipitation is plotted on a logarithmic scale. The
correlation coefficient between cloud cover and
log(precipitation) given by these points is 0.73.
The amount of precipitation depends on par-
ameters other than cloud cover, but the high cor-
relation here indicates that cloud cover is the
major determinant; variations in cloud cover ex-
plain r2=153% of the variance in precipitation.
The slope of the dependence of precipitation on
cloud cover is 5.1; that is, when cloud cover
changes by 0.1%, precipitation changes by a factor
of 1.0051.

Temperature

The temperature values in the TABS data set are
given as monthly averages of the daily maximum
and minimum temperatures. (Monthly averages
of wet and dry-bulb temperatures at 9 am and 3
pm are also included in the TABS data but are not
considered here.) The temperature data for the
stations selected in the cloud data (above) were
extracted giving a list of 316 stations (out of 318).
Linear fits to the monthly temperature values for
each station were considered for the daily maxi-
mum and minimum. For the minimum tempera-
ture 7T,nn the results were an increase for 256
stations and a decrease for 60 stations, with the

Fig.2 The same data as in Fig. 1 except that precipi-
tation is plotted on a logarithmic scale as the
logarithm (base 10) of precipitation in mm/
month. This indicates that precipitation varies
roughly as an exponential of cloud cover.
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mean trend 0.12°C/decade (SEM=0.01,
SD=0.18°C/decade). For the maximum tem-
perature T),,\ the results were an increase for 195
stations and a decrease for 121 stations, with the
mean trend 0.06°’decade (SEM =0.02,
SD = 0.31°/decade).

Another way of describing the temperature data
is to use the mean of the daily maximum and
minimum temperatures, 7= (Timax+ Tomin)/2,
and the difference, or temperature range,
AT = Tyax — Tmin. Since Tand AT are linear com-
binations of T}, and gy, they provide the same
information but may be more useful when con-
sidering the relation of temperature and other
parameters such as cloud cover and SOI. Convert-
ing the original temperature data to Tand AT and
fitting to individual stations, the results were; for
T, 244 stations showed an increase and 72 stations
showed a decrease, with the mean trend 0.08°C/
decade (SEM=0.01, SD=0.21°C/decade); for
AT, 132 stations showed an increase and 184
stations showed a decrease, with the mean trend
—0.04°C/decade (SEM =0.02, SD=0.27°C/dec-
ade).

Cloud cover affects the temperature due to
effects of cloud in reflecting and absorbing in-
coming visible solar radiation and outgoing in-
frared radiation. The effect of clouds on the mean
temperature (7)) depends on the balance of the
two competing effects, in reducing the tempera-
ture by reducing the amount of incoming radi-
ation and increasing the temperature by reducing
the amount of outgoing radiation. The result is
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expected to depend on cloud type and cloud
height (Webster and Stephens 1984). Clouds re-
duce the diurnal temperature range (AT) since
they reduce the drop in temperature due to out-
going radiation at night, when there is no in-
coming solar radiation.

The empirical relationship between tempera-
ture and cloud cover cannot easily be determined
by simply comparing the parameters obtained for
a given station and month of year (as done for
precipitation, Figs | and 2) since the temperature
is strongly dependent on other parameters, no-
tably the geographic position of the station and
the month of year (seasonal cycle). The major de-
terminant of mean temperature (7') for a given
station is latitude and the seasonal dependence is
given approximately by a sine wave in phase with
the cycle of declination of the sun. Thus a com-
bined parameter of midday solar angle (S4 = lati-
tude(station) — declination(month)) was con-
sidered to describe the temperature for a given
station and month of year. The correlation of T
with SA has coefficient r=0.82 so that this par-
ameter describes r2=67% of the variance in 7.

