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MOTIVATION 

•  ObservaNons indicate decreases in surface solar radiaNon 
(SSR) from ~1950s‐1980s (“global dimming”), followed by 
an increase during the 1990s (“global brightening”). 

•  Anthropogenic aerosol emissions are most likely 
responsible, esp. for Europe and East Asia (e.g., Wild, 2009 and 

references therein). 
–  Direct aerosol effects, as opposed to indirect effects, appear to 

be most important (Norris and Wild, 2007, 2009; Ruckstuhl+, 2010). 

•  Models that exhibit the observed magnitude & Nming of 
dimming/brightening likely have more realisNc aerosol 
radiaNve forcing (RF). 



PRIOR WORK: CMIP3 

•  Only ~50% of CMIP3 
models reproduce 
the observed SSR 
decadal variaNons in 
a qualitaNve way. 

•  Nearly all models 
underesNmate the 
magnitude. 

•  Aiributed to 
incorrect aerosol 
emission inventories. 

Dwyer+, 2010 

1990, though their dimming trends are much weaker than
that seen in the observations. After 1990, the model en-
semble mean continues to decline, but a few models exhibit
brightening trends.
[13] Figure 2b displays the observed and modeled time

series of residual flux over Japan. The observed time series
begins in 1971 because cloud cover data were not available
prior to that time. There is no significant observed trend
prior to 1990, but observed residual flux substantially
increases after 1990. These results are generally consistent
with the findings of Wang et al. [2009], who report a large
decline in visibility over China but not over Japan during
1973–2007. All models show weak dimming for Japan prior
to 1990 and divergent results afterward. Some models pro-
duce a small post‐1990 increase in residual flux while others
produce a small decrease or no change.
[14] For a more convenient comparison of dimming and

brightening in the observed and modeled time series, we
calculated least squares linear trends on monthly residual
flux anomalies during 1961–1989 (China), 1971–1989
(Japan), and 1990–1999 (China and Japan). We found that
the results were not sensitive to a several‐year shift in the
starting and ending points. Following Norris and Wild
[2007, 2009], our calculation of the 95% confidence inter-
val of trend values took into account the autocorrelation in
the time series. The results are presented in Figure 3a for
China and Figure 3b for Japan.
[15] None of the climate models come close to reprodu-

cing the strong decrease in residual flux observed for China
prior to 1990 (the largest model trend is −3.4 W m−2 per
decade with a 95% confidence interval of ±0.5 W m−2 per

decade whereas the observed trend is −8.6 ± 1.1 W m−2 per
decade). This lack of consistency remains if we compare
modeled clear‐sky flux to observed residual flux or modeled
all‐sky flux to observed all‐sky flux (not shown), although
there is more scatter in the latter case since the simulations
have different realizations of cloud cover variability. Stan-
dard tests indicate that all of the models produce a magni-
tude of dimming that is significantly different from the
observations and significantly different from zero at the 95%
confidence level.
[16] Observed residual flux shows an increasing yet non-

significant trend during 1990–1999 for China. The models
exhibit a wide range of behavior: the majority show dimming,
some show brightening, and only one has a (dimming) trend
that is significantly different from zero (GFDL‐CM2.0). No
modeled trends are statistically different from the observed
trend. The shortness of the time period (only 10 years) is
probably a contributing factor to the lack of statistical
significance. It appears that the recovery from the 1991
Mount Pinatubo eruption did not play a large role in the
modeled 1990–1999 brightening since the majority of models
that include volcanic aerosol exhibit decreasing residual
flux during this time period. A comparison of Figure 1 and
Figure 3 suggests that there is anticorrelation between the
sign of the residual flux trend and the sign of the aerosol
trend during 1990–1999. For example, the strongest positive
residual flux trend occurs in a model using the aerosol data
set with the strongest decrease during 1990–1999 [Mitchell
and Johns, 1997] and the strongest negative residual flux
trend occurs in a model using the aerosol data set with the
strongest increase during 1990–1999 [Horowitz, 2006].

Figure 2. Time series of annual residual flux anomalies averaged over (a) China and (b) Japan. The red
line is observational data, other colors are 14 IPCC‐AR4 20C3M simulations, and the black line is the
ensemble average over the 14 models.

