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[1] Simulations using a climate model are used to
investigate the possible impact of increasing emissions of
carbonaceous aerosols on near-surface temperature in the
mid-20th century. The annual global mean near-surface
temperature change from the mid-20th century onward is
reasonably described by a model that is forced by changes
in most of the known climate forcing agents including an
increase in carbonaceous aerosols, though it can also be
well reproduced without increases in carbonaceous
aerosols. However, if we consider spatio-temporal
structure of the changes in the near-surface temperature,
an increase in carbonaceous aerosols is definitely required
for the model to represent changes in the near-surface
temperature in the mid-century, in particular, cooling
trends in the tropical and subtropical continents. The
significance of an increase in carbonaceous aerosols as an
indispensable contributor to mid-20th century temperature
changes is confirmed with the use of an optimal
fingerprinting methodology. Citation: Nagashima, T., H.

Shiogama, T. Yokohata, T. Takemura, S. A. Crooks, and

T. Nozawa (2006), Effect of carbonaceous aerosols on surface

temperature in the mid twentieth century, Geophys. Res. Lett., 33,

L04702, doi:10.1029/2005GL024887.

1. Introduction

[2] The Earth’s near-surface temperature in the mid 20th
century, from mid 1940s to mid 1970s, shows a slight
cooling, while apparent global warming has occurred in
both the early and the late 20th century [Intergovernmental
Panel on Climate Change (IPCC), 2001, and references
therein]. The likely causes of the global warming in these
periods has been the focus of several studies using state-of-
the-art coupled atmosphere-ocean models (climate models)
[e.g., Delworth and Knutson, 2000; Tett et al., 2002; Meehl
et al., 2004; Nozawa et al., 2005], however there is little
literature which refers to the cause of the mid century
cooling.
[3] Wigley et al. [1997] showed that the levelling off of

solar irradiance in the mid century brought a reasonable
cooling trend to their energy-balance model, whereas
Andronova and Schlesinger [2000] suggested that an inter-
nal oscillation over the North Atlantic and its adjacent land

area with a period of 65–70 years is a possible explanation
of the cooling in the mid century. Tett et al. [1999] proposed
that the cooling effect of sulfate aerosols could balance the
effect of greenhouse gases in the mid century giving a
slight cooling trend. However, none have explicitly con-
sidered the impact of carbonaceous aerosols which ought
to have a large impact on the near-surface temperature
[e.g., Ramanathan et al., 2001].
[4] Using a climate model forced with a range of differ-

ent anthropogenic aerosol emissions we investigate the
impact of increasing emissions of carbonaceous aerosols
on mid-20th century near-surface temperature change. A
detailed comparison is made between the observed spatial
and temporal temperature change over this period and the
spatial and temporal responses simulated by our climate
model.

2. Model and Experiments

[5] The climate model used in this study is MIROC3.2
[K-1 Model Developers, 2004], which has a horizontal
resolution of T42 (grid spacing 2.8� in both longitude and
latitude) in the atmosphere and 1.4� longitude by 0.5�–1.4�
latitude in the ocean. The model has 20 levels in the vertical
in the atmosphere and 44 levels in the ocean. This model is
coupled with an aerosol transport model, SPRINTARS
[Takemura et al., 2002] that can handle five kinds of
aerosols (soil dust, sea-salt, sulfate, organic carbon (OC),
and black carbon (BC)). SPRINTARS can explicitly deal
with the first and second indirect effects that soluble
aerosols change size of cloud droplet and lifetime of cloud
acting as cloud condensation nuclei respectively, as well as
the direct effect that aerosol particles scatter and absorb the
solar and thermal radiation.
[6] We performed three experiments, spanning the years

