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ENLIGHTENING GLOBAL
DIMMING AND BRIGHTENING

BY MARTIN WILD

Recent research on the phenomenon of substantial decadal variation in sunlight received at

Earth's surface reveals far-reaching environmental implications and proposes a conceptual

framework which ties it to prevailing atmospheric aerosol levels.

for the global ecosystem. Essential for living

conditions on Earth is the amount of sunlight
that penetrates through the atmosphere and reaches
Earth’s surface. This energy flow governs a wide
range of physical and chemical processes. It heats
our environments, induces pressure gradients and
related wind systems, generates evaporation to fuel
the global water cycle, melts away snow and ice, and
enables photosynthesis and associated plant growth
and cultivation. It thereby ensures the abundant sup-
ply of water and nutrition, as well as livable ambient
temperatures, the essential ingredients for an inhab-
itable planet. Our habitats are therefore particularly
sensitive and vulnerable to changes in the availability
of solar energy at Earth’s surface.

T he sun is the only significant energy source
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On a more applied level, knowledge of changes
in this quantity is also crucial for the planning and
management of the rapidly growing number of solar
power plants in support of the world’s pressing de-
mands for nuclear- and carbon-free energy sources.

Recent observational evidence suggests that sub-
stantial changes in surface solar radiation (SSR; also
known as global radiation) indeed occur over time
and may profoundly affect our environments. This
evidence comes from the worldwide networks of
pyranometers, the measurement devices that record
SSR. Monitoring of SSR with pyranometers began in
the early twentieth century at selected locations and
since midcentury on a more widespread basis.

WHAT OBSERVATIONS TELL. Early studies
carried out in the 1990s pointed to a remarkable
decline of SSR at selected observation stations be-
tween the 1950s and the 1980s. These pioneering
studies were based on sites in Europe (Ohmura
and Lang 1989), the Baltic (Russak 1990), the South
Pole (Dutton et al. 1991), different regions globally
(Stanhill and Moreshet 1992), Germany (Liepert et al.
1994), and the former Soviet Union (Abakumova
et al. 1996). By now a comprehensive literature ex-
ists that confirms declines of SSR during this pe-
riod in many places around the globe (e.g., Gilgen
et al. 1998; Stanhill and Cohen 2001 and references
therein; Liepert 2002; Ohmura 2009; Wild 2009 and
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references therein). This phenomenon is popularly
described as “global dimming” (Stanhill and Cohen
2001) (see Fig. 1 left, for a schematic illustration). Note
that “global” thereby originally referred to “global
radiation,” a synonym for SSR, rather than to a global-
scale dimension of the phenomenon.

Qualitative SSR tendencies in those parts of the
globe with best availability of long-term observations
are compiled in Fig. 2. The left column illustrates the
overall decline of SSR measured at sites in America,
Europe, China, and Japan between the 1950s and
1980s (the “dimming phase”). Magnitudes of the
tendencies (in W m™ per decade) as prevalent in the
literature are also added in Fig. 2 for illustration, but
note that considerable spread exists in these regional
estimates with undefined uncertainty ranges.

More recent studies using SSR records updated to
the year 2000 found, however, a trend reversal and par-
tial recovery at many of the sites since the 1980s. The
term “brightening” was thereby coined to emphasize
that the decline in SSR and associated global dimming
no longer continued after the 1980s (Wild et al. 2005)
(Fig. 1, right). Particularly in industrialized areas, the
majority of the sites show some recovery from prior
dimming, or at least a leveling off, between the 1980s
and 2000 (the “brightening phase”) (Fig. 2, middle
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column). The brightening is somewhat less coherent
than the preceding dimming, with trend reversals
at widespread locations but still some regions with
continued decrease (e.g., India; Kumari and Goswami
2010). Note that observed brightening has generally not
tully compensated for prior dimming, so that insola-
tion levels at the turn of the millennium were typically
still below those in the 1950s. Literature estimates for
the overall SSR decline during dimming range from
3to 9 W m?, and from 1 to 4 W m™ for the partial
recovery during subsequent brightening (Stanhill and
Moreshet 1992; Liepert et al. 1994; Abakumova et al.
1996; Gilgen et al. 1998; Stanhill and Cohen 2001;
Alpert et al. 2005; Kvalevag and Myhre 2007; Kim
and Ramanathan 2008; Wild 2009) (Fig. 1), with more
likely values closer to the lower bound because of pos-
sible inherent urbanization effects (Alpert et al. 2005;
Kvalevag and Myhre 2007) (see below).