DWYER ET AL.: MODELED AND OBSERVED SOLAR RADIATION D00K08D00K08

5 of 8



Similar CMIP3 UnderesNmaNon For 
Europe & India 

1.230 Wm-2a-1 (95% significant), while the increase of

SSR between 1985 and 2000 is 0.682 Wm-2a-1 (95%

significant). The linear trends in the models vary from
-0.475 (CNRM-CM3) to 0.211 Wm-2a-1 (PCM) in the

1961–1985 period, with a multi-model mean of -0.131

Wm-2a-1. 16 models show a linear decrease during this
period (9 significant) in qualitative agreement with the

observed records, but the multi-model mean decrease is an

order of magnitude smaller than the decrease seen in the
observations. In the second period from 1985 to 2000 the

models vary from -0.872 (MIROC3.2(hires)) to 0.523
Wm-2a-1 (CNRM-CM3), with a multi-model mean of

-0.186 Wm-2a-1. In contrast to the observations, 15

models show a decrease (8 significant), while only 8
models show an increase (2 of them significant). The

majority of the models therefore neither reproduces the

strong downward SSR trends up the 1980s nor its partial
recovery in the 1990s in Southeast China.

The evolution of clear-sky fluxes and particularly cloud

effects over South East China also shows considerable
differences (Fig. 3, middle and lower panel). Correlations

of the smoothed time series are higher here in 14 out of 19

models when the (all-sky) observations are correlated with
the simulated clear-sky fluxes than with the simulated all-

sky fluxes (Table 6). Averaged over the 19 models, the

correlation between the (all-sky) observations and the
simulated clear-sky fluxes is 0.44, while no more than 0.21

between the (all-sky) observations and the more directly

related simulated all-sky fluxes (Table 6).
Also, as in Europe and Japan, cloud effects on SSR do

not show a great deal of consistency, with nine of the

models showing a convex evolution, and ten of the models
a concave evolution.

4.4 Northwest China

In contrast to Southeast China, the observed composite

time series, based on seven sites in Northwest China, does
not show a strong recovery in the 1990s. Therefore the

continuous decrease over the entire period can be reason-

ably approximated with a first order linear polynomial. For
compatibility, we use also first order polynomials to

describe the model-calculated time series, even though
some of the model time series would have significant

coefficients when approximated with second order

polynomials.
The observed decline of SSR over the period 1960–2000

is on the order of 20 Wm-2, or -0.5146 Wm-2a-1 (95%

significant). The linear trends over the same period in the

Fig. 4 As Fig. 1, but for seven sites in Northwest China from 1960 to
2000

Fig. 5 As Fig. 1, but for four sites in India from 1964 to 2000
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Do CMIP5 models yield improved dimming/brightening trends?  

as large as the differences between burden and emission
data.
2.3.2. Black Carbon
[22] Horowitz [2006] describes the BC aerosol assimila-

tion for the GFDL_CM2.0/2.1 model runs. BC emissions
decrease in the United Kingdom since the 1960s, whereas
the pan-European decline does not start until after 1990. The
United Kingdom and eastern Germany/Poland are the two
main emission centers in the Horowitz [2006] assimilation.
[23] Nozawa et al. [2007] BC emissions are based on

energy consumption. Pan-European emissions peak around
1970 and show a continuous decrease since then. Emissions
are most pronounced in eastern Germany and Poland.
[24] The BC spatial distribution in the NCAR_CCSM3.0

model runs is described by Collins et al. [2002], and the
temporal evolution of BC burden follows global average
population and consequently does not show the transition
from increasing to decreasing BC content as do the other
data sets.
[25] In the CNRM_CM3 simulation [Salas-Mélia et al.,

2005], BC concentration from Tanré et al. [1984] is scaled
by the total fossil fuel BC emissions estimated by Novakov
et al. [2003]. These data show highest concentrations at the
end of the 1980s.
[26] Pan-European time series for BC emission (dashed

line) and BC burden (solid line) are displayed in Figure 2b.
The time series are normalized to the average from 1960 to
1990. Large differences occur between the data sets, which
reveals the urgent need for more accurate BC emission
histories for further studies.

