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[1] Observations indicate that greenhouse induced twentieth-century warming has been
strongly modulated by variations in surface solar radiation. Between the 1950s and 1980s,
declining surface solar radiation (‘‘global dimming’’) likely caused a dampening of
global warming, whereas increasing surface solar radiation (‘‘brightening’’) may have
contributed to the rapid warming in the last 2 decades, and possibly also in the first half of the
twentieth century. This is also reflected in the decadal evolution of diurnal temperature
range, which is highly correlated with surface solar radiation, and which shows a distinct
transition from a strong decrease between the 1950s and 1980s, toward a leveling off
thereafter. The present study investigates to what extent these effects are simulated in the
latest generation of global climate models used in the fourth Intergovernmental Panel
on Climate Change (IPCC) assessment report (AR4) (phase 3 of the Coupled Model
Intercomparison Project (CMIP3) models). While these models reproduce the overall
twentieth century warming over global land surfaces well, they underestimate the decadal
variations in the warming and particularly also in diurnal temperature range, indicative of a
lack of decadal variations in surface solar radiation in the models.

Citation: Wild, M. (2009), How well do IPCC-AR4/CMIP3 climate models simulate global dimming/brightening and twentieth-

century daytime and nighttime warming?, J. Geophys. Res., 114, D00D11, doi:10.1029/2008JD011372.

1. Introduction

[2] Global warming is considered as a major threat for life
on our planet. Observations show that global mean temper-
ature at the earth’s surface has substantially increased over
the twentieth century [Intergovernmental Panel on Climate
Change, 2007]. This increase, however, has not been linear
over the past decades, but showed a much stronger warming
from the 1980s to 2000 than from the 1950s to the 1980s.
Wild et al. [2007] attributed the lack of significant warming
from the 1950s to the 1980s to the decline in surface solar
radiation observed over this period (‘‘global dimming’’
[Stanhill and Cohen, 2001; Gilgen et al., 1998; Liepert,
2002]), which may have effectively masked the greenhouse
induced warming. Since the mid-1980s, however, the major-
ity of the observation sites did not show a decrease in surface
solar radiation anymore, or even pointed toward an increase
(‘‘brightening’’) [Wild et al., 2005; Pinker et al., 2005].Wild
et al. [2007] suggested that the absence of surface solar dim-
ming and associated masking effects since the 1980s allowed
the greenhouse induced warming to become more evident,
resulting in a more rapid temperature increase than in pre-
vious decades.

[3] Global climate models (GCMs) are the most powerful
tools currently available to investigate climate change issues.
In the present study I explore to what extent the current
generation of GCMs used in the Intergovernmental Panel on
Climate Change (IPCC) fourth assessment report (IPCC-
AR4) [IPCC, 2007] is capable of reproducing this character-
istic behavior in temperature evolution over the past decades.
The focus thereby is not only on mean temperatures, but also
on daily maximum and minimum temperatures and related
diurnal temperature range (DTR), which allow a better sep-
aration of the solar and terrestrial radiative effects on tem-
perature [Wild et al., 2007; Makowski et al., 2008].

2. Models and Observational Data

[4] For the present study I analyzed data from the latest
generation of GCMs participating in the experiments for
IPCC-AR4 [IPCC, 2007]. These model data have been
organized by the Program for Climate Model Diagnosis
and Intercomparison (PCMDI). I focused on the ‘‘20th
Century Climate in Coupled Models (20C3M)’’ experiments
therein. These experiments were aimed at reproducing the
climate evolution of the twentieth century as accurately as
possible, by considering the major natural and anthropogenic
forcings, such as changes in atmospheric greenhouse gases,
aerosol load (tropospheric and volcanic), solar output, and
land use. These experiments are therefore best suited for the
assessment of the capability of the models to reproduce the
climate evolution over the past decades. A more detailed
description of the forcings used in these experiments is
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provided on the web pages of the PCMDI (http://www-
pcmdi.llnl.gov/). These experiments form a part of the phase
3 of the Coupled Model Intercomparison Project (CMIP3).
[5] For the present study most relevant are the forcings

related to aerosol direct and indirect effects, whichmodify the
simulated surface solar radiation. All models taking part in
the IPCC-AR4/CMIP3 experiments consider to some extent
changes in sulfate aerosol burden, but only three models
include an explicit treatment of the sulfur cycle. Black carbon
aerosols are only considered by a minority of the models.
This applies also to the indirect aerosol effects (aerosol
induced changes in cloud optical properties as well as cloud
lifetime), which are not implemented in the majority of the
models (see also IPCC [2007, Table 10.1] for details of the
individual models).
[6] Surface temperature and radiation fields are available

from 18 models participating in the 20C3M experiments (see
Table 1 for model abbreviations and associated research
organizations). Eight of these models also store daily max-
imum and minimum temperatures and therefore the diurnal
temperature range, which is another focus of this study. These
eight models are from NCAR (model versions ccsm3 and
pcm1), GISS (model version aom), CCSR (model versions
miroc3_2 medium and high resolution), CSIRO (model
versions mk3_0 and mk3_5) and INM (model version
cm3). Except the CCSR models, none of these eight models
include the indirect aerosol effects. Also, the majority of
these models include only sulfate aerosols, except for the
CCSR models and NCAR ccsm3, which include in addition
black and organic carbon aerosols.
[7] Observations on the evolution of mean as well as daily

maximum and minimum temperatures are taken from the
gridded data set provided by the Climate Research Unit
(CRU), University of East Anglia [Mitchell and Jones,
2005]. This data set provides observed daily mean, maximum
and minimum temperatures as monthly averages over the
period 1900–2002 on a 0.5� grid. Annual values of global
and hemispheric temperature estimates are approximately
accurate to ±0.05�C (2 standard errors) for the period since
1951 [Brohan et al., 2006].