The latest updates on developments beyond the year
2000 show mixed tendencies (Fig. 2, right column).
Overall, observed brightening is less distinct after
2000 compared to the 1990s at many sites. Brightening
continues beyond 2000 at sites in Europe and the
United States but levels off at Japanese sites, and there
are some indications for a renewed dimming in China
after a phase of stabilization during the 1990s, while

BRIGHTENING
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SSR SH LH

Fic. I. Schematic representation of ‘“dimming” and “brightening” periods over land surfaces. (left) During
dimming (1950s—-80s) the decline in surface solar radiation (SSR) may have outweighed increasing atmospheric
downwelling thermal radiation (LW/!) from enhanced greenhouse gases and effectively counteracted global
warming, causing only little increase in surface thermal emission (LW1). The resulting reduction in radiative
energy at Earth’s surface may have attenuated evaporation and its energy equivalent, the latent heat flux (LH),
leading to a slowdown of the water cycle. (right) With the transition from dimming to brightening (1980s—
2000s), the enhanced greenhouse effect has no longer been masked, causing more rapid warming, stronger
evaporation/LH, and an intensification of the water cycle. Values denote best estimates of overall changes in
surface energy fluxes over both periods in W m~2 (ranges of literature estimates for SSR dimming/brightening
in parentheses). Positive (negative) numbers, shown in red (blue), denote increasing (decreasing) magnitudes
of the energy fluxes in the direction indicated by the arrows. Changes in ground heat flux (GH) and sensible
heat flux (SH) are considered small compared to the above mentioned flux changes.
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dimming persists throughout in

Observed tendencies in surface solar radiation
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Open issues. A number of issues
related to dimming/brightening
are still not well established and
under debate, such as the qual-
ity and representativeness of the
underlying observational data as
well as the large-scale significance
of the phenomenon.

The available historic radiation
records are of variable quality and not always properly
homogenized. Rigorous quality control is therefore
necessary to avoid spurious trends (Gilgen et al. 1998;
Dutton et al. 2006; Shi et al. 2008; Tang et al. 2011). Still,
the similar results obtained in various independent
studies based on a large number of records and differ-
ent analysis techniques support the existence of non-
spurious decadal changes in SSR. Since the mid-1990s,
high-quality data with known accuracy are becoming
increasingly available from newly installed sites of the
Baseline Surface Radiation Network (BSRN) and the
Atmospheric Radiation Measurement program (ARM),
which allow the determination of SSR variations with
unprecedented accuracy (Ohmura et al. 1998).

Despite the impressive number of studies now
available, significant regions are insufficiently cov-
ered by direct surface radiation observations, such
as vast areas of Africa and South America, as well as
ocean areas in general, which prevents a true global
assessment. SSR estimates inferred from satellites
have the distinct advantage of providing a near-
global picture. Such estimates are available since the
early 1980s, thus covering mainly the brightening
phase (Hatzianastassiou et al. 2005; Pinker et al.
2005; Hinkelman et al. 2009). SSR cannot be directly
measured from satellites but has to be inferred from
the top-of-atmosphere reflectances using models to
correct for atmospheric attenuation. The historic sat-
ellite records may suffer to some extent from changes
in satellites and viewing geometries, as currently
debated (e.g., Evan et al. 2007). Available satellite-
derived products qualitatively agree on a brightening
from the mid-1980s to 2000 globally as well as over
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oceans (Hatzianastassiou et al. 2005; Pinker et al.
2005; Hinkelman et al. 2009). Over land, the trends
in the different satellite-derived SSR products are less
consistent. Variations in aerosol attenuation, consid-
ered relevant for the decadal SSR changes particularly
over land (see below), are difficult to infer from satel-
lites and may cause the differences.

