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[1] Solar radiation at the Earth surface has increased over
land and ocean since about 1990 (‘global brightening’).
An analysis of various global (ocean only) aerosol and
(global) cloud data sets from geostationary and polar orbiting satellites is performed to determine whether changes in
these quantities have occurred in accordance with ‘global
brightening’, and to analyse the global distribution of these
changes. Change‐point detection and trend analysis are
employed in the analysis. In a period from the mid‐1980s
to the mid‐2000s, aerosol optical depth is found to have
started declining in the early 1990s, while cloud data sets
do not agree on trends. Ångström exponent data seem to
suggest changes in pollution. Citation: Cermak, J., M. Wild,
R. Knutti, M. I. Mishchenko, and A. K. Heidinger (2010), Consistency of global satellite‐derived aerosol and cloud data sets with
recent brightening observations, Geophys. Res. Lett., 37, L21704,
doi:10.1029/2010GL044632.

1. Motivation and Aim
[2] Changes in solar radiation received at the Earth surface have been observed in many locations around the
world, as well as in regional and global averages of surface
solar radiation data. A negative trend in incoming radiation
until about 1990 has been termed ‘global dimming’, whereas
subsequent positive trends are referred to as ‘global
brightening’ [Stanhill and Cohen, 2001; Wild, 2009]. Complementing station measurements over land, brightening
trends have also been observed over ocean in satellite data
[e.g., Pinker et al., 2005; Hinkelman et al., 2009].
[3] Changes in aerosol load and cloud cover are commonly identified as the main drivers of global dimming and
brightening [Streets et al., 2009; Ruckstuhl et al., 2008].
Mishchenko et al. [2007] traced global brightening in
satellite‐derived global mean aerosol optical depth (AOD)
data. Mishchenko and Geogdzhayev [2007] computed the
differences between two three‐year periods in the late 1980s
and early 2000s to identify a general direction of change in
AOD. However, they did not analyze whether these changes
represented statistically significant trends, or when changes
occurred. Indeed, no specific analysis relating global brightening to the global distribution and timing of significant
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aerosol and cloud trends and changes therein has been
performed so far. It is therefore still unclear if trends in these
two quantities are consistent with global brightening, and
whether it can be attributed to anthropogenic changes in
aerosol emissions.
[4] Global brightening is commonly assumed to have
started in the 1980s to 1990s, which falls into the period of
satellite observations. The aim of the study presented here is
to evaluate global satellite‐retrieved aerosol and cloud data
sets to produce global maps of the distribution and onset of
global brightening. From these temporal and spatial patterns
conclusions can be drawn regarding the distribution and
mechanisms of global brightening.
[5] The guiding hypotheses are:
[6] 1. Changes in aerosol and cloud distribution are
responsible for the ‘global brightening’ phenomenon; global
aerosol/cloud amount has started decreasing in the period
for which satellite observations are available.
[7] 2. These changes are related to changes in human
emission patterns; decreases should be observed when there
are emission reductions (and vice versa).

2. Data and Methods
2.1. Data Sets
[8] The analysis performed here builds on global data sets
derived from satellite‐based observations. Ideally, an analysis
of the relationships between aerosol and radiation trends
should consider changes in single‐scattering albedo. However, no long‐term global data sets of this parameter exist.
Instead, aerosol optical depth is chosen as a proxy for the
total atmospheric aerosol load.
[9] For cloud amount information, the ISCCP monthly D2
product was used [Rossow and Schiffer, 1999] (1984–2005).
It is based on data from the Advanced Very High Resolution
Radiometer (AVHRR) and various geostationary satellite
systems. Since long time series of this product may contain
biases in some parts of the globe [Evan et al., 2007], the
Pathfinder Atmosphere extended (PATMOS‐x) data set
[Heidinger and Pavolonis, 2009] was used in addition
(version 4 level 3). This data set is based on AVHRR
observations only; afternoon observations were used, as
only those are available continuously. PATMOS‐x cloud
fraction was used, as well as AOD at 0.63 mm [cf. Zhao
et al., 2008]. PATMOS‐x covers the period from 1982–
2007. For comparison, AOD was also used from the Global
Aerosol Climatology Project (GACP) [Mishchenko et al.,
2007], from 1982–2005 (AOD at 0.55 mm). Like PATMOS‐x
the GACP product is based on AVHRR, but uses a different
algorithm (differences outlined by Zhao et al. [2008]) and
completely different radiance calibration procedures, which

