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Abstract A high-quality monthly total cloud amount dataset for 165 stations has
been developed for monitoring and assessing long-term trends in cloud cover over
Australia. The dataset is based on visual 9 a.m. and 3 p.m. observations of total
cloud amount, with most records starting around 1957. The quality control process
involved examination of historical station metadata, together with an objective
statistical test comparing candidate and reference cloud series. Individual cloud
series were also compared against rainfall and diurnal temperature range series from
the same site, and individual cloud series from neighboring sites. Adjustments for
inhomogeneities caused by relocations and changes in observers were applied, as
well as adjustments for biases caused by the shift to daylight saving time in the
summer months. Analysis of these data reveals that the Australian mean annual total
cloud amount is characterised by high year-to-year variability and shows a weak,
statistically non-significant increase over the 1957–2007 period. A more pronounced,
but also non-significant, decrease from 1977 to 2007 is evident. A strong positive
correlation is found between all-Australian averages of cloud amount and rainfall,
while a strong negative correlation is found between mean cloud amount and diurnal
temperature range. Patterns of annual and seasonal trends in cloud amount are in
general agreement with rainfall changes across Australia, however the high-quality
cloud network is too coarse to fully capture topographic influences. Nevertheless,
the broadscale consistency between patterns of cloud and rainfall variations indicates
that the new total cloud amount dataset is able to adequately describe the broadscale
patterns of change over Australia. Favourable simple comparisons between surface
and satellite measures of cloudiness suggest that satellites may ultimately provide
the means for monitoring long-term changes in cloud over Australia. However, due
to the relative shortness and homogeneity problems of the satellite record, a robust
network of surface cloud observations will be required for many years to come.
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1 Introduction

Clouds are a visible manifestation of thermo-dynamic processes in the atmosphere.
Cloud cover has a major impact in regulating the earth’s weather and climate
by producing precipitation, reflecting shortwave solar radiation back to space and
returning outgoing longwave radiation towards the earth (Solomon et al. 2007).

By reflecting shortwave radiation and absorbing longwave radiation, clouds exert
somewhat compensating effects on the Earth’s radiation budget. Different cloud
types affect this budget in different ways. For example, low and middle level clouds
reflect solar radiation which leads to reduced daytime temperatures, while lower
albedo higher level cirrus has little effect on incoming sunlight, and typically causes
a surface warming through absorption of longwave radiation. A strong inverse
relationship is expected between TCA and DTR because clouds act both to hinder
daytime warming, and to reduce overnight cooling (Henderson-Sellers 1992).

Climatological changes in cloud amount can force long-term changes in maximum
and minimum temperatures. The diurnal temperature range (DTR) is particularly
sensitive to changes in cloud cover (Dai et al. 1999), and several studies have shown
that changes in DTR are a significant indicator of climate change over the last
50 years (e.g. Braganza et al. 2004; Stone and Weaver 2003). At the same time, the
response of cloud cover to increasing greenhouse gases represents one of the largest
internal sources of uncertainty in model predictions of climate change (Bony et al.
2006). Correctly characterising historic changes in cloud cover, as well as changes in
cloud types and other properties such as cloud top temperature and optical thickness,
is therefore an important component of climate change monitoring (Dai et al. 2006).

Although limited by potential biases due to changes in observation practices,
surface-observed cloud amount provides the longest available record of cloud cover.
While satellite data provide better spatial and temporal sampling, these data are also
subject to biases caused by the drift in observation time during a satellite mission
(Jacobowitz et al. 2003), instrument changes between missions, and the gradual decay
of satellite orbits (Trenberth 2002). Even if these problems can be overcome, and
satellites ultimately become the means for long-term monitoring of cloud amount,
good quality surface records will be required for ground-truthing purposes.

Many analyses of surface-observed cloud amount suggest an increase over conti-
nental regions since the middle of the last century, including USA (Groisman et al.
2004; Dai et al. 2006), parts of Canada (Milewska 2004) and the former USSR (Sun
and Groisman 2000; Sun et al. 2001). In contrast, decreasing cloudiness over the same
period has been reported over much of China (Kaiser 1998, 2000) and South Africa
(Kruger 2007), as well as over Italy (Maugeri et al. 2001) and central Europe (Auer
et al. 2007).

A comprehensive study of global trends in cloud amount was undertaken by
Warren et al. (2007). The study found a small negative trend in global average cloud
cover over land for the period 1971 to 1996, which was compensated by a small
positive trend over the ocean, resulting in almost no trend for global average cloud
cover over the period considered. The study also revealed significant variability over
Australia associated with El Niño-Southern Oscillation (ENSO).

For Australia, a study by Jones and Henderson-Sellers (1992) found a rise in cloud
cover of 5% between 1910 and 1989, with most of the increase occurring between
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1930 and 1980. The study was based on a dataset of monthly mean cloud cover from a
network of 318 stations. However, limited quality checking was undertaken on these
data and it is possible that inhomogeneities in the dataset may have affected the
analysis.

As described below, there are a number of substantial inhomogeneities in total
cloud amount timeseries as a result of both random and systematic variations in
observing practices and locations through time. Prior to this study no homogenised
cloud dataset for Australia existed which had been specifically developed for the
purposes of monitoring climate variability and change. It is the purpose of this study
to address this gap and briefly analyse long term changes in Australian cloudiness up
to the present.