Another way of extending the evidence for SSR
dimming/brightening both in time and space is the
use of proxy information from related, more widely
observed quantities. For example, decadal variations
in pan evaporation and sunshine duration measure-
ments provide independent indication for dimming
and subsequent brightening in various regions of
the globe, such as in Europe, China, the former
Soviet Union, South America, New Zealand, and on
Pacific islands (Roderick and Farquhar 2002; Qian
et al. 2006; Sanchez-Lorenzo et al. 2008, 2009; Liley
2009; Raichijk 2011). The widely available data on
the diurnal temperature range (DTR; the difference
between daily maximum and minimum tempera-
ture) were shown to contain information on decadal
changes in SSR, as they allow us to disentangle the
solar (daytime) and thermal (nighttime) surface
radiative heating (Liu et al. 2004; Wild et al. 2007;
Makowski et al. 2009; Ye et al. 2010). Terrestrial
DTR observations display overall a distinct decrease
from the 1950s to the 1980s caused by a decline in
daily maximum temperatures, which are particularly
affected by SSR dimming (Wild et al. 2007). However,
since the mid-1980s, the DTR no longer declined,
but rather stabilized, in line with the transition from
dimming to brightening. This distinct signature in
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FiGc. 2. Changes in surface solar radiation observed in regions with
good station coverage during three periods. (left column) The 1950s-
1980s show predominant declines ("dimming"), (middle column)
the 1980s-2000 indicate partial recoveries ("brightening") at many
locations, except India, and (right column) recent developments af-
ter 2000 show mixed tendencies. Numbers denote typical literature
estimates for the specified region and period in W m~? per decade.
Based on various sources as referenced in Wild (2009).
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the global terrestrial DTR evolution may provide
additional indication for a large-scale dimension of
the dimming/brightening phenomenon.

To summarize, there is increasing surface and
satellite-based evidence for substantial large-scale
decadal variations in SSR, but further research is re-
quired for a better quantification. Radiation sites are
often located in urbanized areas, which may induce
stronger SSR variations due to high local air pollution
levels (Alpert et al. 2005). This possible urbanization
effect in the SSR records has not yet been well quanti-
fied and is currently debated.

CAUSES OF DIMMING AND BRIGHTENING.
The decadal variations in SSR cannot be explained
by changes in the luminosity of the sun, since these
are at least an order of magnitude smaller (Willson
and Mordvinov 2003). The observed SSR variations
therefore have to originate from alterations in the
transparency of the atmosphere, which depends
on the presence of clouds, aerosols, and radiatively
active gases (e.g., Kvalevag and Myhre 2007; Kim and
Ramanathan 2008). Cloud cover changes effectively
modulate SSR on an interannual basis, but their con-
tribution to the detected longer-term (decadal) SSR
trends is not always obvious (e.g., Qian et al. 2006;
Norris and Wild 2007). Dimming and brightening
has also been observed under cloudless atmospheres
at various locations, pointing to a prominent role of
atmospheric aerosols (e.g., Wild et al. 2005; Norris
and Wild 2007; Sanchez-Lorenzo et al. 2009; Ohvril

Sulfer Emissions

60+
f Northern Hemisphere

- 40
2
201
| TR,
1950 1960 1970 1980 1990 2000
Year

Fic. 3. Annual sulfur emission estimates from 1950-
2000 over the NH (blue line), the SH (red line), and
the entire globe (black line) according to (Stern 2006).
Units are teragrams of sulfur (Tg S).
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etal. 2009; Zerefos et al. 2009). Aerosols can directly
attenuate SSR by scattering and absorbing solar
radiation (direct effect), or indirectly attenuate SSR
through their ability to act as cloud condensation
nuclei (CCN), thereby increasing cloud reflectivity
and lifetime (first and second indirect effects) (e.g.,
Ramanathan et al. 2001; Lohmann and Feichter 2005).
Most important for the present discussion is the fact
that all these effects act towards reducing SSR with
increasing aerosol levels.

