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Abstract Nitrate as a rapidly increasing aerosol species in
recent years affects the present climate and potentially has large
implications on the future climate. In this study, the long-term
direct radiative forcing (DRF) of nitrate aerosol is investigated
using State Key Laboratory of Numerical Modeling for Atmo-
spheric Sciences and Geophysical Fluid Dynamics (LASG)
atmospheric general circulation model (AGCM) and the aerosol
dataset simulated by a chemical transport model with focus on
East Asia. The DRF due to other aerosols, especially sulfate, is
also evaluated for comparisons. Although the chemical transport
model underestimates the magnitudes of nitrate and sulfate
aerosols when compared with Chinese site observations, some
insights into the significances of nitrate climate effects still
emerge. The present-day global annual mean all-sky DRF of
nitrate is calculated to be −0.025Wm−2 relative to the preindus-
trial era, which is much weaker than −0.37 W m−2 for sulfate.
However, nitrate DRFmay become increasingly important in the
future especially over East Asia, given the expectation that
decreasing trend in global sulfate continues while the projected

nitrate maintains at the present level for a mid-range forcing
scenario and even be a factor of two larger by the end of the
21st century for high emission scenarios. For example, the
anthropogenic nitrate DRF of −2.0 W m−2 over eastern China
could persist until the 2050s, and nitrate is projected to account
for over 60% of total anthropogenic aerosol DRF over East Asia
by 2100. In addition, we illustrate that the regional nitrate DRF
and its seasonal variation are sensitive to meteorological param-
eters, in particular the relative humidity and cloud amount. It thus
remains a need for climate models to include more realistically
nitrate aerosol in projecting future climate changes.

1 Introduction

Aerosols can influence the Earth’s radiation budget directly by
scattering and absorbing solar radiation and indirectly by
serving as cloud condensation nuclei to alter cloud optical
properties and precipitation processes. The atmospheric load-
ing of anthropogenic aerosols has increased distinctly due to
economic and agriculture activities since the preindustrial era
(PI). Unlike well-mixed greenhouse gases (GHGs), the global
mean radiative forcing (RF) by anthropogenic aerosols is
estimated to have a net cooling effect, with RF values of
−0.35 W m−2 (range −0.85 to +0.15) for direct effects and
−0.45 W m−2 (range −1.2 to 0.0) for indirect effects (Myhre
et al. 2013a). In particular, aerosol effects in some industrial-
ized regions are much higher than the global mean. Of the
anthropogenic aerosols, sulfate is considered to be the largest
contributor, the RF and climate effects of which have been
widely investigated (Schulz et al. 2006; Myhre et al. 2013b).
However, sulfate emissions and atmospheric concentrations
started to continuously decrease over many regions, such as
Europe and North America, since the 1980s (Folini and Wild
2011; Smith et al. 2011). Moreover, some recent studies
(Takemura 2012; Shindell et al. 2013) suggest that aerosol
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RF has peaked and is projected to reach a much lower level by
2100 relative to the present day (PD). It seems that sulfate RF
becomes increasingly weak relative to the warming effect of
GHGs. This is not the case for nitrate aerosol. Nitrate is an
important rapidly increasing species in recent years and is
expected to becomemore important as a climate forcing factor
due to the anticipated increases in nitrate precursor emissions
and the decline of ammonium sulfate (Adams et al. 2001;
Bauer et al. 2007). Observations have shown that concentra-
tions of nitrate even exceed those of sulfate over some Euro-
pean regions (Schaap et al. 2004). The nitrate loading is also
very high over eastern China (Wang et al. 2010; Zhang et al.
2012a). The projected RF due to nitrate aerosol even exceeds
sulfate aerosol by the end of the 21st century (Liao and
Seinfeld 2005; Bellouin et al. 2011). In addition to the differ-
ences in emissions and long-term trends, nitrate formation
processes also differ from sulfate. For example, low temper-
atures favor nitrate formation but can result in decreases in
gas-phase reaction rates and oxidant concentrations associated
with sulfate formation (Pathak et al. 2004). The seasonal
changes in mass concentrations of these two aerosol species
are therefore different over some regions. Hence, examining
nitrate RF and its possible time evolution is very important for
quantifying anthropogenic climate change.