3. Results

[8] As in the study by Wild et al. [2007] I focus on the
period starting from the International Geophysical Year

(IGY) 1958, when widespread measurements of surface
radiation were initiated, up to 1999, when the 20C3M experi-
ments end.We thereby focus on land surfaces, where we have
the best information on the variations in the temperature
indices and surface solar radiation. In the following, we
subdivide the analysis into two periods, 1958–1985 and
1985–1999. The former covers a period, when radiation
observations indicate a dominance of surface solar dimming,
while in the latter period, rather a tendency toward a bright-
ening is observed [Wild et al., 2005].

3.1. Decadal Changes in Mean 2-m Temperature

[9] During the period 1958–1985, the observed annual
mean temperature over terrestrial surfaces has only slightly
increased, by 0.04�C/decade [Wild et al., 2007]. The related
mean surface temperature fields were available from
18 IPCC-AR4/CMIP3 models. With a mean and median
increase of 0.14�C/decade and 0.17�C/decade, respectively,
the models simulate in general a substantially stronger
increase over this period than indicated by the observations
(Figure 1 and Table 2). Specifically, 13 out of the 18 models
simulate a stronger increase than observed.
[10] On the other hand, during the period 1985–1999, the

models simulate a smaller temperature increase over terres-
trial surfaces than observed. The observed increase over this
period is as much as 0.38�C/decade, while the mean and
median increases in the 18 models are 0.23�C/decade and
0.22�C/decade, respectively (Figure 1 and Table 2). Out of
the 18 models, 15 models show a less pronounced increase
than observed, while only three models exceed the observed
warming. This gives a first indication, that neither the damp-
ing effect of declining surface solar radiation nor the enhanc-
ing effect of more recent surface solar brightening has been
taken into account to its full extent by the models. Note that
over the entire period under consideration here, 1958–1999,
the multimodel mean is, at 0.18�C/decade, close to the
observed increase of 0.17�C/decade over the same 1958–
1999 period. This suggests that the models do reproduce the
longer-term trends well, in line with the findings of IPCC
[2007]. Yet, it is the result of a compensation between an
overestimated warming during the first part of the period
under consideration, and an underestimation thereafter. This
indicates that the current generation of GCMs is able to
reproduce observed temperature trends on multidecadal to cen-
tennial timescales, but underestimates decadal-scale variations.

Table 1. List of IPCC-AR4/CMIP3 Climate Models Analyzed in the Present Study, With Their Abbreviations and Associated Research

Organizationsa

Model Abbreviation Research Organization

cccma_cgcm3_1/cgcm3_1_t63 Canadian Centre for Climate Modeling and Analysis (CCCMA), Canada
cnrm_cm3 Centre National de Recherches Meteorologiques (CNRM), France
csiro_mk3_0/mk3_5 Commonwealth Scientific and Industrial Research Organisation (CSIRO), Australia
gfdl_cm2_0/cm2_1 Geophysical Fluid Dynamics Laboratory (GFDL), New Jersey
giss_ model_e_r/e_h/aom Goddard Institute for Space Studies (GISS), New York
iap_fgoals1_0_g Institute of Atmospheric Physics (IAP), Beijing, China
inmcm3_0 Institute for Numerical Mathematics (INM), Moscow, Russia
ipsl_cm4 Institut Pierre Simon Laplace (IPSL), France
miroc3_2_medres/hires Center for Climate System Research (CCSR), Japan
miub_echo_g Meteorological Institute of the University of Bonn (MIUB), Germany
mpi_echam5 Max-Planck-Institut for Meteorology (MPI), Germany
ncar_ccsm3_0/pcm1 National Center for Atmospheric Research (NCAR), Colorado

aFor more information on individual models, the reader is referred to the Web pages of the Program for Climate Model Diagnosis and Intercomparison
(PCMDI) (http://www-pcmdi.llnl.gov/) and links therein as well as to IPCC [2007, chapter 8].
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This may hamper the predictive skills of these models to
project near future climate evolution.