L21704

1 of 5

L21704

CERMAK ET AL.: SATELLITE AEROSOL/CLOUD TRENDS

Figure 1. A synthetic time series (black solid) with cubic
fit (blue dashed), change point (red solid, vertical) and trend
(thick black solid).
increases the robustness of the trends on which both data sets
agree. The GACP Ångström exponent data retrieved with
AOD in a two‐channel approach [Mishchenko et al., 1999]
were also included in the analysis. Both AOD products are
available only over ocean.
[10] All data sets were available at spatial resolutions
between 1° and 2.5° and at monthly intervals. As most data
sets used are under ongoing development, the respective
algorithms may sometimes produce erroneous results.
Therefore all data points more than 2 standard deviations
from the mean of each data set were removed. To avoid the
masking of long‐term trends by short‐term changes in the
aerosol time series stemming from the eruptions of El
Chichón (April 1982) and Mt. Pinatubo (June 1991), data
for the remainder of the eruption year plus the following two
(Chichon) or three (Pinatubo) years were removed from the
aerosol data sets. The PATMOS‐x cloud algorithm quality
suffered from a channel shift on the AVHRR instrument
from January 2001 to April 2003. These data were removed
as well.
[11] The interpretation of trends and regional patterns can
sometimes be impeded by artefacts stemming from satellite
system transitions and combinations [Evan et al., 2007]. The
data sets used in this study are products of careful efforts
at harmonizing time series; they have been filtered for
this study, and known limitations are addressed where
appropriate.
2.2. Identification of Trend Changes
[12] The concept of change point detection was used to
determine the onset of brightening trends in the various data
sets. In this approach, data series are analysed statistically
to find discontinuities in the trends contained therein (cf.
Peterson et al. [1998] for a review). In general these techniques identify data series changes by evaluating a metric
computed for the environment of each data point (moving
window approach). For the purpose of this study, change
points were found by minimizing
S¼

minð pðtl Þ; pðtr ÞÞ
absðsðtl Þ  sðtr ÞÞ  eðtlþr Þ

ð1Þ
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with S a change point score, p the probability of a trend t
being insignificant, s its slope, e the trend fitting error, tl the
trend of the subseries to the left of a point being tested, tr to
the right and tl+r the trend of the combined subseries. This
procedure aims to find a point at which at least one highly
significant trend starts or ends (min(p(tl),p(tr))), while the
significance of the trend passing through this point is as low
as possible (high e(tl+r)) and the difference in slopes on both
sides of the potential change point (abs(s(tl) − s(tr))) is
maximized. The subseries on the right and left are of equal
length.
[13] S is computed for each point in the cubic fit to the
data series; the change point is identified where S is at its
minimum. A time series with change point is shown in
Figure 1.
[14] The performance of this technique was tested on time
series with ‘known’ change points with random noise added.
100 of these series represented the reversal of a trend,
another 100 a transition from no trend to a significant trend.
On these time series, the mean error in change point
detection was between 0.5 and 1%, with a standard deviation between 2 and 5%. Other methods also tested yielded
considerably less reliable results. In particular, methods
searching for a minimum/maximum of a fitted curve fail in
cases where part of the time series shows a near‐zero trend
(e.g., left half of Figure 1).
[15] The specific purpose of this study is to identify the
onset of trends within the time series considered. Therefore,
the subseries remaining between a change point and the end
of the data series was tested for significant linear trends
(95% level) spanning at least 75% of this interval. Where no
such trend was found, the change point was discarded and
the total series tested for trends spanning at least 75% of the
total data series and significant at the 95% level.
[16] Each data series was thus categorized as one of the
following: (1) Change point followed by positive trend,
(2) change point followed by negative trend, (3) no change
point, positive overall trend, (4) no change point, negative
overall trend, (5) no change point, no overall trend. Evaluation of change points and trends was performed for regions
of 15 × 15° in each data set as well as for global, hemispheric, ocean and land means.