Anthropogenic air pollution has led to substantial
changes in atmospheric aerosol levels over the past de-
cades (Stern 2006; Ruckstuhl et al. 2008; Streets et al.
2009; Wang et al. 2009). Particularly, anthropogenic
emissions, such as sulfur and black carbon, increased
from the 1950s to 1980s but decreased thereafter
in the Northern Hemisphere (Stern 2006) (Fig. 3).
This decrease is attributed to the implementation
of air quality measures in industrialized countries
as well as to major economic crises (e.g., the break-
down of the Communist system in Eastern Europe
and Russia in the late 1980s and the Asian financial
crisis in the 1990s). These emission histories fit with
the observed dimming/brightening tendencies and
suggest that anthropogenic air pollution may play a
significant role in the explanation of SSR variations
(Streets et al. 2009). Distinct aerosol trends that
match with dimming/brightening are also observed
in remote locations far away from pollution sources,
such as in Greenland (McConnell et al. 2007), the
Canadian Arctic (Sharma et al. 2004), or over oceans
(Mishchenko etal. 2007; Cermak et al. 2010), pointing
to the large-scale distribution of these pollutants over
the entire Northern Hemisphere, in line with results
from atmospheric transport modeling studies (Chin
et al. 2007). In the Southern Hemisphere, however,
there is less evidence for significant anthropogenic
pollution and no sign of trend reversal (Stern 2006)
(cf. Fig. 3).

The latest updates on global sulfur emissions in-
dicate a renewed increase of total global sulfur emis-
sions after the year 2000, since the rapidly growing
emissions in Asia increasingly outweigh the decreas-
ing emissions in the western world (Streets et al.
2009). This again fits with the lack of a clear overall
brightening signal and indications for renewed dim-
ming in China after 2000 (Wild et al. 2009) (cf. Fig. 2,
right column).

Recent studies suggest that aerosol-cloud interac-
tions may depend on the level of pollution (Koren
et al. 2008; Rosenfeld et al. 2008). In the following,
a conceptual framework is outlined suggesting
that dimming and brightening can be amplified or



dampened by aerosol-cloud interactions depending
on the prevailing pollution levels.

In pristine regions, small changes in CCN can have
amuch bigger impact on cloud characteristics than in
polluted environments (Koren et al. 2008; Rosenfeld
etal. 2008) because clouds show a nonlinear (logarith-
mic) sensitivity to CCN (e.g., Kaufman et al. 2005).
Additional CCN in pristine regions may therefore
be particularly effective in increasing the formation,
lifetime, and albedo of clouds (Kaufman et al. 2005;
Rosenfeld et al. 2006), which all act towards a reduc-
tion of SSR through enhanced cloud shading. Thus,
aerosol-cloud interactions in pristine environments
may cause a strong amplification of dimming (bright-
ening) trends induced by small increases (decreases)
in aerosols. This implies that dimming/brightening
could be substantial even in areas far away from pol-
lution sources, where small changes in background
aerosol levels induced by long-range transports can
effectively alter SSR through cloud modifications.
This may explain dimming and brightening in remote
regions even in the absence of significant direct aerosol
radiative effects, as observed, for example, in Dutton
et al. (2006) and Liley (2009). This mechanism po-
tentially could also be responsible for the brightening
over oceans with decreasing aerosol background levels
(Mishchenko et al. 2007) between the mid-1980s and
2000 consistently seen in the aforementioned satellite-
derived SSR records (Hatzianastassiou et al. 2005;
Pinker et al. 2005; Hinkelman et al. 2009).

In polluted regions, on the other hand, cloud mi-
crophysics effects tend to saturate with the logarith-
mic sensitivity to CCNs, whereas the direct extinction
of SSR by aerosols becomes more relevant, which
increases proportionally to the aerosol loadings.
Absorbing pollution layers further heat and stabilize
the atmosphere and attenuate SSR and related surface
evaporation. This generally leads to a suppression
of convective cloud formation and dissolves clouds
in layers heated by absorbing aerosol (known as
the semi-direct aerosol effect) (Ramanathan et al.
2001). The associated reduced cloud shading may
partly counteract the aerosol-induced reduction of
SSR in heavily polluted areas. Thus, in contrast to
pristine areas, aerosol-cloud interactions may tend
to dampen dimming/brightening trends induced by
direct aerosol effects. This may explain a seemingly
counterintuitive phenomenon observed in China,
where under strongly increasing pollution both SSR
and cloud amounts declined between the 1960s and
1990s (e.g., Qian et al. 2006).