2 Data and stations used

In Australia, cloud amount, type and height are estimated visually by professional
observers at weather stations, as well as by trained co-operative observers (for
example at agricultural research stations or Post Offices), following the general
rules outlined in the Field Operational Documents (BoM 2001). Total cloud amount
(TCA) is defined as the fraction of the sky covered by clouds at any height, and is
estimated in oktas (1/8th of the sky). A totally overcast sky is recorded as 8 (eight)
and a clear sky is recorded as 0 (zero). A sky with any trace of cloud less than 1
okta is coded as 1 okta while any trace of blue in an otherwise overcast sky is coded
as 7 oktas. Consequently, an upward bias exists in reports for low TCA amounts
and a downward bias exists in reports of high TCA values. Observed TCA data are
reported to the Bureau of Meteorology, where they are quality checked and archived
electronically in the Australian Data Archive for Meteorology (ADAM).

TCA is a subjective observation, but is the simplest of all cloud measures under-
taken by human observers. Estimating accurate cloud heights, thicknesses and types
requires greater meteorological understanding and experience and, consequently,
these measures are likely to involve more subjectivity and error than TCA. For this
reason, this study has limited the rehabilitation1 of the Australian cloud record to
the simple measure of TCA. The fact that TCA is a human estimate means that the
precision of the observer’s estimate can be relatively low. However, if the sample size
is large enough, the results should be of a good quality.

Over the past century, TCA data have been recorded at more than 1,600 stations
around Australia. The number of operating stations recording TCA peaked in 1969
with 896 and then decreased to 496 in 2007, as a result of the closure of manual sites
often associated with the introduction of Automatic Weather Stations (AWSs). This
trend towards automation will, most likely, continue into the future causing a further
decline in the number of stations which take cloud observations.

1In this context, rehabilitation means detection of, and adjustment for, data inhomogeneities in order
to obtain a high-quality data series suitable for examining trends.
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For this study, only stations that currently record TCA and have at least 35 years of
mostly continuous TCA data were considered. To increase the number of available
stations, records from some open stations were combined with those from closed
neighboring stations to create composite records. This resulted in around 200 poten-
tial high-quality TCA stations.

It was decided that the variability and subjectivity in daily TCA records would
make rehabilitation at the daily time scale difficult. Consequently, monthly TCA
series for the observation times of 9 a.m. and 3 p.m. local standard time were
generated for each station by averaging all available daily values for 9 a.m. and 3
p.m. respectively. If more than five 9 a.m. (3 p.m.) values were missing during a
month, then the monthly mean 9 a.m. (3 p.m.) value was classified as missing. An
annual TCA value was generated from the monthly values only if all monthly means
were available. Generally, there was a very good agreement between variations in
monthly and annual means of morning (9 a.m. local standard time) and afternoon (3
p.m. local standard time) TCA series from the same site (see Fig. 1 for example at
Canberra Airport).

Only 9 a.m. and 3 p.m. TCA records were used because these two times have the
longest and most complete TCA records of all observation times. In Australia, 9 a.m.
local time has long been the official recording time for daily rainfall amount and
24-h maximum and minimum temperatures. A 3 p.m. observation is usually taken
to provide a preliminary value of daily maximum temperature before the final value
is recorded at 9 a.m. the following day. With the rationalisation of the observation
network, many observation schedules have been reduced to just 9 a.m. and 3 p.m., or
even just the 9 a.m. observation.
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Fig. 1 Comparison of annual mean 9 a.m. and 3 p.m. TCA series for Canberra Airport (70014).
Correlation coefficient r = 0.86
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The dataset presented here begins in 1957, due to limited digitised daily and hourly
records prior to that year (Clarkson 2002). An additional reason relates to a change
in observing practice that took place from 1949, when a revised International Code
was brought into force (Henderson-Sellers 1992). Until 1949 observations of TCA
were made in tenths of sky cover, while after 1949 they were made in eighths (oktas).
By limiting data to the period after this change a potential data discontinuity can be
avoided.

Before inclusion in the dataset, a series of quality assessments were applied to each
potential high-quality TCA record. These included checks for data completeness, as
well as checks for consistency with TCA from neighboring stations and records of
physically related, but independently measured, variables from the same site, such
as sunshine hours, rainfall and DTR. An example for Canberra Airport is shown in
Fig. 2.

All stations were assessed for quality on a 1 to 5 scale (see Appendix), with rank 1
being very poor and 5 being very good. Only stations with a rank of 3 or higher were
retained in the final dataset. Ranks were subjectively assigned, taking into account
the number of changes in observers, number of site moves and the amount of missing
data. After this quality assessment, a total of 165 stations were selected for the high-
quality TCA dataset. The majority of these stations coincide with stations in the high-
quality daily temperature (Trewin 2001) and relative humidity (Lucas 2006) datasets,
which are used to monitor temperature and moisture trends across Australia.

The final set of 165 stations selected for the high-quality TCA dataset is given
in Appendix and their spatial distribution is shown in Fig. 3. The network has
reasonably good coverage over most parts of Australia, but has notable gaps in the
largely uninhabited inland of Western Australia and western South Australia, and
sparse coverage across the Northern Territory.
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Fig. 2 Comparison of annual mean daytime TCA and DTR for Canberra Airport (70014).
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Fig. 3 Location of the 165 stations comprising the high-quality TCA dataset

3 Identification of data inhomogeneities

Climate data inhomogeneities are discontinuities or biases in a historical record
caused by changes made to the way the data were recorded. Common sources of
inhomogeneity in climate data series include (for example) site moves, instrument
changes and changes in instrument exposure, or changes in observing practices. The
impact of these inhomogeneities on the climate record can be as large as genuine
climate shifts, and consequently they need to be eliminated, or at least minimised,
before trends can be meaningfully examined. For total cloud amount, potential
sources of discontinuities are perhaps smaller than for instrumental records, being
largely limited to changes in observer practices. However, the potential for large
discontinuities exists due to the subjective nature of the recordings.