3.2. Decadal Changes in Daily Maximum
and Minimum Temperatures

[11] In addition to the analysis of mean temperature, the
analysis of the daily maximum and minimum temperatures
holds the potential to disentangle the influence of surface
solar and thermal radiation on global warming. This is due to
the fact that solar and thermal radiation have different effects
on these diurnal temperature extremes. Since the solar flux is
obviously only present during daylight, it affects the daily
maximum temperature (TMAX) more than daily minimum

temperature (TMIN). The nighttime minimum temperature,
on the other hand, is mainly affected by the thermal radiative
exchanges. Nighttime surface radiative cooling depends on
the capacity of the atmosphere to absorb and reemit thermal
radiation toward the surface. An analysis of TMIN and
TMAX therefore allows a cleaner separation of solar and
thermal radiation influences on surface temperature than an
analysis of the mean temperature alone. Wild et al. [2007]
noted distinctly different changes in the observed TMAX and
TMIN during the period 1958–1985, with TMAX slightly
decreasing, while TMIN increased.Wild et al. [2007] related
the decrease in TMAX to the decrease in surface solar
radiation prevailing over this period. In contrast, in the more
recent period 1985–1999, observed TMAX and TMIN both
increased at similar rates, in line with the absence of surface
solar dimming to suppress daytime warming in this period
[Wild et al., 2007].
[12] Eight of the models participating in IPCC-AR4/CMI3

provide TMAX and TMIN fields and allow an assessment of
these quantities (see section 2). Over the period 1958–1985,
none of the models reproduces the decrease in TMAX as
indicated in the observations. Instead, all models show an
increase over this period, which is above the 1-sigma uncer-
tainty level in seven out of eight models (Figure 2, top, and
Table 3). The models simulate a mean and median linear
increase in TMAX of 0.13�C/decade and 0.16�C/decade,
respectively, while the observations suggest a decrease of
�0.04�C/decade.
[13] On the other hand, none of the models reproduces the

strong observed increase in TMAX in the more recent period
(Figure 2, top, and Table 3). The simulated mean and median
increase between 1985 and 1999 amounts to 0.14�C/decade
and 0.15�C/decade, respectively, while the observed increase
is with 0.39�C/decade substantially larger. The observed
increase in TMAX lies outside the range of model increases
even when the 1-sigma uncertainty estimates given in Table 3
are added.
[14] The change in the regression slope of TMAX between

the two periods thus amounts to +0.43 in the observations,
but only to +0.01 and �0.01 in the multimodel mean and
median, respectively (Table 3). Since TMAX is strongly
affected by insolation, this gives further indication that the

Figure 1. Annual mean temperature anomalies over global land surfaces from 1958 to 1999, as (left)
simulated by 18 GCMs in twentieth-century experiments performed for the fourth IPCC assessment report
and (right) observed. Multimodel mean is given as thick black line, and individual model realizations are
shown as dashed lines. Linear regressions for the periods 1958–1985 are in blue and for 1985–1999 are in
red. Observations from the CRU data set [Mitchell and Jones, 2005]. Reference period for anomalies is the
entire twentieth century. Unit is �C.

Table 2. Linear Changes in Annual Mean 2-m Temperature Over

Global Land Surfaces for the ‘‘Dimming’’ Period 1958–1985, the

‘‘Brightening’’ Period 1985–1999, and the Difference Between

the Changes in the Latter and Former Periods, as Simulated by 18

GCMs Participating in the Fourth IPCC Assessment Report and as

Observeda

Model 1958–1985 1985–1999 Difference

cccma_cgcm3_1 0.40 (0.03) 0.20 (0.06) �0.20
cccma_cgcm3_1_t63 0.30 (0.03) 0.43 (0.11) 0.13
cnrm_cm3 0.24 (0.06) 0.13 (0.15) �0.11
csiro_mk3_0 0.19 (0.03) 0.04 (0.12) �0.15
csiro_mk3_5 0.18 (0.06) 0.26 (0.13) 0.08
gfdl_cm2_0 �0.05 (0.04) 0.58 (0.14) 0.63
gfdl_cm2_1 �0.01 (0.07) 0.57 (0.22) 0.58
giss_aom 0.11 (0.03) 0.16 (0.07) 0.05
giss_model_e_h 0.03 (0.04) 0.12 (0.11) 0.09
giss_model_e_r 0.01 (0.04) 0.23 (0.15) 0.22
iap_fgoals1_0_g 0.17 (0.05) 0.12 (0.15) �0.05
inmcm3_0 0.20 (0.04) 0.13 (0.15) �0.07
ipsl_cm4 0.12 (0.04) 0.23 (0.07) 0.11
miroc3_2_hires 0.13 (0.04) 0.34 (0.09) 0.21
miroc3_2_medres 0.06 (0.05) 0.09 (0.10) 0.03
miub_echo_g 0.01 (0.05) 0.28 (0.17) 0.27
mpi_echam5 0.18 (0.07) 0.23 (0.10) 0.05
ncar_ccsm3_0 0.21 (0.04) 0.06 (0.16) �0.15

Mean model change 0.14 0.23 0.09
Median model change 0.17 0.22 0.05
Observed change 0.04 (0.04) 0.38 (0.08) 0.34

aObserved changes are determined from the CRU data set [Mitchell and
Jones, 2005]. One-sigma uncertainties are given in parentheses. Also shown
are the multimodel mean and median changes. Units are �C/decade.
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models may not properly take into account the suppression of
changes in TMAX by declining insolation during the dim-
ming period, nor the acceleration of the TMAX changes
during the brightening period.