The temperatures (7and AT, for a given station
and month of year) were fitted for solar angle and
the result used to correct the temperature for the
solar angle dependence, when fitting temperature
against cloud cover. Similarly, the fits of temper-
ature against solar angle used temperature cor-
rected for the cloud dependence, and the process
was repeated until the fits converged. This is
equivalent to a multiparameter fit of temperature
for solar angle and cloud simultaneously, but
makes the separate correlations more explicit.
The dependence of mean temperature (7)) on
cloud has slope —0.102°C/% and correlation coef-
ficient r= —0.42 (Fig. 3). The dependence of
temperature range (A7) on cloud has slope
—0.47°C/% and correlation coeflicient r = —0.68
(Fig. 4). Thus there is a fall in both the mean tem-
perature and the temperature range with increas-
ing cloud. The correlation coefficients of the fits
of temperature against solar angle are r=0.83 for
T and r=10.16 for AT, so that variations in T are
dominated by solar angle differences and varia-
tions in AT are dominated by cloud differences.
Expressing the temperature results in terms of
(monthly average) daily maxima and minima,
Tmax has a strong negative dependence on cloud
(slope —0.176°C/%) and T,,,;» a weak negative de-
pendence (slope —0.029°C/%).

Southern Oscillation Index

The list of monthly Southern Oscillation Index
(SOI) values was obtained from the National Cli-
mate Centre of the Australian Bureau of Meteor-
ology. The SOI is based on the difference in
monthly mean (sea level) pressure between Tahiti
and Darwin. There are several slightly different

Fig.3 The relation between the mean temperature, 7,
and cloud cover, where each point is the mean for
a given station and month of year. The tempera-
ture has been corrected for the dependence on
station latitude and annual cycle (parametrised
by midday solar angle) to better show the depen-
dence on cloud cover.
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Fig. 4 The relation between the diurnal temperature
range, /AT, and cloud cover, the data treated as

for Fig. 3.
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definitions of SOI (Ropelewski and Jones 1987),
but the one used here (Troup form) considers the
difference in pressure between Tahiti and Darwin
less the mean difference for that month of the year
(to remove the annual cycle, and to make the
mean of SOI zero) and normalised by the standard
deviation of the differences for that month of the
year (to fix the standard deviation of the SOI).
It is well established that fluctuations in Aus-
tralian precipitation are related to the SOI, in the
sense that El Nifio periods (low SOI) are associ-
ated with periods of drought (Pittock 1975;
Ropelewski and Halpert 1987; Allan 1988). Thus,
a positive correlation between cloud cover and
SOI would be expected. The monthly cloud cover
records for individual stations were compared
with the SOI. The highest correlations were ob-
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tained for stations in the north and east of the
continent, as shown by Fig. 5 where the corre-
lation coefficient is plotted against latitude and
longitude. The Southern Oscillation is a phenom-
enon of the tropical Pacific so its effect may be
expected to be strongest for the northeast of Aus-
tralia (however the Southern Oscillation does in-
fluence the climate over a much larger area). The
geographic variation in the correlation of cloud
with SOI is similar to that obtained by Pittock
(1975) for the correlation of precipitation with
SOIL. Figure 6 plots the geographic variation of the
correlation coefficient r (as in Fig. 5), with the
station positions plotted with an open circle if
—0.15 <r<0.15 and with a filled dot if r>0.15.
The cut-off value was chosen to be the level at
which the correlation is considered significant at
the 5 per cent level, thus only the areas of Western
Australia, Tasmania and the coast of South Aus-
tralia and Victoria do not show a significant cor-
relation.

Fig.5 The correlation coefficient of monthly cloud data
(for available stations) with SOI plotted as a
function of (a) latitude and (b) longitude to show
the geographic variation of the strength of corre-
lation. Note that the correlation is significant at
the 5 per cent level for points with r>>0.15 and
that the correlation is strongest to the north and
east.
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Fig. 6 The plot of station positions for the cloud data
showing the correlation of cloud cover with the
SOI (as for Fig. 5) with o denoting stations with
no significant correlation r < 0.15 and @ denoting
stations with a good correlation r>0.15. Thus
the correlation is significant for all regions except
south Western Australia, Tasmania and the coast
of South Australia and Victoria.