Clearly, the general applicability of this conceptual
framework needs further evaluation. It may serve as
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a guideline to specifically investigate dimming and
brightening and the contributions from aerosol-cloud
interactions in various parts of the globe under dif-
ferent pollution characteristics and climate regimes.

Further, it cannot be excluded that also nonan-
thropogenic factors, such as variations in cloudiness
induced by natural decadal variability in the atmo-
sphere/ocean system, could have contributed to the
changes in SSR (Romanou et al. 2007). The similar
temporal variations of the Atlantic multidecadal
oscillation (AMO), the Pacific decadal oscillation
(PDO), and the dimming/brightening phenomenon
may indicate such a dependency. On the other hand,
the concepts outlined above may also leave room for
dimming/brightening as a potential cause, rather
than effect, of atmosphere/ocean variability (Mann
and Emanuel 2006). It remains a challenge for future
research to disentangle possible cause-and-effect rela-
tionships between dimming/brightening and decadal
atmosphere/ocean variability.

CLIMATE AND ENVIRONMENTAL
IMPLICATIONS. It becomes increasingly evident
that the detected SSR variations play an important
role in various aspects of climate change. There are
indications that dimming and brightening may have
respectively counteracted and added to greenhouse
warming over the past decades (Wild et al. 2007).
Observed air temperatures over global terrestrial
surfaces showed a negligible increase between the
1950s and 1980s, in line with the prevailing SSR
dimming, which may have largely offset the in-
creasing greenhouse gas forcing in this period (see
schematic illustration in Fig. 1, left). Since the 1980s,
with the transition from dimming to brightening,
the increasing thermal forcing may have no longer
been masked (Fig. 1, right), and rapid warming was
observed. For the present synthesis this argument
is further developed by utilizing the largely differ-
ing air pollution and associated aerosol levels on
the Northern and Southern Hemisphere. While the
NH exhibits high pollution levels with substantial
temporal changes (increasing up to the 1980s and
decreasing thereafter; cf. Fig. 3), pollution levels
in the SH are an order of magnitude smaller, with
only modest increases and no trend reversal (Stern
2006). This seems to be reflected in the observed
hemispheric surface temperature records, based on
the HadCRUT3 dataset (Brohan et al. 2006) (Fig. 4;
Table 1). Warming rates in the NH largely differ be-
tween the dimming and brightening periods, with no
warming at all during dimming with strong pollution
increase (—0.002°C decade™ between the 1950s and

JANUARY 2012 BATS |

31



1980s) but strong warming during brightening while
pollution levels reduced (+0.3°C decade™ between the
1980s and 2000) (Fig. 4a; Table 1). This points again
to a potentially substantial modulation of greenhouse
warming by anthropogenic aerosol pollution and
associated dimming and brightening. In contrast,
in the SH, steady warming is observed throughout,
with only slightly stronger warming rates in the
1980s-2000 (+0.15°C decade™) than in the 1950s-
1980s (+0.11°C decade™) (Fig. 4b; Table 1). This fits
well with the lack of major anthropogenic aerosol
variations and the gradually increasing greenhouse
gas forcing in this hemisphere.

Climate models as used in the Intergovernmental
Panel on Climate Change (IPCC) Fourth Assessment
Report (AR4; Solomon et al. 2007), on the other hand,
do not reproduce these characteristic differences in