[15] In the TMIN evolution, less directly affected by
surface solar radiation, the discrepancies between observed
and modeled tendencies are less pronounced, particularly in
the first period 1958–1985. During this period, the model-
calculated mean and median increase is 0.15�C/decade
and 0.17�C/decade, respectively, while observations show
an increase of 0.11�C/decade (Figure 2, bottom, and Table 4).
The remaining overestimation in the TMIN increase might be
explained by the fact that the excessive daytime warming can
exert some influence also on nighttime warming through the
inertia inherent in the Earth surface and atmospheric bound-
ary layer. It is also noteworthy, that the models, on average,
show a very similar increase in TMIN and in TMAX during
the ‘‘dimming’’ period 1958–1985, with TMAX increasing
by 0.13�C/decade, and TMIN by 0.15�C/decade (Tables 3
and 4 and Figure 2). This is in contrast to the observations
which show a decrease in TMAX of�0.04�C/decade, but an
increase in TMIN of 0.11�C/decade. Over the ‘‘brightening’’
period 1985–1999, model calculated changes in TMIN and
TMAX are very similar, as is found in the observations. In
absolute terms, however, both model-calculated TMIN and
TMAX increases are less than 40% of the observed change
over the 1985–1999 period.

3.3. Decadal Changes in Diurnal Temperature Range

[16] The Diurnal Temperature Range (DTR) is defined as
the difference between TMAX and TMIN. This quantity is

Figure 2. Annually averaged daily (top) maximum temperature and (bottom) minimum temperature
anomalies over global land surfaces from 1958 to 1999, as (left) simulated by eight GCMs in twentieth-
century experiments performed for the fourth IPCC assessment report and (right) observed. Multimodel
mean is given as thick black line, and individual model realizations are shown as dashed lines. Linear
regressions for the periods 1958–1985 are in blue and for 1985–1999 are in red. Observations from the
CRU data set [Mitchell and Jones, 2005]. Reference period for anomalies is the entire twentieth century.
Unit is �C.

Table 3. Linear Changes in TMAX Over Global Land Surfaces

for the ‘‘Dimming’’ Period 1958–1985, the ‘‘Brightening’’ Period

1985–1999, and the Difference Between the Changes in the Latter

and Former Periods, as Simulated by the Eight GCMs Participating

in the Fourth IPCC Assessment Report Which Provided TMAX

Data and as Observeda

Model 1958–1985 1985–1999 Difference

inmcm3_0 0.20 (0.04) 0.15 (0.15) �0.05
csiro_mk3_0 0.16 (0.04) �0.01 (0.13) �0.17
csiro_mk3_5 0.18 (0.07) 0.24 (0.13) 0.06
miroc3_2_hires 0.16 (0.04) 0.24 (0.10) 0.08
miroc3_2_medres 0.04 (0.06) 0.05 (0.11) 0.01
giss_aom 0.10 (0.03) 0.17 (0.07) 0.07
ncar_ccsm3_0 0.07 (0.05) 0.11 (0.14) 0.04
ncar_pcm1 0.14 (0.04) 0.14 (0.16) 0.00

Mean model change 0.13 0.14 0.01
Median model change 0.16 0.15 �0.01
Observed change �0.04 (0.04) 0.39 (0.08) 0.43

aTMAX denotes daily maxima temperatures. Observed changes are
derived from the CRU data set [Mitchell and Jones, 2005]. One-sigma
uncertainties are given in parentheses. Also shown are the multimodel mean
and median changes. Units are �C/decade.
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expected to be a better proxy for surface solar radiation
variations than TMAX, since, after subtraction of TMIN
from TMAX, thermal effects are to a considerable extent
eliminated from the records. This leaves the solar influences
as a major forcing factor of DTR, particularly integrated over
large areas as considered here, where advective influences are
minimized [Makowski et al., 2008]. Indeed, several studies
showed a very high correlation of observed records of surface
solar radiation and DTR [e.g., Bristow and Campbell, 1984;
Liu et al., 2004; Makowski et al., 2009]. A decline in
observed DTR over global terrestrial surfaces after 1950
was documented in a number of studies [e.g., Karl et al.,
1993; Easterling et al., 1997; Dai et al., 1999]. Wild et al.
[2007] pointed out that this decline underwent a significant
transition during the 1980s, with a leveling off in the more
recent years, in accord with Vose et al. [2004]. Wild et al.

[2007] further pointed to the concurrence of the leveling off
in DTR with the transition in surface radiative forcing from
dimming to brightening. Similar findings were obtained on
more regional scales based on 305 sites in China [Liu et al.,
2004] and on 168 sites in Europe [Makowski et al., 2009].
The simulated DTR can be inferred from the eight IPCC-
AR4/CMIP3 models above, which provide TMAX and
TMIN. In Figure 3, simulated and observed global mean
land DTR over the past decades are compared. The strong
decline seen in the observations over the period 1958–1985
is not reproduced by the models. The model mean and
median decline are both only �0.02�C/decade, while the
observed decline is �0.15�C/decade, i.e., 1 order of magni-
tude larger (Table 5). None of the eight models shows a
reduction to the extent as observed, even when the 1-sigma
uncertainty estimates are taken into account (Table 5 and
Figure 3). The models with the strongest reduction in DTR
reproduce, at �0.04�C/decade between 1958 and 1985, only
30% of the observed reduction (Table 5). A lack of declining
DTR in GCMs was also noted in previous studies based on
earlier GCMs [e.g., Kukla et al., 1995; Stone and Weaver,
2002, 2003, and references therein]. The negligible change in
the DTR in the models over the 1958–1985 period is a result
of the very similar changes in TMIN and TMAX noted in
section 3.2, while the opposing changes (even in sign) of
observed TMAX and TMIN induce the substantial decline in
observed DTR over the same period. Since large-scale DTR
changes may be considered as a valuable first-order proxy for
surface solar radiation changes (see references given above),
this is again an indication that a large-scale decline in surface
solar radiation may have caused the decline in observed
DTR. The decline in surface solar radiation may not be
considered to its full extent in the models (see section 3.4).
Also, while the observations show a strong positive change in
the slope of the linear regression from the 1958–1985 to the
1985–1999 period of 0.12�C/decade, the change in the slope
in the models is even slightly negative, at �0.02�C/decade
(Table 5). This further suggests that the significant change in
the surface radiative forcing regimes observed between the