Several Australian high-quality (homogenised) climate datasets have been devel-
oped to identify, monitor and attribute changes in elements such as rainfall (Lavery
et al. 1992), temperature (Torok and Nicholls 1996; Della-Marta et al. 2004) and
pan evaporation (Jovanovic et al. 2008). These datasets have been produced using
a variety of quality control and correction techniques. The general approach to the
rehabilitation of the Australian TCA record follows that of these previous datasets.

Potential inhomogeneities in individual monthly 9 a.m. and 3 p.m. TCA data
series were detected using a combination of station metadata and an objective
statistical technique. The statistical technique was based on the comparison between
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a candidate data series (the series to be homogenised) and a reference series assumed
to be free of discontinuities. A change in the difference between the two series over
time was used to flag a potential discontinuity in the candidate series.

Monthly TCA reference series were created for each candidate series by inter-
polation from an objective spatial analysis (Barnes 1964; Koch et al. 1983) based
on all series except the candidate. The weighting function was chosen on the
basis of maximising the predictive power of the reference series by minimising the
cross-validated error following Seaman (1989). This results in an optimal weighted
average of neighbouring series being used as the reference. The contribution from
a neighbouring series to the weighted average decreases as the distance from the
candidate increases. An example of a candidate and reference series is given in Fig. 4
for Merredin.

Monthly difference timeseries (candidate series minus reference series) were then
produced. Potential discontinuities in the candidate series could be identified visually
as an abrupt step change (see Fig. 5 for an example), or a change in the trend of the
difference timeseries. Change points in the difference timeseries were also identified
objectively using the RHTestV2 software (Wang and Feng 2007) which is designed to
detect multiple change points (mean-shifts) in a climate timeseries (Wang et al. 2007;
Wang 2008).

To verify discontinuities identified visually and statistically, a thorough exami-
nation of all available metadata (station history information) was undertaken. This
included archived station history files containing inspection reports and correspon-
dence with observers, as well as records from an electronic metadata database
covering the past decade. Opinions from experienced observers were also sought.

One of the main sources of inhomogeneity in the TCA data series was found to be
a change in observer at co-operative stations. This is not surprising given that TCA is
a subjective measure of sky cover (Dai et al. 2006; Palle and Butler 2002). Individual
observers are likely to be consistent in their estimates of TCA (either overestimating
or underestimating it), but there is often a systematic difference between estimates
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Fig. 5 Difference between monthly candidate and reference series of 9 a.m. TCA for Merredin
(10092). Dates of observer changes are noted

from different observers. A change in observer at single observer stations was found
to be the most common source of inhomogeneity (see Fig. 5 for an example). The
overall frequency of changes in observer increased in the last two decades, possibly
as a result of increased mobility of rural populations.

Of 165 stations selected for this study, only 42 are staffed by fully trained profes-
sional observers. The remainder are co-operative stations at which observations are
usually performed by one non-professional observer with rather limited training.

The other main source of inhomogeneity in TCA data series was found to be
major relocations, especially from poorly exposed sites (such as built-up areas or
sites overgrown with vegetation) to more open sites (such as airports). Observers
tend to extrapolate the cloud coverage for the part of the sky they cannot see. So if
the proportion of sky obscured to the observer changes, so too can the estimate of
cloud cover.

4 Homogeneity adjustments

To lessen the subjectivity of the homogenisation process, it was decided to only adjust
data at change points identified by the objective statistical technique in both 9 a.m.
and 3 p.m. data series, and confirmed by the metadata. Generally, when in doubt
as to whether an adjustment was needed or not, the tendency was to not make
an adjustment. However, due to gaps in station history information, there were a
few cases where the objective test indicated inhomogeneities and adjustments were
made, despite the fact that change points could not be confirmed by the metadata.
These adjustments are noted in Appendix.

Verified discontinuities were adjusted in each monthly series using the difference
in mean TCA from the discontinuity-free periods on either side of the change point.
For each identified change point, adjustments were added from the beginning of the
data series to that change point. In all data series, data were adjusted to the most
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Fig. 6 Original and adjusted annual mean 9 a.m. TCA series for Merredin (10092). Dates of two
inhomogeneities in the series are noted

recent homogenous period of the record. An example of the original and adjusted
TCA series for Merredin, in south-west Western Australia, is shown in Fig. 6.

Identified change points and reasons for adjustments are shown in Appendix. Of
165 candidate stations, 96 required adjustment for detected inhomogeneities. Most
stations which were found to be inhomogeneous required 1 or 2 adjustments, with
several requiring 3 adjustments and 2 stations requiring 4 adjustments. Adjustments
were mostly between 5 and 35% of the mean annual TCA (an average of 13.4% for
morning and 12.8% for afternoon TCA).

5 Daylight savings time adjustments

Due to a diurnal cycle in TCA, the introduction of daylight saving time (DST) in
some States of Australia was found to introduce small discontinuities in the 9 a.m.
and 3 p.m. data series. During DST, observations in affected States are made 1 h
earlier than the local standard time (LST). So, 9 a.m. (local DST time) observations
are actually 8 a.m. LST observations, while 3 p.m. (local DST time) observations are
actually at 2 p.m. LST. As a result, the introduction of DST did introduce small shifts
in the 9 a.m. and 3 p.m. TCA series.