Although some studies have investigated nitrate indirect ef-
fects (e.g., Xu and Penner 2012), most previous studies focused
on nitrate direct radiative forcing (DRF). Even so, not enough
attentions have been paid to nitrate aerosol in climate models.
For example, nitrate was not included in phase 1 of the Aerosol
Comparisons Between Observations and Models (AeroCom)
project (Schulz et al. 2006), and only half of the climate models
involved in AeroCom II take into account nitrate aerosol. In fact,
present model estimations with regard to nitrate DRF still dem-
onstrate a large spread. The global multi-model mean nitrate
DRF according to Myhre et al. (2013b) varies from −0.12 to
−0.02 W m−2, while the results in Shindell et al. (2013) range
from −0.41 to −0.03 W m−2. The more recent estimation by
Myhre et al. (2013a) gives a median value of −0.11 W m−2,
ranging from −0.30 to −0.03 W m−2 for anthropogenic nitrate
DRF. As for the global and regional time evolution of nitrate
DRF, only a limited number of studies have investigated histor-
ical time series (e.g., Skeie et al. 2011) and the projected change
(e.g., Bellouin et al. 2011) regarding nitrate loading and DRF.
Also, few of existing studies are aimed specially at long-term
variation of nitrate DRF in East Asia. It is well known that both
regional air quality and climate are strongly affected by high
aerosol concentrations in China (Li et al. 2010; Sun et al. 2014),
where nitrate is an important aerosol species. It is therefore
essential to further examine East Asian nitrate DRF and its
possible time evolution.

The aim of this study is to investigate the time evolution of
nitrate DRF with an atmospheric general circulation model
(AGCM) and a long-term aerosol dataset taken from National

Center for Atmospheric Research Community Atmosphere
Model with Chemistry (NCAR CAM-Chem) (Lamarque et al.
2012). The historical and projected changes in nitrate DRF are
examined for the global and selected regional domains, and our
emphasis is on East Asia. In our work, sulfate loading and DRF
are as contrast results to show the importance of nitrate. Mean-
while, relative contribution from nitrate to anthropogenic aerosol
DRF is examined. We also analyze the effects of simulated
regional climate characteristics including relative humidity
(RH) and clouds on present seasonal variation of nitrate DRF
over East Asia, Europe, and North America. Owing to consid-
erable uncertainties associated with nitrate aerosol, some in situ
aerosol measurements in China are used to compare with model
results in order to discuss the possible uncertainties in estimating
nitrate DRF. The remainder of the paper is organized as follows.
Section 2 introduces the dataset and methodology used in the
study. Section 3 presents the major results. Section 4 gives the
conclusions and a brief discussion.

2 Model description, dataset, and experimental design

To calculate the instantaneous aerosol RF, meteorological fields
are simulated by the AGCM. The AGCM used in this study is
developed by the State Key Laboratory of Numerical Modeling
for Atmospheric Sciences and Geophysical Fluid Dynamics
(LASG), Institute of Atmospheric Physics (IAP), Chinese Acad-
emy of Sciences. It has 26 vertical hybrid layers, and its horizontal
resolution is approximately 2.81° longitude×1.67° latitude. The
model is able to reproduce the mean large-scale climate patterns
and climate variability at various timescales and has been used in
many studies (e.g., Wu et al. 2012; He et al. 2013). For more
details, readers are referred to the paper by Bao et al. (2013). The
radiation scheme (Sun and Rikus 1999; Sun 2011) used in the
AGCM is modified from that developed by the UKMeteorolog-
ical Office (Edwards and Slingo 1996; Martin et al. 2006) based
on the two-stream equation approach. The scheme utilizes a
correlated k-distribution method (Fu and Liou 1992; Mlawer
et al. 1997; Li and Barker 2005) and can simulate major gaseous
absorption due to water vapor, carbon dioxide, ozone, methane,
nitrous oxide, oxygen, and chlorofluorocarbons (Sun 2011). The
treatment of cloud optical properties (Hu and Stamnes 1993;
Chou 2002) is included in the radiative scheme.