from 1850 to 2000. Each of them was forced by different
combinations of historical changes in anthropogenic aero-
sol emissions in order to investigate the impact of such
changes on 20th century climate. In the experiment labeled
‘‘SC-INCR’’, the carbonaceous (OC+BC) aerosols and the
precursors of the sulfate aerosols (SO2) increase according
to estimations derived from country-based inventory data.
The emissions of SO2 are referred from Lefohn et al.
[1999], while those of carbonaceous aerosols are provided
by T. Nozawa (unpublished data, 2005); a brief description
of which is given by Takemura et al. [2005] and more
detailed description is available at http://atm-phys.nies.
go.jp/�nozawa/emission. The two other experiments were
labeled ‘S-INCR’, where only SO2 emissions were
increased, and ‘SC-FIX’, where both the SO2 and carbona-
ceous emissions were fixed at the 1850-level. In addition,
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all of the experiments were also driven by several other
major external forcings relevant to the 20th century. These
include historical changes in well-mixed greenhouse gases
(CO2, CH4, N2O and halocarbons), stratospheric ozone,
tropospheric ozone estimated by a chemical model, land-
use, solar irradiance and stratospheric volcanic aerosol.
References to the data sets of these historical changes are
given by Nozawa et al. [2005]. Each experiment consists of
four ensemble members, starting from different initial con-
ditions taken from a 900-year control simulation, at inter-
vals of 100 years. The control simulation was performed
with constant (i.e., non-time varying) external forcings
which are fixed at 1850-level.

3. Results

[7] The evolutions of global annual mean near-surface
(2m) temperatures (T2) over the 20th century derived from
the three experiments were compared with observations
[Jones and Moberg, 2003] in Figure 1. Until approximately
1940, the calculated warming from the end of the 19th
century in each of the three experiments is similar to the
observed warming during the same period. After 1940,
however, SC-FIX fails to reproduce the slight cooling in
the mid-century, and overestimates global warming during
the late 20th century, resulting in a temperature increase
at the end of the 20th century twice as large as that
observed. Compared to SC-FIX, since 1940, S-INCR and
SC-INCR better trace the course of observed global annual
mean changes in T2. A comparison of those two experi-
ments with SC-FIX demonstrates a significant offsetting of
greenhouse-gas-induced global warming by global cooling
due to increased anthropogenic aerosols. However, the
better correspondence between the observed T2 change
and modelled T2 change in S-INCR than in SC-INCR

especially after circa 1960 could indicate that the additional
cooling stemming from the carbonaceous aerosols used in
the model during this period could be slightly too large.
[8] In order to take a closer look at the effect of increased

carbonaceous aerosols on changes in T2 after 1940, we now
examine the geographical distribution of the linear trends
(trend pattern) in T2. In the latter part of the 20th century
(1976–2000), both S-INCR and SC-INCR predict a signif-
icant global-mean warming, but SC-INCR catches the
features of the observed trend pattern better than S-INCR
(not shown). This would suggest considerable regional
impacts of carbonaceous aerosols on T2 in the latter part
of the 20th century as described by Menon et al. [2002] or
Ramanathan et al. [2005], for example, however, the
analysis of such an impact is beyond the scope of this paper
and should be reported elsewhere.
[9] Around mid-century, the trend patterns from each of

the three experiments differ from each other (Figure 2).
Comparing the three experiments and the observations, it is
clear that the trend pattern from SC-INCR gives the best
agreement with the observed trend pattern, although the
large-scale warming trend that occurred over Eurasia is not
captured. When we measure the correspondence between
the trend pattern from each experiment with the observed
trend pattern using both centred- and uncentred-pattern
correlation statistics [Tett et al., 1996], the values of the
correlation statistics for the SC-INCR experiment are high
and statistically significant, while they are low and gener-
ally insignificant for the other two experiments (see lower
numbers for each experiment in Figure 2). Such is the case
not only for the period shown in Figure 2 (1942–1979), but
also for other periods around mid-20th century (not shown).
The regional cooling trends for South China, sub-Saharan
Africa, Central-South America (except Argentina) and the
equatorial Atlantic coast, that are only reproduced in
SC-INCR, improve the correspondence with the trend

Figure 1. Time series of annual and global mean T2 from
the observations [Jones and Moberg, 2003] (thick black
lines) and from the SC-FIX, S-INCR, and SC-INCR
experiments expressed as anomalies relative to the 1881–
1910 mean (K) (red lines). The ensemble means and the
ensemble minimum-to-maximum member range (pink
shade) are shown. In calculating the annual global means
for the model, the model data were masked at times and
locations where observational data were not available. More
than ten months of data were required at each location to
calculate the annual mean value.