DST has been adopted sporadically in some States in the past, and at differing
times of the year throughout the length of the record. DST was introduced in
Tasmania in October 1967, in New South Wales, the Australian Capital Territory,
Victoria and South Australia in October 1971,2 while in Western Australia it was
introduced in December 2007. In the post-1957 period it has never been adopted in

2In New South Wales, Australian Capital Territory, Victoria and South Australia, DST was intro-
duced in October 1971, but observations at different stations were taken at different times (e.g. 8, 9
or 10 am local standard time for morning observations). Consequently, these data were not retrieved
from the database. In mentioned states, as well as in Tasmania, TCA data were adjusted for DST
from October 1972.
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the Northern Territory, while in Queensland it was adopted for only a short period
from 1989 to 1992. Typically, DST starts in October and ceases in late March or, in
recent years, early April (for more information on implementation dates of DST see:
http://www.bom.gov.au/climate/averages/tables/dst_times.shtml).

Some stations across Australia perform three-hourly cloud observations. The
diurnal cycle in TCA was estimated using stations that have at least the 6 a.m., 9
a.m., 12 p.m. and 3 p.m. TCA observations. Of 165 candidate stations, 87 stations
across Australia fulfilled this requirement. For each station, a cubic spline was fitted
to the 1990–2005 three-hourly climatology of TCA, in order to estimate the diurnal
cycle in TCA from 6 a.m. to 6 p.m. for each calendar month. The hourly difference
between daylight savings and standard time was found to be reasonably insensitive to
the choice of model fitted to the hourly data. Depending on the amount of available
data, the diurnal cycle for each station was determined using either daylight savings
observations only, standard time observations only, or all available observations. An
example of the hourly climatology of TCA is shown in Fig. 7a for Mildura in inland
Victoria for the month of January.

The monthly climatological difference in TCA calculated between 8 a.m. and
9 a.m., and 2 p.m. and 3 p.m., was then calculated from the interpolated diurnal
cycle. On average, these differences were an order of magnitude smaller than mean
monthly TCA. Despite these differences being small it was decided to correct all
station series for DST bias. Consequently, spatial analyses of the monthly climatolog-
ical differences in morning (9 a.m.–8 a.m.) and afternoon (3 p.m.–2 p.m.) TCA were
produced using the Barnes spatial interpolation (Barnes 1964; Koch et al. 1983).

In summer months there is a climatological increase in TCA from 8 a.m. to 9 a.m.
for northern Victoria, most of New South Wales except the coastal areas, and most
of Queensland and Tasmania (see Fig. 7b for January). In the remaining parts of the
country there is a predominant decrease in cloudiness over this time of the day. In
the afternoon, there is a general increase in TCA from 2 p.m. to 3 p.m. over most of
Australia in summer months with the exception of narrow areas along the southern
and eastern coast (see Fig. 7c for January). Consequently, the introduction of DST
has resulted in a slight negative bias in the 3 p.m. TCA timeseries for most stations
post-1972, with smaller negative (positive) biases in the eastern (western) Australian
9 a.m. TCA timeseries.

Monthly DST adjustments for each station were computed by interpolating from
the analysed grids of climatological DST adjustment. The morning and afternoon
monthly DST adjustments were weighted by the fraction of the month during which
observations were taken in DST time. For example, the fraction of the month
affected by DST observations for November to February in Victoria and NSW in
most years is 1 (i.e. all days in the month have DST observations), while the fraction
of the month with DST observations for October, March and April, varies between
0 and 1, depending on the start and end dates of DST. For Queensland and Western
Australia, the fraction of the month affected by DST observations is mostly 0, since
DST has rarely been applied in those states. DST adjustments calculated in this way
were added to monthly time-series of candidate stations in affected states and this
was the final step in creating a high-quality monthly 9 a.m. and 3 p.m. TCA data
series.

http://www.bom.gov.au/climate/averages/tables/dst_times.shtml
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Fig. 7 a Diurnal cycle in TCA for January using Standard Time observations for Mildura 76031 and
maps of climatological difference in b 8 a.m. and 9 a.m. and c 2 p.m. and 3 p.m. TCA for January.
Units are oktas

6 The new Australian high-quality TCA dataset

The high-quality TCA dataset includes homogenised monthly 9 a.m., 3 p.m. and
“daytime” TCA records for 165 locations across Australia, with most records starting
around 1957. Monthly daytime TCA series were calculated as the simple averages
of the monthly 9 a.m. and 3 p.m. series. Jones and Henderson-Sellers (1992) found
that the mean of TCA at these two observation times is a good approximation of
the mean daytime TCA. For simplicity, most analyses below are based on only the
daytime TCA series. Generally, analyses of the 9 a.m. and 3 p.m. TCA series provide
similar results to the daytime series.
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The Australian high-quality TCA dataset is available for download at: http://www.
bom.gov.au/climate/change/datasets/datasets.shtml.

7 Climatology

Monthly normals of TCA were generated for each of the homogenised TCA series
over the 1983 to 2006 base period.3 These were then used to create climatological
maps of annual and seasonal daytime cloud maps (Fig. 8).