Table 4. Linear Changes in TMIN Over Global Land Surfaces for

the ‘‘Dimming’’ Period 1958–1985, the ‘‘Brightening’’ Period

1985–1999, and the Difference Between the Changes in the Latter

and Former Periods, as Simulated by the Eight GCMs Participating

in the Fourth IPCC Assessment Report Which Provided TMIN

Data and as Observeda

Model 1958–1985 1985–1999 Difference

inmcm3_0 0.19 (0.05) 0.09 (0.16) �0.10
csiro_mk3_0 0.21 (0.03) 0.09 (0.10) �0.12
csiro_mk3_5 0.19 (0.06) 0.27 (0.12) 0.08
miroc3_2_hires 0.13 (0.04) 0.37 (0.10) 0.24
miroc3_2_medres 0.07 (0.05) 0.13 (0.10) 0.06
giss_aom 0.12 (0.03) 0.15 (0.07) 0.03
ncar_ccsm3_0 0.09 (0.05) 0.17 (0.15) 0.08
ncar_pcm1 0.17 (0.05) 0.15 (0.13) �0.02

Mean model change 0.15 0.18 0.03
Median model change 0.17 0.15 �0.02
Observed change 0.11 (0.04) 0.42 (0.08) 0.31

aTMIN denotes daily minima temperatures. Observed changes are derived
from the CRU data set [Mitchell and Jones, 2005]. One-sigma uncertainties
are given in parentheses. Also shown are the multimodel mean and median
changes. Units are �C/decade.

Figure 3. Annually averaged diurnal temperature range (DTR) anomalies over global land surfaces from
1958 to 1999, as (left) simulated by eight GCMs in twentieth-century experiments performed for the fourth
IPCC assessment report and (right) observed. Multimodel mean is given as thick black line, and individual
model realizations are shown as dashed lines. Linear regressions for the periods 1958–1985 are in blue and
for 1985–1999 are in red. Observations from the CRU data set [Mitchell and Jones, 2005]. Reference
period for anomalies is the entire twentieth century. Unit is �C.
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two periods (‘‘from dimming to brightening’’) is not ade-
quately reproduced in the models.

3.4. Decadal Changes in Surface Solar Radiation

[17] Since DTR was suggested as a valuable proxy for
surface solar radiation in different studies as noted above, the
above results may point to deficiencies in the GCM-simulated
surface solar radiation. Specifically, this analysis showed that
neither the strong observed decline in DTR between the 1960s
and 1980s nor its transition to a leveling off in more recent
years is reproduced in the models used in the IPCC-AR4.
This points to a too weak decline in surface solar radiation
(‘‘dimming’’) in the model simulations between the 1960s
and 1980s as well as their inability to capture the full extent of
the transition from dimming to brightening in the mid-1980s.
Therefore I also looked at the surface solar radiation simu-
lated in the IPCC-AR4/CMIP3 models. Unlike DTR, TMAX
and TMIN, which have only been available from eight of
the models, the downwelling surface solar radiation has
been again stored in all 18 models, as the mean temperature.
Surface solar radiation simulated by these IPCC-AR4/CMIP3
models on a climatological mean basis has been evaluated in
previous studies [Wild et al., 2006; Wild, 2008]. They show
that the models overall tend to overestimate surface solar
radiation compared to a comprehensive set of surface mea-
surements, under both all-sky and clear-sky conditions. Here
the focus is instead on the decadal variation of the simulated
fluxes. Figure 4 depicts the evolution of surface solar radia-
tion over global land surfaces over the focal period 1958–
1999 as calculated by the 18 models. Over the entire period
the multimodel mean shows a slight decrease of �0.35 W
m�2/decade, which is nearly linear, except for the temporary
reductions after major volcanic eruptions (Agung 1964, El
Chichon 1983, Pinatubo 1991). The decrease is in line with
Romanou et al. [2007], who found a global mean decrease of
1–4 W m�2 over the twentieth century in nine of these
models. Over the period 1958–1985, a decrease of�0.43 W
m�2/decade is found in themultimodel mean over global land
surfaces (Table 6). The decrease persists over the period
1985–1999, at �0.20 W m�2/decade. Unlike temperature