interhemispheric warming. Temperature changes
simulated during the dimming and brightening
phases by 23 models in twentieth-century “all forc-
ings” experiments are shown in Figs. 4c and 4d for
the NH and SH, respectively. In the NH, the average
warming simulated by the models is too strong during
dimming (by 0.12°C decade™) and too weak during
subsequent brightening (by 0.10°C decade™) (Fig. 4c;
Table 1). This points to an insufficient representation
of the processes causing dimming/brightening in the
models to properly dampen and enhance greenhouse
warming, respectively (Wild and Schmucki 2011).
In contrast, in the SH, where aerosol pollution is
much smaller and greenhouse gas forcing dominates,
the models perform very well, with warming rates
close to observed (within 0.02°C decade™ on aver-
age over both periods) (Fig. 4d; Table 1). This sug-
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FiGc. 4. Annual 2-m temperature anomalies in the NH (a),(c) and SH (b),(d)
as observed (a),(b) and simulated by global climate models (c),(d) over the
second half of the twentieth century. Observations from HadCRUT3; model
results from “all forcings” twentieth-century simulations with 23 IPCC AR4
models (individual models dashed, multimodel-mean solid line). Anomalies
are shown with respect to 1960-90. Linear trends over the dimming phase
(1950s-80s) are in blue and over the brightening phase (1980s-2000) in red
(quantified in Table I). In the polluted NH, observed warming is much smaller
during dimming with strong aerosol increase than during subsequent bright-
ening with aerosol decrease (a). This is not fully captured by the models (c).
In the more pristine SH, with greenhouse gases as sole major anthropogenic
forcing, observed warming is similar during both periods (b) and in better
agreement with the models (d).
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gests that climate models
simulate decadal warming
trends adequately when
greenhouse gases act as the
sole major anthropogenic
forcing as in the SH, but
may have difficulties when
in addition strong decadal
aerosol variations come
into play, as in the NH.
Another important
issue is the potential im-
pact of dimming/bright-
ening on the water cycle.
SSR changes effectively
alter the energy avail-
able at Earth’s surface to
drive evaporation and its
energy equivalent, the
latent heat flux. Since on
a global level evaporation
equals precipitation, any
SSR-induced change in
evaporation/latent heat
flux will change the in-
tensity of the water cycle
(e.g., Ramanathan et al.
2001; Wild and Liepert
2010). Since the decline
in SSR during the 1950s-
1980s may have overcom-
pensated the increase in
the greenhouse-induced
atmospheric downwelling
thermal radiation, this
implies also a concurrent



TasLE |. Magnitudes of linear 2-m temperature trends shown in
Fig. 4 during dimming and brightening phases in the NH and SH

and Lohmann 2002; Ramana-
than etal. 2005). They may fur-

as observed and calculated in global climate models, with I-sigma ther explain aspects of observed
uncertainty estimates given in parentheses. Trends in climate decadal variations in the surface
models calculated from multimodel-mean of 23 models used in the hydrology, such as soil moisture
IPCC AR4 are based on twentieth-century “all forcings” simulations. and evaporation changes in

Observed trends are based on data from the HadCRUT3 dataset

energy-limited environments

(Brohan et al. 2006). Definitions of dimming and brightening phases (Roderick and Farquhar 2002;

follow Wild et al. (2007). Units °C decade™'.

Qian et al. 2006; Robock and

Dimming phase Brightening phase Li 2006; Teuling et al. 2009;

(1958-85) (1985-2000) Wang et al. 2010). SSR changes

Observed T trend NH -0.002 (0.03) 0.29 (0.05) have also the potential to affect
Observed T trend SH 0.11 (0.02) 0.15 (0.04) the cryosphere by modulat-
Model-calculated T trend NH 0.12 (0.01) 0.19 (0.05) ing the melt processes. This
is supported by the evidence