The long-term three-dimensional monthly mean aerosol
fields are taken from the simulation from the NCAR CAM-
Chem (Lamarque et al. 2011, 2012), and major anthropogenic
species include black carbon (BC), nitrate, organic carbon
(OC), and sulfate. Nitrate and sulfate compositions are repre-
sented as ammonium nitrate (NH4NO3) and ammonium sul-
fate ((NH4)2SO4), respectively. The dataset covers the period
from the 1850s to 2100, and each 10-year set of results is
averaged to produce the decadal mean. The decades of 1850–
1859 and 2000–2009 represent the PI and PD, respectively.
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There are four Representative Concentration Pathway (RCP)
scenarios for the period 2010–2100 (Vuuren et al. 2011). Our
focus is on future increasing emission scenarios, and so the
middle (RCP4.5), higher (RCP6.0), and highest (RCP8.5)
scenarios are used in this study. The anthropogenic aerosols
and the associated DRF are estimated as the differences be-
tween a specified decade and the PI.

The aerosol RF is obtained using a “double radiation call”
method, in which the radiation scheme is called twice at each
radiation time step (3 h). In the first call, no aerosol species are
used; in the second call, aerosol loading at a specified decadal
is used, and aerosols only affect the radiative process without
influencing other climate processes. The meteorological vari-
ables are the same for the two calls. The difference in radiative
fluxes at the top of atmosphere (TOA) during the two calls is
determined to be the RF during a specified period due to
aerosols. The GHGs, ozone, and solar forcing are fixed at
present levels using the Coupled Model Intercomparison Pro-
ject phase 5 (CMIP5) dataset (Taylor et al. 2012). The sea
surface temperature and sea ice are from the prescribed Atmo-
spheric Model Intercomparison Project (AMIP) climatology.

In the NCAR CAM-Chem dataset, only the bulk mass is
calculated, and the lognormal distribution is assumed for an-
thropogenic aerosol species. According to original NCAR
aerosol dataset and some relevant work (e.g., Kiehl et al.
2000; Liao et al. 2004), aerosol physical parameters are cho-
sen. The nitrate DRFwas calculated with sulfate optics in some
previous studies. This treatment is prone to underestimating
the magnitude of nitrate DRF because the extinction ability for
nitrate is generally stronger than sulfate (Fitzgerald 1975;
Zhang et al. 2012b). In our study, optical properties of nitrate
and sulfate aerosols are calculated separately. The refractive
indices of dry nitrate and sulfate are from Toon et al. (1976)
and the Global Aerosol Climatology Project Database (http://
gacp.giss.nasa.gov/data_sets), respectively; the refractive
indices of dry BC and OC are based on Haywood and
Ramaswamy (1998) and Hess et al. (1998), respectively. BC
is treated as dry aerosol. The variations of optical properties of
nitrate and sulfate aerosols with RH (hydroscopic effects)
follow the work of Li et al. (2001, 2012) and those of OC
follow the treatment of Hess et al. (1998). These aerosol optical
properties are then obtained with Mie calculations, assuming
that aerosol species are externally mixed. Table 1 presents
aforementioned physical parameters and optical properties at
0.55 μm for aerosols used in this study.

3 Results

3.1 Global distribution of present nitrate DRF

Figure 1 shows the global distributions of anthropogenic
nitrate loading, aerosol optical depth (AOD), and DRF in the

2000s relative to the PI. Here, the AOD is the averaged value
for the band of 0.50–0.625 μm. In the Northern Hemisphere,
the stronger nitrate loading is distributed in industrialized
regions including North America, Europe, and South and East
Asia. The maximum loading in Central Europe and East
China is even over 5 mg m−2 and quite stronger than the
global mean value of 0.15 mg m−2. The spatial patterns of
nitrate AOD and DRF are roughly consistent with its loading,
but the clear-sky nitrate DRF is stronger than its all-sky DRF
because of the blocking effects of clouds (Takemura et al.
2002; Zhang et al. 2012c). The global mean anthropogenic
nitrate TOA DRF is calculated to be −0.046 and
−0.025 W m−2 for clear and all-sky conditions, respectively.
The nitrate all-sky DRF in our study is within the range of
present multi-model estimations by Forster et al. (2007) and
Myhre et al. (2013b) but is somewhat lower than many of
model results in the two studies as given here. This is partly
because the input nitrate loading in our work is in the lower
end of the multi-model estimates (0.14 to 0.90 mg m−2) sum-
marized byMyhre et al. (2013b). Besides, only the bulk nitrate
loading is used in our calculation, and the contribution of fine-
mode (<0.05 μm) nitrate to its extinction is not well consid-
ered. This is another cause leading to the relatively weaker all-
sky nitrate DRF in our work. If the nitrate DRF is normalized
by the loading, the normalized DRF (NDRF) value of
−167 W g−1 is very close to the recent multi-model median
value of −166W g−1 byMyhre et al. (2013b). This shows that
the calculated nitrate optical properties are comparable to
those in many climate models although relatively weaker
nitrate loading is applied in this study.