Trends and comparisons of time
series

Time series of cloud cover, precipitation and tem-
perature residuals were calculated and compared
with each other and with the SOI. The residuals
were calculated from the raw data by subtracting
(for cloud and temperature) or dividing by (for
precipitation) the mean value for that station and
month of year. This removes the gross differences
between stations and the annual cycle. Since there
are possible long-term changes in the records, the
‘mean’ value for a given station in the normalis-
ation was taken as the mean for epoch 1950 (from
the linear fit for that station over time). The re-
siduals for a given month were averaged over all
stations (which have data for that month) to form
the time series. The time series used here all ended
at December 1989, the cloud series starting in Jan-
uary 1910, the precipitation series in January
1940, the temperature series (expressed as T and
AT)in January 1900 and the SOI in January 1900.
Note, however, that the precipitation data have
few stations before 1957, so the analysis uses the
time series after this date, and that the SOI has a
few gaps before the mid 1930s. Since the relation
between cloud cover and precipitation is non-lin-
ear (Fig. 1) the precipitation residuals are ex-
pressed on a logarithmic scale; the natural logar-
ithm (base ¢) is used, so that a month with 101 per
cent of the mean precipitation has InP=0.01. In
practice, once the residuals are averaged over all
stations the fluctuations are small and the differ-
ence between the linear and logarithmic scales is
small.
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The time series of residuals of cloud cover (C),
precipitation (In P), mean temperature (T), diur-
nal temperature range (A7), and Southern Oscil-
lation Index (SOI) are plotted in Figs 7 to 11
respectively. In order to show the fluctuations
more clearly by reducing the noise, the plots show
the time series smoothed by a 12-month running
mean (although the unsmoothed values are used
in the analysis).

Simple inspection of the plots (Figs 7 to 11)
indicates that cloud cover and mean temperature
have increased and the diurnal temperature range
has decreased. Similarities in the fluctuations in
cloud cover, precipitation, temperature range and
Southern Oscillation Index indicate that these
parameters are correlated. The fluctuations in
temperature range are in the opposite sense to the
other three parameters. A more rigorous analysis
of these relationships is given below.

Fig. 7 The time series of average residuals of cloud
cover, smoothed by a 12-month running mean,
expressed as a percentage of the total sky solid
angle.
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Fig.8 The time series of average residuals of precipi-
tation, smoothed by a 12-month running mean,
expressed as the natural logarithm of the ratio of
precipitation to the long-term mean (In P).
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Fig. 9 The time series of average residuals of daily mean
temperature (7'), smoothed by a 12-month run-
ning mean, in °C.
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Fig. 10 The time series of average residuals of diurnal
temperature range (AT), smoothed by a 12-
month running mean, in °C.
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Fig.11 The Southern Oscillation Index (SOI),
smoothed by a 12-month running mean.
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The five time series were correlated against
each other to show the relationship between par-
ameters, and correlated against time to show long-
term changes. The correlation coeflicients (r) are
givenin Table 1. Using a cut-offlevel of |r| >0.15
for a significant correlation, there are nine signifi-
cant correlations (out of a possible 15 pairs).
These are the relations between cloud cover, tem-
perature range, precipitation and SOI (six pairs)
and the trends in cloud cover, mean temperature
and diurnal temperature range mentioned
above.

Table 1. The correlation coefficients obtained by the
comparison of the time series of average
residuals of cloud cover, precipitation
(InP), daily mean temperature (T), diurnal
temperature range (AT) and Southern Oscil-
lation Index (SOI) with each other and fits to
changes in the parameters over time. Corre-
lations with |r| > 0.15 are considered signifi-
cant. Negative coefficients denote an inverse

correlation.