Figure 2. Geographical distributions of linear trends
(K/decade) of T2 from 1942 to 1979 for (a) the observations
[Jones and Moberg, 2003], (b) SC-FIX, (c) S-INCR and
(d) SC-INCR. The trends were calculated from the annual
mean data only for those grids where annual data is
available for at least 2/3 of the 38 years in question and
distributed in time without significant bias. The values of
the centred (R) and uncentred (g) pattern correlation
statistics are shown for each experiment. An asterisk
denotes that the value is outside the ±2s range of the PDF
of both statistics as estimated from the control simulation.
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pattern from the observations. In SC-INCR, increases in
the carbonaceous aerosols loading mainly originating from
biomass burning were simulated in these regions (not
shown) implying that increased levels of such aerosols
had a negative radiative forcing (RF) in those regions.
[10] The instantaneous RFs due to carbonaceous and

sulfate aerosols were calculated separately using the atmo-
spheric component of MIROC3.2. The RFs were calculated
between 1900 and 2000 at intervals of 10 years. The
estimated global annual mean net direct RFs due to BC
and OC for year 2000 condition at the Earth’s surface (at the
top of the atmosphere) are �0.78 and �0.36 (+0.42 and
�0.28) W/m2 respectively. These estimates compare well
with the previous estimates [IPCC, 2001, and references
therein]. The trend patterns of net RF at the surface show
that the increase in both carbonaceous and sulfate aerosols
invoked in SC-INCR caused cooling of most of the Earth’s
surface between 1940 and 1980 (Figures 3a–3d). However,
the geographical distributions of radiative cooling trend
caused by increases in both of these anthropogenic aerosols
are completely different from each other. The above-men-
tioned regions, in which the cooling trend for T2 was only
predicted by SC-INCR in Figure 2, coincide well with the
regions where the radiative cooling due to the first-indirect
effect of carbonaceous aerosols is reinforced, while the
cooling due to both the first-indirect and direct effect of
sulfate aerosols is unlikely to account for the regional T2
cooling trends in those regions. The radiative cooling due to
the direct effect of carbonaceous aerosols is also reinforced
at the above-mentioned regions (Figure 3a) because of the
large absorption of incoming solar radiation (SR) by BC
which reduces the SR reaching the surface. BC also absorbs
the upward SR reflecting by the surface or cloud, resulting
in a positive RF at the tropopause (Figure 3e). Such
absorptions of SR by BC warm the surrounding air, and
then the thermal radiation from the warmed air would warm

the surface. Unfortunately, such a warming of surface
cannot be precisely estimated from the instantaneous RFs,
therefore we cannot state how large is the net impact by
the direct effect of carbonaceous aerosols on the change
in T2.
[11] Finally, we formally tested the consistency between