3. Results
3.1. Comparison Between Models and Observations in
the 20th Century

[27] Figure 3 depicts pan-European SDRcf time series
from individual models and the average over all models
(black line). If a model center provides several runs (see
Table 1), the displayed time series is the average of these
runs. Estimated SDRcf anomalies from NW07 (‘‘residual
flux’’) are also shown (red line). The multimodel average

exhibits a decline of about !1.5 Wm!2 dec!1 from the
1950s to the mid 1970s, then a leveling off, and finally a
slight recovery after about 1980 (+0.8 Wm!2 dec!1). The
leveling off, however, is actually an artifact of averaging
rather than the behavior of individual models. The timing of
the transition from ‘‘dimming’’ to ‘‘brightening’’ shows a
wide range between the models, with the earliest reversal
occurring in the early 1960s (MIROC3.2 models) and the
latest around 1990 (MRI_CGCM2.3.2). According to the
multimodel average, SDRcf did not reach the level it had in
the middle of the 20th century until the end of the century.
[28] We now compare modeled trends with observational

trends during the periods when solar ‘‘dimming’’ (1971–
1983) and ‘‘brightening’’ (1984–1999) occurred according
to the observations. Although solar ‘‘dimming’’ began
before 1971, the lack of complete observational data pre-
vents comparison prior to that time. Output is also not
available from all models after 1999. Figure 4 presents
trends for the observations (orange bars) as well as the individ-
ual models (red bars) during the ‘‘dimming’’ (Figures 4a, 4c,
and 4e) and ‘‘brightening’’ (Figures 4b, 4d, and 4f) periods.
The blue error bars indicate the 95% confidence interval of
the linear trend for the average of all available runs from
each model, and the green error bars indicate ± one standard
deviation of the trends of the different runs performed by each
model. Pan-European trends show a wide spread between
models, ranging from SDRcf decrease of !2.3 Wm!2 dec!1

to an increase of +1.2 Wm!2 dec!1 for the period from 1971
to 1983, when solar ‘‘dimming’’ was observed (Figure 4a).
The multimodel average underestimates the observed
SDRcf decline.
[29] The models show an even larger spread on sub-

European scales. Trends for northern Germany range from
!2.2 to +3.1 Wm!2 dec!1 (Figure 4c), and for the multi-
model average, nearly no trend is found. It is not clear,
however, which models are more realistic since the residual
flux trend is also highly uncertain for this region and time
period. Over Switzerland (Figure 4e), the models present
a similarly inconsistent pattern, ranging from !1.6 to
+2.1 Wm!2 dec!1. Lack of observational data does not
allow us to compare the models with observations for this

Figure 3. Pan-European SDRcf time series from observations (red), fourteen IPCC-AR4 20C3M
simulations, and as average over the fourteen models (black).
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14 CMIP5 MODELS*  
1.  BCC‐CSM1.1       Beijing Climate Center                                                          3 runs 
2.  CanESM2            Canadian Centre for Climate Modeling and Analysis      5 runs 
3.  CNRM‐CM5        Centre NaNonal de Recherches Meteorologiques           1 run 
4.  CSIRO‐Mk3.6     Commonwealth ScienNfic & Industrial Research Org.   10 runs 
5.  GISS‐E2‐H            NASA Goddard InsNtute for Space Studies                       5 runs 
6.  GISS‐E2‐R            NASA Goddard InsNtute for Space Studies                       5 runs 
7.  HadCM3              Met Office Hadley Centre                                                    4 runs 
8.  HadGEM2‐CC     Met Office Hadley Centre                                                     1 run 
9.  HadGEM2‐ES      Met Office Hadley Centre                                                     4 runs 
10.  INM‐CM4            InsNtute for Numerical MathemaNcs                                 1 run 
11.  IPSL‐CM5A‐LR    InsNtut Pierre‐Simon Laplace                                               4 runs 
12.  MIROC4H            Atmosphere & Ocean Research InsNtute                          3 runs 
13.  MRI‐CGCM3       Meteorological Research InsNtute                                      5 runs 
14.  NorESM1‐M       Norwegian Climate Centre                                                   3 runs 

* All available model‐runs (54 total) with necessary variables as of early October, 2011 



OBSERVATIONAL DATA 

•  Global Energy Balance Archive (GEBA) (Gilgen+Ohmura, 1999). 