measurements, with their dense networks over terrestrial
surfaces, the much fewer surface radiation sites make an
unambiguous determination of observed global land mean
estimates more difficult. The analyses of the available radi-
ation measurements in the literature suggest declines of
surface solar radiation from the 1960s to the 1980s, which
are an order of magnitude larger than the changes simulated
by the models in Table 6 for the 1958–1985 period [e.g.,
Gilgen et al., 1998; Stanhill and Cohen, 2001, and references
therein; Liepert, 2002; Wild et al., 2004; Wild, 2009, and
references therein]. Even though these estimates might be
biased high to some extent owing to local pollution [Alpert
et al., 2005], the discrepancies between observational
and model-calculated changes are considerable over this
period. Satellite-derived estimates of surface solar radiation,
which provide a global coverage [Pinker et al., 2005;
Hatzianastassiou et al., 2005] are only available since the
mid-1980s and thus cover only the second period (1985–
1999) under consideration (see also N. Hatzianastassiou et
al., Two-decadal trends of aerosol optical thickness and direct
radiative effect on surface solar radiation and their role in
global dimming and brightening, submitted to Journal of
Geophysical Research, 2009). Satellite-derived estimates
may be sensitive to uncertainties in some of their input data,
such as changes in cloud and aerosol properties, which are
difficult to infer from satellites. Accordingly, trends in
satellite-derived estimates differ substantially [Wild, 2009].
Globally, the satellite-based estimates suggest a large-scale
brightening since the mid-1980s, of +1.6 W m�2/decade
[Pinker et al., 2005] or +3.5Wm�2/decade (Hatzianastassiou
et al., submitted manuscript, 2009) over periods closely
matching the 1985–1999 period under consideration here.
Over land surfaces only, estimates range from �0.5 W m�2/
decade [Pinker et al., 2005] to +3.7 W m�2/decade
(Hatzianastassiou et al., submitted manuscript, 2009). Wild
et al. [2008] derived an increase of +2.2 W m�2/decade in
solar radiation over global land surfaces over the same period

Table 5. Linear Changes in DTR Over Global Land Surfaces for

the ‘‘Dimming’’ Period 1958–1985, the ‘‘Brightening’’ Period

1985–1999, and the Difference Between the Changes in the Latter

and Former Periods, as Simulated by the Eight GCMs Participating

in the Fourth IPCC Assessment Report Which Provided DTR Data

and as Observeda

Model 1958–1985 1985–1999 Difference

inmcm3_0 0.01 (0.03) 0.07 (0.07) 0.06
csiro_mk3_0 �0.04 (0.02) �0.09 (0.05) �0.05
csiro_mk3_5 �0.01 (0.02) �0.03 (0.04) �0.02
miroc3_2_hires 0.03 (0.02) �0.12 (0.06) �0.15
miroc3_2_medres �0.03 (0.02) �0.08 (0.03) �0.05
giss_aom �0.02 (0.01) 0.03 (0.02) 0.05
ncar_ccsm3_0 �0.02 (0.01) �0.06 (0.03) �0.04
ncar_pcm1 �0.04 (0.02) �0.01 (0.04) 0.03

Mean model change �0.02 �0.04 �0.02
Median model change �0.02 �0.03 �0.01
Observed change �0.15 (0.01) �0.03 (0.02) 0.12

aDTR denotes diurnal temperature range. Observed changes are from the
CRU data set [Mitchell and Jones, 2005]. One-sigma uncertainties are given
in parentheses. Also shown are the multimodel mean and median changes.
Units are �C/decade.

Figure 4. Annual averaged surface solar radiation anoma-
lies over global land surfaces from 1958 to 1999, as simulated
by 18 GCMs in twentieth-century experiments performed for
the fourth IPCC assessment report. Multimodel mean is given
as thick black line, and individual model realizations are
shown as dashed lines. Linear regressions for the periods
1958–1985 are in blue and for 1985–1999 are in red. Ref-
erence period for anomalies is the entire twentieth century.
Unit is W m�2.
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on the basis of 332 surface radiation sites. Overall, the avail-
able literature does not support a continuation of the dimming
over the 1985–1999 period as simulated in the GCMs [Wild,
2009]. The observational estimates, indicating an increasing
surface solar radiation since the mid-1980s, are in line with
evidence for decreasing background aerosol optical depths
inferred from satellite measurements over the oceans during
the 1990s [Mishchenko et al., 2007] and a general decrease in
anthropogenic sulfur and black carbon emissions during this
period [Stern, 2006; Streets et al., 2006]. For the area of
Europe, Ruckstuhl and Norris [2009] find that a multimodel
mean composed of 14 of the IPCC-AR4/CMIP3 models used
here underestimates the decline in the clear sky surface solar
radiation during the dimming period compared to the trends

estimated from observations by Ruckstuhl et al. [2008] and
Norris andWild [2007]. They further note that the magnitude
of the subsequent ‘‘brightening’’ under cloud free atmo-
spheres over Europe is too small in the models compared to
these references.
[18] Overall, compared to the evidence given in the liter-