the spatio-temporal changes observed for T2 and the sim-
ulated values of T2 by using a standard optimal fingerprint-
ing method [Allen and Tett, 1999] that was modified to
consider the sampling uncertainty introduced by estimating
model-simulated spatio-temporal changes from a finite
ensemble [Allen and Stott, 2003]. This method is a form
of multivariate regression that represents the observations as
the sum of the model-simulated spatio-temporal changes
multiplied by a scaling factor (b), and the internal climate
variability. If the value of b is positive, the simulated spatio-
temporal change is detectable in the observations. More-
over, if b is regarded as unity, not only the spatio-temporal
pattern, but also the amplitude of the simulated change is
consistent with the observations. Note that prior to the
calculation of b, we took decadal means of all data,
anomalised them relative to 1940–1979 mean, and pro-
jected them onto T4 spherical harmonics. Figure 4 shows
the best-estimate values of b and their uncertainty range for
the spatio-temporal changes between 1940 and 1979 for the
three experiments. b is only significantly positive for SC-
INCR with a best-estimate value of about unity, while the
values for S-INCR and SC-FIX cannot be statistically
distinguished from zero. This implies that the observed
spatio-temporal change in T2 in the mid-20th century that
results in a slight global cooling cannot be attributed to any
combination of climate forcings in which an increase in
carbonaceous aerosols is not included. Furthermore, we
regressed the observed spatio-temporal change in T2 onto
the two model-simulated responses from SC-INCR and S-
INCR to estimate the b values for the carbonaceous aerosol
forcing alone and the sum of all other forcings by using a
linear transformation method [Tett et al., 2002]. The best-
estimated values of b for carbonaceous aerosol forcing and
the sum of all other forcings are 2.19 h0.87��7.92i and 1.03
h0.17��3.18i respectively, where numbers in h i brackets
represent the 5–95% uncertainty range. The uncertainty
range of b for the carbonaceous aerosol forcing does not
include zero; indicating that we can detect the influence of
carbonaceous aerosols in the observations in the presence of
the other forcings. Moreover, the uncertainty on the ampli-
tude of the carbonaceous aerosol signal includes unity, thus
our simulated signal is consistent with the observed re-
sponse to carbonaceous aerosols in the mid-20th century,

Figure 3. Geographical distributions of linear trends of
net RFs from 1940 to 1980 from (a and b) carbonaceous
and (c and d) sulfate aerosols for direct (Figures 3a and 3c)
and first-indirect (Figures 3b and 3d) effects at the Earth’s
surface, while Figure 3d shows Figure 3a but at the
tropopause. The linear trends were calculated using five
annual mean values of RFs for 1940, 1950, 1960, 1970 and
1980.

Figure 4. Scaling factors by which we must multiply the
model-simulated spatio-temporal change of T2 (1940–
1979) to reproduce the corresponding change in the
observation. The error bars show the 5–95% uncertainty
range due to internal variability estimated from the control
simulation.
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although the large value of b implies that our model
possibly underestimates the signal.

4. Conclusions

[12] The T2 changes simulated by a climate model are
investigated to demonstrate the impact of carbonaceous
aerosols on the T2 trend in the mid-20th century. If we
try to take account of the representation of both spatial and
temporal trend patterns of T2, the change in T2 that
occurred in mid-century can only be reproduced adequately
when we consider an increase in carbonaceous aerosol
emissions. This demonstrates that the radiative cooling
due to increased levels of carbonaceous aerosols is an
indispensable contributor to the slight cooling in annual
global mean T2 in the mid-20th century.
[13] We should note that the cooling trend of T2 in the

mid-20th century in the tropical land region that was
calculated in SC-INCR could be attributed to an increase
in carbonaceous aerosols from biomass burning (not
shown). Although the historical emission levels of carbo-
naceous aerosols from biomass burning is uncertain, we
estimated them assuming that its spatial distribution [Cooke
and Willson, 1996] in the mid-1980s is unchanged time-
wise, but that its value is scaled to the historical world
population. This assumption is valid to a first-order approx-
imation, because a large part of the biomass burning that
occurs in the tropics is relevant to agricultural activities
[Crutzen and Andreae, 1990; Hao and Liu, 1994] that are
normally traditional and indigenous. This implies that the
regions in which biomass burning occurs may not have
changed dramatically during the 20th century.
[14] We could not discuss the relative contributions of

direct and indirect effects of carbonaceous aerosols, because
of a difficulty to estimate the net impact of BC absorption of
solar radiation on the surface temperature. Moreover, large
uncertainty in the treatment of indirect effect in the model
due to the limited knowledge about aerosol-related atmo-
spheric processes is another difficulty. Although these
difficulties should be addressed to advance the present
study, the present results clearly show the relative impor-
tance of carbonaceous aerosols for the T2 change in the
mid-20th century with the use of a climate model and an
optimal fingerprinting methodology.
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