The annual TCA climatology shows a minimum of less than 2 oktas in northeast
South Australia, increasing toward maxima of more than 4 oktas in the far southwest
of Western Australia, Victoria, Tasmania, the Top End of the Northern Territory
and coastal regions of northern Queensland and New South Wales. However,
topographic influences from the Great Dividing Range are not captured well, partly
due to the lack of stations at higher elevations in the dataset. Climatological maps of
TCA for autumn and spring are qualitatively similar to the annual distribution, while
the summer climatology shows high TCA across the tropics, and winter shows high
TCA across the far south. These patterns compare well with climatological patterns
of rainfall (see comparison with rainfall, below) and can be readily explained by
seasonal weather patterns around the country.

The high spatial coherence in the climatological maps provides some validation
that the subjectivity in individual data measurements at individual locations has
largely been removed through homogenisation and averaging. It also means that it
is likely to be reasonable to interpolate normals of TCA recorded at single points
across regions without observations.

8 Trend analysis

Long-term trend values were calculated for each high-quality TCA series over the
most common period of record (1957–2007). As with the climate normal values,
these were then analysed onto a regular grid to produce spatial maps of trends in
annual and seasonal daytime TCA across Australia (Fig. 9). The patterns of trends
in morning and afternoon TCA (not shown) are generally very similar to those of
daytime cloud. Trends calculated for individual station annual mean daytime TCA
are provided in Appendix.

The map of post-1957 trends in annual daytime TCA (Fig. 9a) shows increasing
trends over most inland and northern parts, with areas of decreasing cloud along the
eastern seaboard, across much of the south and in the far west. Decreasing TCA is
also apparent in the far northwest, which is somewhat surprising, given a marked
increase in annual rainfall in the region over the same period (Smith 2004; Jakob
2006).

Maps of seasonal TCA trends over the past half-century (Fig. 9b–e) reveal that
changes during autumn and spring largely follow those for the annual timescale.
Winter shows weak but widespread declines in TCA across the west and south,

31983–2006 was used as a base period to enable comparison with the available satellite cloud
climatology.

http://www.bom.gov.au/climate/change/datasets/datasets.shtml
http://www.bom.gov.au/climate/change/datasets/datasets.shtml
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Fig. 8 Maps of 1983–2006 mean a annual, b summer, c autumn, d winter and e spring daytime TCA

with coherent increases in the northeast, while summer shows widespread increases,
including over the northwest. This suggests that increased wet-season rainfall asso-
ciated with increased summer TCA in the northwest has resulted in an increase in
annual rainfall despite declines in TCA during the dry season.

To investigate variability at the continental scale, timeseries of all-Australian
annual and seasonal mean TCA were generated by averaging over gridded analyses
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Fig. 9 Maps of 1957–2007 trends in a annual, b summer, c autumn, d winter and e spring daytime
TCA

of the station series (Fig. 10). Australian annual mean values of 3 p.m. TCA are
approximately 0.5 okta greater than those for 9 a.m., reflecting the increase in TCA
from morning to afternoon. Australian annual mean TCA timeseries are character-
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Annual mean 9am, 3pm and daytime cloud for Australia
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Fig. 10 Annual mean 9 a.m., 3 p.m. and daytime TCA for Australia

ized by high year-to-year variability, consistent with rainfall variability. Particularly
low cloudiness is associated with the major El Niño drought years of 1972, 1994 and
2002. Warren et al. (2007) found that, in comparison to other continents, Australia
has very large interannual variability of TCA, due to a strong influence from the El
Niño-Southern Oscillation (ENSO).

Over the 1957–2007 period, the Australian annual daytime TCA shows a weak
positive trend of 0.09 okta/century. The trend is not statistically significant at the 95%
level. Over a shorter 31 year period (1977–2007), the trend in Australian annual mean
TCA is negative (−0.44 okta/century) but also not statistically significant. Australian
seasonal mean TCA series for the 1957–2007 period (not shown) have strongest
trends for summer (an increase) and winter (a decrease), while spring and autumn
trends are close to zero. No seasonal trends were statistically significant at the 95%
level.

Comparison between TCA timeseries for the Australian region provided by
Warren et al. (2007) and our results, for the common period (1971–1996), reveals
negative trends of similar magnitude. This similarity occurs despite the fact that two
analysis are based on different number of stations (74 and 165 respectively) and
Warren et al. include neighboring Pacific Islands. On the more local scale differences
in trends obtained from these two datasets should be expected due to the differences
between datasets.

The recent years from 2002 through 2007 show an unusual prevalence of lower
than average cloud cover across Australia. Large parts of Australia have experienced
a protracted drought event over this period (BoM 2008) with record low inflows
in a number of river systems in the southeast (MDBC 2007). These cloud data
suggest that this long drought event has been accompanied by persistently below
average cloudiness, which is likely to have increased potential evaporation, thereby
exacerbating the effects of the low rainfall.
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9 Comparison with rainfall

Due to their obvious physical relationship, it is reasonable to expect a strong link
between TCA and rainfall. The maps of annual and seasonal TCA normals (Fig. 8)
are indeed highly consistent with maps of rainfall normals (BoM 2000). The high-
quality TCA network is sparse when compared to the rainfall network, and is unable
to capture the topographic features evident in the rainfall climatologies. Neverthe-
less, the broadscale consistency between rainfall and TCA climatologies increases the
confidence that the new high-quality TCA dataset is sufficiently dense to adequately
describe the broadscale patterns of TCA over the Australian continent.