ature on the evolution of surface solar radiation over the
second part of the twentieth century, the GCMs seem to
underestimate the decadal changes in this quantity. This is
further illustrated in Figure 5. There the longest record with
surface solar radiation observations available in GEBA, the
Stockholm time series with more than 70 years of data back
to 1923, is compared to the surface solar radiation as repro-
duced at the nearest grid point by the 18 IPCC-AR4/CMIP3
models in their 20C3M simulations. Figure 5 indicates that
decadal variations of surface solar radiation simulated at the
Stockholm grid point are much lower than observed. Note
that in the multimodel mean, decadal variations can be
artificially suppressed through the averaging process over
the individual simulations. Yet, also an inspection of the
individual model simulations shows that none of the models
adequately captures the substantial decadal changes seen in
the Stockholm time series. Specifically, the standard devia-
tion of the observed annual mean time series lies, with 8.4 W
m�2, outside the range of variances simulated at the
corresponding grid points by all 18 GCMs, which lie between
3.6 W m�2 to 8.1 W m�2, with a mean value of 5.7 W m�2.
[19] A more extended comparison of surface solar radia-

tion with direct observations is planned for a future study.

4. Discussion and Conclusions

[20] Independent analyses of different temperature indices
and surface solar radiation trends simulated in the ‘‘20th
Century Climate in Coupled Models (20C3M)’’ experiments
indicate that decadal dimming and brightening and related
temperature effects are not reproduced to their full extent in
current climate models. This may also explain why the
simulated mean temperature increase over land surface is
too strong in the ‘‘dimming phase’’ and too weak in the
‘‘brightening phase’’ (Figure 1 and Table 2).

Table 6. Linear Changes in Annual Mean Downwelling Solar

Radiation Over Global Land Surfaces for the ‘‘Dimming’’ Period

1958–1985, the ‘‘Brightening’’ Period 1985–1999, and the Differ-

ence Between the Changes in the Latter and Former Period, as

Simulated by 18 GCMs Participating in the Fourth IPCC Assess-

ment Reporta

Model 1958–1985 1985–1999 Difference

cccma_cgcm3_1 0.04 (0.14) 0.19 (0.51) 0.15
cccma_cgcm3_1_t63 0.12 (0.16) 0.04 (0.32) 0.16
cnrm_cm3 0.34 (0.18) 0.15 (0.56) 0.19
csiro_mk3_0 0.41 (0.19) 0.41 (0.49) 0.00
csiro_mk3_5 0.04 (0.18) 0.24 (0.44) 0.20
gfdl_cm2_0 0.50 (0.18) 0.67 (0.65) 0.17
gfdl_cm2_1 0.56 (0.24) 0.47 (0.49) 0.09
giss_aom 0.29 (0.10) 0.33 (0.21) 0.62
giss_model_e_h 1.43 (0.22) 0.67 (0.69) 0.76
giss_model_e_r 1.11 (0.19) 0.32 (0.86) 0.79
iap_fgoals1_0_g 0.05 (0.13) 0.72 (0.36) 0.67
inmcm3_0 0.13 (0.10) 0.43 (0.34) 0.56
ipsl_cm4 0.30 (0.08) 0.11 (0.28) 0.41
miroc3_2_hires 0.66 (0.17) 0.13 (0.53) 0.79
miroc3_2_medres 0.68 (0.17) 0.51 (0.43) 0.17
miub_echo_g 0.46 (0.18) 0.19 (0.41) 0.27
mpi_echam5 0.42 (0.20) 0.55 (0.39) 0.97
ncar_ccsm3_0 0.38 (0.19) 0.64 (0.49) 0.26

Mean model change 0.43 0.20 0.23
Median model change 0.38 0.19 0.19

aOne-sigma uncertainties are given in parentheses. Also shown are the
multimodel mean and median changes. Units are W m�2/decade.

Figure 5. Annual mean surface solar irradiance anomalies as (right) observed at the long-termmonitoring
station Stockholm and (left) simulated at the respective grid point by 18 GCMs in twentieth-century
experiments performed for the fourth IPCC assessment report. Multimodel mean is given as thick black
line, and individual model realizations are shown as dashed lines. Reference period for anomalies is
1923�1999. Unit is W m�2.
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[21] The lack of decadal variations in the models is even
more evident when DTR simulations over terrestrial surfaces
for the entire twentieth century are considered (Figure 6).
I restrict myself to the terrestrial surfaces of the Northern
Hemisphere, since only on the Northern Hemisphere there is
abundant DTR information back to the early twentieth
century for such an analysis (P. Jones, personal communica-
tion, 2008). The observed DTR evolution not only suggests a
downward tendency predominantly between the 1950s and
1980s and a leveling off thereafter as discussed above, but
also a slight upward tendency in the 1930s and 1940s
(Figure 6, right). This provides indication for a brightening
not only at the end of the twentieth century, but also in the
1930s and 1940s (‘‘early brightening’’), and suggests that the
dimming was essentially confined to about a 30–40 years
period in the second half of the twentieth century. A com-
parison with the DTR simulated in the models over the entire
twentieth century (Figure 6, left) suggests that none of these
decadal variations are reproduced by the models. Even
though missing values in the observational data set are filled
with climatologies if no other information is available
(P. Jones, personal communication, 2008), which may damp-
en decadal variations in the observations, these variations are
still much larger than simulated by the models. The ‘‘early
brightening’’ indicated in the observed DTR record is in line
with evidence from the few direct radiation measurements
that reach back into the first half of the twentieth century,
which show an increasing tendency in surface solar radiation
during the 1930s and 1940s [Ohmura, 2006; Wild, 2009].
This is for example also seen in Figure 5 in the Stockholm
time series. The lack of ‘‘early brightening’’ in the models
may also explain their weaker than observed temperature rise
in the early twentieth century.
[22] This lack in decadal variability in the GCM-calculated