3. Results and Discussion
3.1. Spatial Patterns of Change
[17] Figure 2 shows the results of the categorization
described above for aerosol and cloud parameters
respectively.
[18] PATMOS‐x and GACP show a general decline in
AOD on both hemispheres. In the PATMOS‐x data set
almost all 15° boxes show turns to negative trends. In this
map, some positive overall trends are found, e.g. near India,
Indonesia and in the Beijing Bay (only a small red patch,
because there is not much ocean area in this box). In the
GACP data set many boxes, particularly in the Northern
hemisphere, show overall negative trends, indicating that a
decline in AOD persisted. Some of these long trends are
found near North America and Europe, where they would
appear to be consistent with presumed very early onsets of
brightening.
[19] Generally, most change points are in the range from
1991 to 1995, with GACP reporting changes earlier than
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Figure 2. Changes and trends in the data sets. (left) Trends and change points for each data set (details see text); (right)
year of trend change. NB: Aerosol data sets only cover the oceans.
PATMOS‐x. Most of these points fall in the period blanked
out in the original data series due to the Pinatubo eruption. It
is therefore impossible to decide when exactly the trends
changed. However, the good agreement between both data
sets strongly suggests that changes did occur and that negative trends began during this period. In both data sets, trend
changes in the southern hemisphere lag those in the north.

[20] The overall negative trends observed in the GACP
data set appear more credible for these particular locations.
The AOD values after the Pinatubo gap (start of negative
trend) in PATMOS‐x are clearly above the pre‐Pinatubo
level, whereas in GACP they are at roughly the same level.
[21] Changes in the GACP Ångström exponent differ
between hemispheres. While in the north, changes to neg-
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mean time series used here include areas with no trends or
trends in opposing directions.
[27] The aerosol optical depth recedes in both GACP and
PATMOS‐x data sets from the first half of the 1990s. The
GACP Ångström exponent turns to positive globally and in
the southern hemisphere, and to negative in the northern
hemisphere.
[28] Disagreements in cloud fraction trends are pronounced; changes to positive trends, where present, occur
earlier in PATMOS‐x than in ISCCP global cloud fraction.
Figure 3. Trends and changes in all parameter on various
spatial scales. Numbers in the cells indicate the years the
respective changes occurred. Aerosol data sets cover ocean
only (‘All’ equals ‘Ocean’).
ative trends prevail, the southern hemisphere displays many
changes to positive trends. In the high latitudes, overall
negative trends dominate on both sides. Most changes
occurred in the early 1990s.
[22] The turn to negative Ångström exponent trends in the
northern hemisphere could be an indication of reduced
anthropogenic emissions and thus a smaller aerosol fine
mode fraction. Positive turns encountered in the south
indicate rising fine mode fractions (in accordance with Stern
[2006]). These could be due to increased winds leading to
higher concentrations of atmospheric sea salt aerosol (as
suggested by Mishchenko and Geogdzhayev [2007]). However, while these interpretations would be in accordance with
the expected patterns, the observed changes in Ångström
exponent could also be impacted by multi‐modal aerosol
distributions or non‐spherical particles [Schuster et al., 2006;
Mishchenko et al., 2003].
[23] The last two rows in Figure 2 summarize changes
found in the cloud data sets. The ISCCP cloud fraction
indicates large areas with negative trends throughout the
time period considered. In the Indian and central Pacific
oceans, areas with turns to negative trends are visible, with
turning points in the first half of the 1990s. In some regions,
notably some parts of North America, Eastern Asia, the
western Pacific and northern Africa, positive trends begin in
the second half of the 1990s.
[24] As shown by Evan et al. [2007], there is a systematic
negative trend in ISCCP total cloud amounts from 1985 to
2000 that is not seen in other cloud amount data sets. This
trend is driven by regions at the coverage edges of the
geostationary satellites used in the data set. This irregularity
may be reflected in Figure 2.
[25] The PATMOS‐x cloud fraction data set appears to
disagree with the ISCCP observations. Most of the 15 by
15 degree boxes do not show any trend at all, and the majority
of the changes observed appear to point in a positive
direction (in contrast to the ISCCP overall picture).
3.2. Global Summary
[26] The analysis performed for 15 degree boxes above
was also performed on global mean, hemispheric mean, as
well as land and ocean mean data series. The results are
shown in Figure 3. These figures represent a global picture
of the tendencies analysed above. However, apparent disagreement with the above analysis, in particular regarding
turning point years is possible in some cases, because the