Comparisons between changes in TCA and changes in rainfall are also made,
noting that cloud type, thickness or heights could all change independently of TCA,
resulting in a change in the amount of rainfall for a given TCA. Nevertheless, the spa-
tial patterns of trends in annual data over the past half-century are generally consis-
tent between TCA (Fig. 9a) and rainfall (see http://www.bom.gov.au/climate/change
for post-1960 trend). Both show general increases in the interior and decreases in
the far southwest, southeast and along the eastern seaboard. However, as already
mentioned, an area of apparent inconsistency is evident in the far northwest.

Northwest Australia is a data sparse region of the continent. The analysis of TCA
trends in the region is based on only a few stations. Consequently, patterns of change
are less reliable compared to those in data rich areas. Nevertheless, it is unlikely
that undetected inhomogeneities or data gaps could account for the declining annual
values in the northwest.

The decline in annual TCA in the far northwest is mostly due to declines during
autumn and spring, with winter showing little trend and summer showing an increase.
The northwest of Australia has a monsoonal climate with most rain falling during
the summer period. It is during summer that most of the increase in rainfall has
occurred and this increase has been associated with an increase in cloudiness.
Also, Jakob et al. (2009) show that most rainfall in northwest Australia falls at
night due to the interaction between tropical convection and the heat low of the
region. Consequently, it is possible that nighttime rainfall may have increased in the
northwest independently of the changes in daytime cloud shown here.

Seasonal trends since 1957 are less consistent between TCA (Fig. 9b–e) and
rainfall (see http://www.bom.gov.au/climate/change for post-1960 trends) than for
annual trends. However, there are some important areas of agreement. During
summer both show declines along the far west and east coasts, with mostly increases
in the remainder of Australia. Patterns of change during autumn agree across
the south, but TCA shows a decline in the northwest despite a rainfall increase.
However, it is possible that increased autumn rain in the northwest could result
from increases during early autumn, even if there is a decline in TCA across the
season as a whole. Decreasing TCA in the southwest during autumn and winter is
consistent with decreasing rainfall in the region during these seasons, mostly from
the mid-1960s (Timbal et al. 2006). Both variables show mostly weak changes during

�Fig. 11 Timeseries of Australian annual mean daytime TCA and annual a rainfall total and c DTR.
Note inverse scale for DTR. Corresponding scatter diagrams are also shown for b rainfall against
TCA and d DTR against TCA

http://www.bom.gov.au/climate/change
http://www.bom.gov.au/climate/change
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(a) Annual mean daytime cloud and rainfall for Australia
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Table 1 Correlation between Australian annual and seasonal mean TCA and rainfall, temperatures
(maximum, mean, minimum, DTR), pan evaporation and the Southern Oscillation Index (SOI). Cor-
relations are calculated over 1957–2007, except for correlations between TCA and pan evaporation
which are restricted to 1970–2007 due to the shortness of the pan evaporation record

TCA and TCA and TCA and TCA and TCA and TCA and TCA and
rainfall max T mean T min T DTR Pan Evap SOI

Annual 0.82 −0.55 −0.23 0.18 −0.85 −0.72 0.36
Summer 0.85 −0.61 −0.35 0.15 −0.87 −0.83 0.46
Autumn 0.79 −0.48 −0.05 0.48 −0.90 −0.66 0.32
Winter 0.84 −0.48 0.10 0.59 −0.87 −0.59 0.43
Spring 0.85 −0.69 −0.50 −0.14 −0.87 −0.79 0.43

spring, although a decline in spring TCA on the southern New South Wales coast
corresponds well to a region of strong rainfall decline.

Interannual variations in timeseries of Australian annual mean daytime TCA
and rainfall (Fig. 11a) are highly consistent, with both showing spikes during the
first half of 1970s and persistently low values since 2002. Annual mean daytime
TCA values for 2003–2007 are similar to those recorded during 1964–1967, yet the
annual mean rainfall values of the later period are mostly higher than those of the
earlier period. This is probably due to the low TCA values in recent years being
due to drought conditions across southern Australia, with above average northern
Australian rainfall and TCA during summer resulting in a higher proportion of
convective rainfall in the overall Australian mean and hence more rainfall for a given
TCA value.

Correlations between Australian mean annual and seasonal TCA and rainfall are
given in Table 1. A strong correlation exists between annual TCA and precipitation
at the national scale (correlation coefficient = 0.82). Seasonal correlations show the
relationship to be strong throughout the year. A scatter diagram between Australian
annual mean TCA and annual rainfall totals is shown in Fig. 11b. Based on linear
regression, a decrease in TCA of 0.1 okta is accompanied by a decrease in Australian
mean rainfall of about 35 mm.

As for rainfall, annual variations in TCA are related to the El Niño-Southern
Oscillation (ENSO), with a correlation coefficient of +0.36 (significant at the 5%
level) between Australian annual mean daytime TCA and annual Southern Oscilla-
tion Index (Table 1). This correlation with cloud cover partly explains the correlation
between DTR and ENSO as described by Jones and Trewin (2000). The correlation
between TCA and SOI is weakest during autumn.