DTR and surface radiation fields could have various origins.
An obvious origin could be an underestimated decadal
variation in cloud characteristics, such as cloud cover and
cloud albedo. Clouds were shown to have a major impact on
DTR (through their modulation of the radiative fluxes) and
can reduce the DTR by 25–50% compared with clear sky
days over most land areas [Dai et al., 1999]. Decadal

variations of cloud characteristics are, however, not very
well established from observations. Not even for the satellite
era (since the early 1980s) we have unambiguous observa-
tional information on trends in these quantities. The strong
decline in global mean cloud amount during the 1990s seen in
the data of the International Satellite Cloud Climatology
Project (ISCCP) [Rossow and Duenas, 2004] is controversial
and currently disputed in the literature [e.g., Evan et al.,
2007]. Cloud estimates farther back in time have to rely on
the historic synoptic observations based on human eye
inspection of the sky, with associated uncertainties. An
increased variation in cloud characteristics may be obtained
in the models through the consideration of aerosol-cloud
interactions (indirect aerosol effects). These effects are en-
tirely neglected in most of the IPCC-AR4/CMIP3 models
(see section 2 and IPCC [2007, Table 10.1]), or only crudely
represented in a minority of these models. Inclusion of
aerosol direct and indirect effects has a beneficial impact
on the simulation of the DTR, as shown for example by
Quaas [2003]. Also, the associated decadal variation in the
distribution of atmospheric aerosol loads is not well known.
Most IPCC-AR4/CMIP3 models prescribe the variations in
sulfate (and some models additionally black carbon) burden
in the atmosphere which may not contain the full extent of
decadal variations, owing to a lack of better knowledge.
Ruckstuhl and Norris [2009] find large discrepancies in
different estimates on the evolution of sulfate and black
carbon aerosol burdens over Europe which entered the
IPCC-AR4 simulations, and consider this as a major cause
for the inadequate simulation of the clear-sky surface solar
radiation trends over Europe. Attempts are under way at
several modeling centers to include the aerosol treatment
more explicitly. These include the prescription of aerosol and
aerosol precursor emissions based on emission inventories
rather than prescribing atmospheric aerosol burdens, further
include an explicit sulfur cycle, and consider interactive
aerosol transport, transformation and deposition [e.g., Stier
et al., 2005]. This approachwill allow formore flexibility and
variability, once more accurate historic emission inventories
are available with higher temporal resolution [e.g., Bond
et al., 2007]. Further, more sophisticated aerosol modules

Figure 6. Annually averaged diurnal temperature range (DTR) anomalies over Northern Hemisphere
land surfaces over the entire twentieth century, as (left) simulated by eight GCMs in twentieth-century
experiments performed for the fourth IPCC assessment report and (right) observed. Multimodel mean is
given as thick black line, and individual model realizations are shown as dashed lines. Observations from
the CRU data set [Mitchell and Jones, 2005]. Reference period for anomalies is the entire twentieth century.
Unit is �C.
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now also include other interactive types of aerosol apart from
sulfate, such as black and organic carbon, dust and sea salt.
The emission-based approaches for various interactive aero-
sol types may increase the degrees of freedom of the global
aerosol system, thereby increasing the variability, and in
conjunction with direct and indirect aerosol effects may lead
to larger variations in the radiative forcing. Of course it
cannot be ruled out that besides the direct and indirect
forcings, also other natural and anthropogenic forcings and
their effects on clouds, radiation and DTR are underestimated
in the models with respect to their decadal variations. For
example, potential impacts of increasing greenhouse gases
and associated warming on clouds are still poorly under-
stood. Also, land surface feedbacksmay be able to enhance or
dampen decadal variability, although considered of second-
ary importance compared to the radiation and cloud effects in
some studies [Dai et al., 1999]. Stone and Weaver [2003]
identified soil moisture changes, through their capability to
change the ground heat capacity, as most important land
surface feedback on DTR. Surface solar dimming was shown
to be able to increase soil moisture by reducing the available
energy for surface evaporation [Robock et al., 2005]. There-
by, the DTR reduction caused by dimming could have been
further pronounced by the increased soil moisture and
associated increased heat capacity of the ground, and accord-
ingly, the increasing DTR under brightening further enhanced
through positive feedbacks. Climate models were shown to
have difficulties in reproducing the observed decadal changes
in soil moisture [Robock et al., 2005].
[23] One should also keep in mind that we cannot exclude

the possibility that the unforced natural variability of the
climate system may not be reproduced by the models to its
full extent. Such natural variability, for example, in the atmo-
spheric dynamics, could potentially also induce decadal-
scale variations in cloud properties independent of aerosol
interactions, with associated surface solar radiation and DTR
changes.
[24] Clearly, further work is required to elucidate the sub-

stantial discrepancies in the model-calculated and observed
decadal variations in mean, daily maximum and minimum
surface temperature as well as surface solar radiation identi-
fied in this study.
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