4. Conclusions
[29] The aim of this study was to determine whether
changes in aerosol cloud occurrence and are consistent with
‘global brightening’ observations. The patterns found seem
to concur with expectations in principle.
[30] The analysis contains several uncertainties. Some of
these relate to the data used: All data sets potentially contain
inconsistencies caused by sensor changes during the period
considered here; also, gaps in the data series were caused by
the filtering outlined above. While all data sets used relied
on different satellite retrieval algorithms, they are mostly
based on the same sensors (AVHRR, albeit with independent radiance calibration procedures); given that AVHRR
data is one of the longest satellite time series, this can hardly
be avoided in climatological analyses today. Also, more
sophisticated, newer systems would be able to provide
additional parameters, such as single‐scattering albedo,
which are absent in the data sets used here. The methodology of change point detection might produce errors in
addition to the shortcomings of the data sets, such as misattribution or miss of change points. Likewise, change
points at or beyond the ends of the time series will not be
detected here.
[31] Bearing these limitations in mind, the overall picture
revealed in this study still seems to be of a certain robustness, at least for aerosol. Both AOD data sets agree that
negative trends started in the period considered here, with
some regions possibly displaying negative trends throughout. These trends started in the early 1990s, with the
southern hemisphere slightly lagging the northern hemisphere. Some positive trends in southern and south‐east
Asia seem to concur with industrial development in these
regions.
[32] This is also supported by the results of the Ångström
exponent analysis. Observed changes seem to agree with
expectations in that a decrease is found in most of the
northern hemisphere (less fine‐mode pollution) and increase
in east Asia and the southern hemisphere (more pollution)
[cf. Akimoto, 2003]. Predominantly latitudinal aerosol
transport means that anthropogenic emission changes also
register over the oceans, possibly with a delay.
[33] Concerning the initial hypotheses, it thus seems that
trends in AOD as given in the data sets considered support
global brightening observations, whereas cloud observations
are inconclusive. The large differences in the cloud data sets
may either be due to inconsistencies in the data sets (cf.
Evan et al. [2007] for ISCCP) or to error margins exceeding
the variation in the data. An aerosol‐size‐centered interpretation of Ångström exponent patterns would support the
second hypothesis, i.e. that human emission patterns have
changed.
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[34] In summary, this study for the first time provides
insights into the timing and spatial distribution of changes in
aerosol trends related to global brightening based on satellite
observations. This was possible on the basis of change‐point
detection analysis coupled with tests of statistical trend
significance.
[ 35] Acknowledgments. The comments and suggestions of two
anonymous reviewers helped improve this paper. The views, opinions,
and findings contained in this report are those of the authors and should
not be construed as an official NOAA or U.S. Government position, policy,
or decision.
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