10 Comparison with temperature

A strong inverse relationship is expected between TCA and DTR because clouds
act both to hinder daytime warming, and to reduce overnight cooling. The map of
trends in annual mean daytime TCA since 1957 (Fig. 9a) shows some consistency
with the annual mean DTR trend map over the same period (see http://www.bom.
gov.au/climate/change for post-1960 trends), with mostly increases in DTR over
southern Australia and decreases in the north. Interestingly, a region of increasing
annual mean DTR is analysed in the northwest, consistent with the decline in annual
TCA in this region.

http://www.bom.gov.au/climate/change
http://www.bom.gov.au/climate/change
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Figure 11c and d show a strong correlation between timeseries of Australian
annual mean daytime TCA and DTR (correlation coefficient = −0.85). This rela-
tionship is strong during all seasons (Table 1). Generally, the inverse relationship
between TCA and daily maximum temperatures is stronger than the relationship
between TCA and daily minimum temperatures. The correlation between Australian
seasonal TCA and maximum temperature is moderately strong throughout the year.
However, the link between Australian TCA and minimum temperature is strong
during winter, and moderate during autumn, with little correlation during spring and
summer. Jones and Trewin (2000) and Power et al. (1998) have previously noted
complex seasonal variations in the relationship between Australian maximum and
minimum temperatures, rainfall and cloud cover. During the warmer months the
increased warmth of daytime temperatures associated with decreased rainfall and
cloud cover fully compensates for increases in DTR, whereas in the cooler months
this does not occur.

11 Comparison with pan evaporation

As evaporation is dependent on the amount of incoming solar radiation, an inverse
relationship is expected between TCA and pan evaporation (Morton 1983). Corre-
lations between all-Australian mean TCA and pan evaporation indicate that their
interannual variations are strongly opposed (Table 1). This relationship is strongest
during spring and summer.

Jovanovic et al. (2008) found a near-zero trend in all-Australian pan evaporation
over 1970–2005, despite a clear signal of atmospheric warming over this time. It has
been suggested that decreases in solar radiation, or a decline in mean wind speed,
may have offset the influence of a warmer atmosphere and reduced relative humidity.
Since 1970, the all-Australian TCA shows a slight decline, indicating that cloud cover
increases (and hence a decline in solar radiation) is not a viable explanation for the
near-zero pan evaporation trend. Rayner (2007) suggested that a decline in wind
speed has driven many of the local pan evaporation changes and McVicar et al.
(2008) have indeed shown a decline in Australian wind speeds over the 1975–2006
period.

12 Comparison with satellite data

In this section we are using data from the International Satellite Cloud Climatology
Project (ISCCP, Rossow and Schiffer 1999) to assess and validate our results based
on surface observations. An in-depth assessment of the satellite data to judge their
potential use as a substitute for surface observations is outside the scope of this paper
but we note that satellite derived cloud cover can offer many potential advantages
over surface observations including continuous spatial coverage, better temporal
coverage, and consistent sampling through the day and night. The need to look
to remotely sensed data for monitoring climate is made more urgent by the rapid
reduction in surface networks as a result of automation. There are however some
potential issues with satellite data due to changes in satellite viewing geometry, as
discussed by Evan et al. (2007). For Australia, we judge these changes as generally
insignificant with the possible exception of the most southerly parts of Australia.
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Fig. 12 Maps of 1983–2006 mean a summer, b autumn, c winter and d spring cloud cover (oktas)
derived from 3-hourly satellite observations (International Satellite Cloud Climatology Project)

From the large number of ISCCP products we chose 3-hourly cloud cover (in
percent). For comparison with surface observations, we converted these values to
okta and derived regular grids with a resolution of 2.5 by 2.5◦. There are three
differences in particular which could lead to differences in climatologies and trends
of total cloud cover derived from satellite data and surface observations respectively:

– The satellite derived estimates are available at a much coarser resolution, which
may lead to inadequate spatial sampling of maxima and minima in cloud cover.

– Satellite derived cloud cover is based on 3-hourly observations (including night-
time) while surface observations are derived from 9 a.m. and 3 p.m. observations
only.

– The horizontal direction in which observations are taken may lead to more
emphasis on high clouds in satellite derived estimates when compared to surface
observations.

Figure 12 shows climatological maps of seasonal cloud cover derived from satellite
data for the available period of record (1983–2006). These maps show broadly
similar patterns; in particular both reflect increased cloud cover across the north
during summer (Fig. 8b–e). However, variations on smaller spatial scales that are
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notable in the maps derived from surface observations are not resolved in the maps
based on cloud satellite data. The satellite derived data tend to indicate higher total
cloud cover in inland parts throughout the year, and across southern areas during
summer where differences are as large as 0.5 to 1 okta. A possible explanation for
the difference is the under-reporting of thin, high-level clouds by human observers.
We note that there is a lack of agreement in estimates of total cloud cover for the
south of Australia. These differences are especially apparent for the summer and
winter season. A detailed assessment of causes for these differences has yet to be
undertaken.

Figure 13 shows maps of trends in seasonal cloudiness over the Australian region
for the 1983–2006 period, derived from the ISCCP data. For comparison purposes,
Fig. 14 shows trends from the surface-observed TCA dataset over the same period.
The maps of 24 year trends in the TCA dataset are noisier than for the full dataset
(1957–2007) (Fig. 9) as the record is shorter and trends are more susceptible to
outliers. The station based TCA analyses tend to show more detail than the ISCCP
data as the trends are calculated at stations and then mapped, meaning local affects
are evident. In contrast, the ISCCP data are on a regular grid with a 2.5◦×2.5◦ spacing
effectively summarizing trends over very large boxes.