Time Cloud In P T AT SOl
Time 0.43 007 023 —0.28 —0.03
Cloud 0.43 0.83 001 —0.87 0.36
InP 0.07 0.83 —0.07 —0.84 0.42
T 0.23  0.01 —0.07 0.12 -0.08
AT —0.28 ~0.87 —0.84 0.12 —-0.39
SOI —0.03 036 042 —0.08 —0.39

The strongest correlations are those between
cloud cover, diurnal temperature range and pre-
cipitation (Ir| = 0.8—0.9), with the variations in
temperature range in the opposite sense to the
other two parameters, giving negative corre-
lations. The physical explanation is presumably in
the sense that clouds cause a reduced diurnal tem-
perature range, due to their radiative effect, and
that clouds are the source of precipitation. There
are feedbacks involved so it could also be argued
that precipitation leads to increased humidity,
which in turn causes increased cloud cover, and
that increased humidity could cause a reduction
in the diurnal temperature range due to the green-
house effect of water vapour.

The above three parameters are also correlated
with the Southern Oscillation Index, in the sense
that cloudy wet periods occur with high SOI, but
the correlations with SOI are lower (|r] =
0.35—0.45) than those between the other par-
ameters. This is due to the fact that the time series
use data from all over Australia, whereas the
Southern Oscillation affects the northeast of Aus-
tralia most strongly so that the relation is ‘diluted’
by stations which are not significantly affected by
the Southern Oscillation.

The most significant long-term change in the
time series is the increase in cloud cover (r=:0.4)

with the changes in temperature weak but still
considered significant (l7] =0.2—0.3). A de-
crease in diurnal temperature range may be ex-
pected if cloud cover has increased, so the detec-
tion of such a decrease in temperature range
supports the claim that the increase in cloud cover
is real and not, for example, an artifact due to the
change in observing convention in 1949. If cloud
cover has increased, it may be expected that pre-
cipitation should have also increased. However,
the long-term change in precipitation from the
time series here is not significant. This may
simply be due to the relatively short period of rec-
ord (from 1957, compared to 1900 onwards for
temperature and 1910 onwards for the cloud time
series) making any long-term change difficult to
detect against the large year-to-year fluctua-
tions.

The relations between cloud cover, precipi-
tation and temperature discussed earlier in this
paper have been considered on the basis of mean
values for a given station and month of year. The
variations with time (apart from the annual cycle)
were suppressed. The correlations in this section
(Table 1) consider the inverse, that is the vari-
ations with time, with the differences between
stations and the annual cycles suppressed. The
fitted relation between precipitation and cloud
cover from the time series has slope 7.0 (com-
pared to 5.1 in ‘Precipitation’), that is when cloud
cover changes by 0.1 per cent precipitation
changes by a factor of 1.0070. The fitted relation
between diurnal temperature range and cloud
cover from the time series has slope —0.120°C/%
(comparedto —0.147 in ‘Temperature’). Thus the
two methods of obtaining the relations (between
cloud cover and precipitation and temperature)
give qualitatively the same results, although with
slightly different slopes. However, the fitted re-
lation beetween mean temperature and cloud
cover from the time series has slope 0.001°C/%
(compared to —0.102 in ‘Temperature’). Thus
while cloud cover has a negative effect on the
mean temperature for the mean climate of a given
station and season, small changes in cloud cover
from this mean climate have little effect. As sug-
gested in ‘Temperature’ the effect of cloud on
mean temperature is complex as it depends on the
result of two competing radiative effects and de-
pends on cloud type and height, as well as cloud
amount.

The fitted trends in cloud cover, precipitation
and temperature from the overall time series (re-
siduals averaged over all stations) can be com-
pared to the mean trend obtained from fits to
individual stations. The fitted trends from the
time series (with estimates of uncertainty) are
0.90 + 0.06%/ decade for cloud cover (compared
to 1.01 in ‘Cloud cover’), 2.7 +2.1%/decade for
precipitation (compared to 3.9 in ‘Precipitation’),
0.055+0.007°C/decade for mean temperature