– Monthly mean global (direct+diffuse) downward solar 
radiaNon. 

•  InternaNonal Satellite Cloud Climatology Project 
(ISCCP) Flux Data (Zhang et al., 2004). 
– Monthly mean surface dayNme all‐sky and clear sky 
shortwave radiaNon. 

•  ISCCP monthly mean dayNme total cloud cover (Rossow et 
al., 1996; Rossow and Schiffer, 1999). 

•  NDP026‐D and NDP‐039 monthly mean surface 
dayNme total cloud cover (Hahn and Warren, 2003; Shiyan+, 1997). 



METHODOLOGY 

•  EsNmate surface radiaNve impact of cloud cover 
anomalies: 

•  Remove from global radiaNon anomalies via linear 
regression (Norris and Wild, 2007). 

•  ResulNng “Residual Anomalies”: 
1.  Exhibit more disNnct dimming/brightening trends. 
2.  Enables aerosol contribuNon to be beier idenNfied. 
3.  Allows a more accurate observaNon‐model comparison. 

CCR !E (x, yr,mn) =C !C (x, yr,mn)"
SW all (x,mn)# SW clr (x,mn)

CC(x,mn)



Study Area 

China and Japan: 83 GEBA staNons  

Europe: 75 GEBA staNons  



CMIP5 SO2 & BC Historical Emission 
Inventories 

SO2                          BC                



EUROPEAN RESIDUAL FLUX ANOMALIES 



EAST ASIA RESIDUAL FLUX ANOMALIES 

   China                       Japan                



EUROPEAN RESIDUAL FLUX TRENDS 

CMIP5 underesNmates 1971‐1983 European dimming trend: 

!3.3±1.5 vs. ! 0.5±1.1 Wm
!2
decade

!1



CHINA RESIDUAL FLUX TRENDS 

CMIP5 underesNmates 1961‐1989 China dimming trend:  
!8.6±1.0 vs. !1.5± 0.2 Wm

!2
decade

!1



JAPAN RESIDUAL FLUX TRENDS 

CMIP5 underesNmates 1990‐2002 Japan brightening trend: 
+5.5± 2.1 vs. + 0.4± 0.7 Wm

!2
decade

!1



Similar Conclusions Using Model  

•  Suggests residual flux is a 
good proxy for clear sky 
fluxes  Improves 
confidence in observed 
brightening/dimming 
trends. 

Europe 

Japan 

China 

SW
clr
! 1"CC( )



•  Use of the same aerosol 
emissions does not 
guarantee idenNcal 
dimming/brightening 
trends. 

CMIP5 SWclr Trends  Larger Variability 

Europe 

Japan 

China 



•  SWall trends  larger 
uncertainty & model 
spread due to clouds, but 
similar CMIP5 
underesNmaNon. 

All‐Sky SW Trends 

Europe 

Japan 

China 



CONCLUSIONS 

•  CMIP5 models qualitaNvely reproduce observed dimming and brightening 
trends in Europe, China, and Japan. 

•  Magnitude of trends, however, is underesNmated by models, parNcularly for: 
–  1961‐89 Dimming in China          

–  1971‐83 Dimming in Europe      

–  1990‐02 Brightening in Japan    

•  The uniformity of the above underesNmaNon suggests: 
1.  Deficient aerosol emission histories (temporal variaNon or mixture of absorbing/scaiering). 

2.  Deficient model aerosol processing/transport. 
•  IdenNcal aerosol emissions in CMIP5 does not lead to idenNcal dimming/

brightening trends; however, CMIP5 residual flux trends are more uniform 
relaNve to CMIP3. 

!8.6±1.0 vs. !1.5± 0.2

!3.3±1.5 vs. ! 0.5±1.1

+5.5± 2.1 vs. + 0.4± 0.7



Thank‐you 