Fig. 13 Maps of 1983–2006 trends in a summer, b autumn, c winter and d spring cloud cover (oktas)
derived from 3-hourly satellite observations (International Satellite Cloud Climatology Project)
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Fig. 14 Maps of 1983–2006 trends in a summer, b autumn, c winter and d spring daytime TCA from
station data

Trends during spring are remarkably consistent, with both datasets showing a
decline in cloudiness across the southern fringe of Australia, and widespread regions
of decline across the north and east. Autumn and winter trends show widespread
declines across the continent in both datasets. Summer trends are consistent across
most of the continent, except in the northwest. The satellite data shows no decline
in summer cloud in the northwest. Assuming both datasets are providing realistic
trends, this suggests that the northwest has experienced an increase in nocturnal
cloudiness during summer which is undetected by the daytime TCA. Generally
the pattern of trends in the ISCCP is smoother than the TCA data, possibly due
to residual inhomogeneities in the TCA series, but possibly also partly due to
differences in the spatial analysis techniques used.

Figure 15 shows a comparison between the timeseries of Australian annual mean
daytime TCA and cloud amount derived from 3-hourly satellite (ISCCP) data. The
series are consistent, particularly prior to 2000. This is despite local inconsistencies
and different data resolution in these data. The apparent divergence in the cloud
series since 2000 is possibly a result of an inhomogenity in the ISCCP data over
Australia, since the surface TCA relationships to rainfall and diurnal temperature
over Australia have remained constant over this period (Fig. 11). Alternatively, it
could suggest that recent years have experienced higher than average overnight
cloud, particularly in the northwest of the continent, which is not captured in the
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Annual daytime TCA and ISCCP cloud cover for Australia
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Fig. 15 Timeseries of Australian annual mean daytime TCA and cloud amount derived from
3-hourly satellite (ISCCP) data

daytime TCA values. In either case, this divergence warrants further investigation
but is beyond the scope of this study.

The level of consistency in trends and normals provided by the TCA and ISCCP
datasets was not guaranteed, given that they measure cloud amount in quite different
ways: TCA is measured from below, while ISCCP data from above; TCA is based
on a relatively coarse in-situ network, while ISCCP data has a continuous spatial
coverage; they have different viewing angles; TCA estimates are rounded to oktas
with an upward bias for values less than one and a downward bias for values between
7 and 8, while ISCCP data is measured as a continuous percentage; and daytime TCA
is based on only 9 a.m.and 3 p.m. observations, while the ISCCP dataset has coverage
over 24 h. We note that a more detailed comparison of observer and satellite derived
TCA is required to properly explore this issue.

13 Discussion and conclusions

This study has resulted in the development of the first homogeneous cloud dataset
for Australia. Five decades (1957–2007) of high-quality monthly TCA records have
been produced across a total of 165 stations. Analysis of these data reveals that
the Australian mean annual total cloud amount is characterised by high year-to-
year variability. A contrast in trends across seasons and regions, coupled with high
interannual variability, means that the national mean trends are small and not
statistically significant.

At the local scale declines in TCA are observed in both the southeast and
southwest of Australia, which reflect decreasing cloudiness during autumn, winter
and to some extent spring. These changes have been accompanied by declines in
rainfall over the same period. Central and northern Australia tends to show increased
TCA since 1957, largely as a result of increasing trends in summer and autumn.
While it is not surprising that TCA trends are closely correlated to rainfall trends,
this agreement suggests that impact of decreasing trends in rainfall in the southeast
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and southwest are likely to be amplified by trends in potential evapotranspiration as
a result of the decrease in cloud cover.

A strong positive correlation is found between all-Australian means of cloud
amount and rainfall, while a strong negative correlation is found between mean
cloud amount and diurnal temperature range. Although the distribution of the TCA
network is not dense enough to fully capture topographic influences, the broadscale
consistency between patterns of cloud, rainfall and DTR variations suggests that the
new TCA dataset is able to describe the general patterns of change over Australia.

The TCA dataset developed here is probably not completely free from homogene-
ity problems, as it would be impossible to correct for all changes in observers. Also,
the homogeneity adjustment process is partially subjective and sometimes based on
incomplete metadata information. Nevertheless, this dataset represents the best avail-
able and longest data for monitoring changes in TCA over the Australian continent.
The dataset will be used for operational monitoring of cloudiness within the Aus-
tralian Bureau of Meteorology, and will enhance the understanding of how the
hydrological cycle and weather patterns have changed over Australia in recent
decades.

It would be valuable to have homogenised records of cloud heights and types to
help explain some of the apparent inconsistencies between changes in cloud and
rainfall. However, these measures are more problematic than TCA. Cloud heights
and types from stations staffed by professional weather observers may be of sufficient
quality, especially as many have weather balloon data available to verify cloud
heights and thicknesses through the use of relative humidity observations. Further
this would limit the network to less than 60 sites. It is unlikely that historical records
of cloud heights and types from co-operative observers with limited meteorological
training could be rehabilitated to the standard required for reliable analysis.

Out of 165 stations selected for the high-quality TCA dataset, 30 stations have
digitised TCA records dating pre-1957 (with data starting generally in the 1930s and
1940s, but with some starting at the beginning of the twentieth century). Although
there is a possibility of increasing the number of stations with longer time series, the
general lack of metadata for the period before the late 1950s makes it impossible to
extend the high-quality TCA dataset to the beginning of twentieth century using the
methodology presented in this paper.

Favourable comparisons between surface and satellite measures of cloudiness
suggest that satellites may ultimately provide the means for monitoring long-term
changes in cloudiness over Australia. However, due to the relative shortness and
homogeneity problems of the satellite record, a robust network of surface TCA
observations will be required for many years to come.
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