Model calculated T trend SH 0.09 (0.01) 0.15 (0.03) that NH snow cover and many

decrease in the energy available at Earth’s surface
for evaporation/latent heat flux and a slowdown of
the water cycle (see schematic illustration in Fig. 1,
left). This is in line with observational evidence for
decreasing precipitation over the same period shown
in Fig. 5, based on NH land surface data from the
Global Historic Climate Network (GHCN; Peterson
and Vose 1997). The indicated decline of precipita-
tion on the order of 30-40 mm from the 1950s to
1980s corresponds to a latent heat energy flux equiva-
lent of about 3 W m™ over this period. This fits with
the magnitudes of the radiation changes over the
same period as shown in Fig. 1 (left). In contrast,
subsequent solar brightening may have added to
the increasing greenhouse-induced downwelling
thermal radiation from the 1980s onward and, ac-
cordingly, enhanced the surface energy available for
evaporation and the water cycle (Liepert and Previdi
2009; Wild et al. 2008; Wild and Liepert 2010) (Fig. 1
right). This fits with the observed intensification
of the water cycle during the 1980s-2000s (Fig. 5)
and underlines the importance of SSR variations
for the understanding of the changes in the water
cycle. Wentz et al. (2007) estimated global precipi-
tation changes using satellite observations from the
Special Sensor Microwave Imager (SSM/I) for the
period 1987-2006, thus covering the brightening
phase. Their estimated increase in global mean
precipitation of 13.2 + 4.8 mm yr' decade™ over the
period 1987-2006 corresponds to a latent heat flux
equivalent of about 2 W m™ over the 20-yr period, in
reasonable agreement with the estimated radiation
changes given in Fig. 1 (right).

Decadal SSR variations may also play a role in
modulating regional precipitation systems such as
Sahelian rainfall and the Indian monsoon (Rotstayn
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mountain glaciers only started
to retreat significantly with the transition from dim-
ming to brightening (Ohmura et al. 2007; Wild 2009).
Modeling studies further suggest that dimming/
brightening may also impact the terrestrial carbon
cycle and plant growth (Mercado et al. 2009). During
dimming, plant photosynthesis and associated ter-
restrial carbon uptake might have been enhanced
despite a reduction in SSR, since the stronger aerosol
and cloud scattering enlarged the diffuse radiative
fraction in this period. Diffuse light penetrates deeper
into the vegetation canopies than the direct sunbeam
and can therefore be more effectively used by plants

Precipitation
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Fic. 5. Observational estimates of annual precipita-
tion anomalies from 1950-2008 over the NH land
masses. Data are from the Global Historic Climate
Network (Peterson and Vose 1997). Reference period
for anomalies is 1961-90; |1-yr running mean in blue.

Units are mm.
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for photosynthesis. Finally, studies indicate that dim-
ming and brightening tendencies are particularly
pronounced in the ultraviolet spectral range (Zerefos
et al. 2009; McKenzie et al. 2011), with associated
biological and erythemal implications.

Further research will be required to establish and
quantify more thoroughly the emerging evidence
for substantial impacts of dimming and brightening
on a variety of essential climate and environmental
processes.

RECENT DEVELOPMENTS AND
PERSPECTIVES. The latest updates on solar ra-
diation changes observed since the new millennium
show no globally coherent trends anymore (see above
and Fig. 2). While brightening persists to some extent
in Europe and the United States, there are indications
for arenewed dimming in China associated with the
tremendous emission increases there after 2000, as
well as unabated dimming in India (Streets et al. 2009;
Wild et al. 2009).

We cannot exclude the possibility that we are cur-
rently again in a transition phase and may return to
a renewed overall dimming for some years to come.
On the one hand, air pollution mitigation potential is
approaching saturation in many of the industrialized
nations (Ruckstuhl et al. 2008; Streets et al. 2009),
thus confining further human-induced brightening
in these areas, while on the other hand air pollution
increase and associated dimming may continue for
a while in developing and emerging nations. The
recent renewed increase in global sulfur emissions
(particularly originating from Asia) (Streets et al.
2009), the evidence for renewed declines in visibil-
ity (Wang et al. 2009) and in satellite-derived SSR
(Hinkelman et al. 2009; Hatzianastassiou et al. 2011),
and the lack of warming in the early 2000s may be
interpreted as additional indicators for such a devel-
opment. However, such renewed dimming and associ-
ated impacts would likely have a limited persistence,
since emerging nations will be forced to implement
air quality measures in face of increasingly pressing
health problems. Thus, with the foreseeable inevita-
bility and undisputable necessity for clean air regula-
tions and aerosol reductions also in emerging nations,
potential dampening of global warming by a renewed
dimming could only be temporary, and greenhouse
gases will ultimately become the sole major anthro-
pogenic forcing factor of climate change.

Under these perspectives, only the rapid world-
wide implementation of both rigorous greenhouse
gas reduction and air quality measures will allow
us to minimize adverse climate and health impacts
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and ensure sustainable living conditions for future
generations on Earth.
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