3.2 Time evolution of nitrate loading and DRF

Figure 2a, b shows time series of anthropogenic sulfate and
nitrate loadings relative to the PI. According to the present
distribution of nitrate loading as shown in Fig. 1a, we choose
three major industrialized regions including East Asia, Eu-
rope, and North America to examine the regional mean time
evolution. The regional domains are given in the figure cap-
tion. There is a remarkable increase for nitrate and sulfate

Table 1 Physical parameters and optical properties at 0.55 μm for BC,
nitrate, OC, and sulfate aerosols

Refractive index rg σ ρ σe ω g

BC 1.75−0.44 i 0.0118 2.00 1.0 9.26 0.21 0.34

OC 1.53−0.006 i 0.0212 2.24 1.8 2.91 0.96 0.61

Nitrate 1.56−1.1×10−9 i 0.0500 2.00 1.700 3.98 1.0 0.63

Sulfate 1.53−1.0×10−7 i 0.0500 2.00 1.769 3.41 1.0 0.64

Here, rg geometric radius (μm), σ standard deviation (μm), ρ mass
density (g cm−3 ), σe extinction coefficient (m2 g−1 ), ω single-scattering
albedo, g asymmetry factor
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loadings since the 1950s. In Europe and North America, the
sulfate loading peaks in the 1970s. In East Asia, the sulfate
loading is projected to increase until the 2010s under RCP4.5
and RCP8.5 scenarios, but large sulfate loading may even
continue until the 2050s under the worst-case scenario,
RCP6.0. However, according to the RCP scenarios, the sulfate
loading over all of these regions is projected to decrease to, or
fall below, the PI level by 2100. Similar results are also
reported by Takemura (2012) for sulfate and carbonaceous
aerosols. In contrast to sulfate aerosol, the global mean nitrate
loading is projected to remain the same under RCP4.5 until
year 2100 and may even increase to higher levels under
RCP6.0 and RCP8.5. Meanwhile, the nitrate loading in major
industrialized regions is much stronger than the global mean.
The projected maximum nitrate loading in East Asia is much

larger than that in Europe or North America. The nitrate
loading over East Asia peaks in the 2030s under RCP4.5
and RCP8.5 and in the 2050s under RCP6.0.

The time evolution of sulfate and nitrate DRF at all-sky
TOA is similar to their loading change. As presented in
Fig. 2d, the global and regional averaged nitrate DRFs in-
crease since the PI. After the 1980s, the nitrate DRF over East
Asia exceeds that in Europe and becomes the largest contrib-
utor among the three regions. It should be noted that the worst-
case future scenario for East Asia is RCP6.0, under which the
nitrate DRF peaks in the 2050s with a value of −0.547Wm−2,
which is much higher than the peak values of over the other
two regions. The peak periods and magnitudes of nitrate DRF
are summarized in Table 2. The results presented here indicate
that the DRF due to nitrate aerosol, especially in East Asia,

Fig. 1 The global annual mean
anthropogenic nitrate a
atmospheric loading (mg m−2), b
aerosol optical depth at 0.50–
0.625 μm, c DRF (W m−2) at
clear-sky TOA, and d DRF
(W m−2) at all-sky TOA in the
2000s relative to the PI (1850s)

Fig. 2 Time series of a sulfate
atmospheric loading (mg m−2), b
nitrate atmospheric loading
(mg m−2) and c sulfate and d
nitrate DRFs (W m−2) at all-sky
TOA. Here, the period is relative
to the PI. Domain mean values are
global (GL), and for East Asia
(EA 20–45° N, 100–145° E), Eu-
rope (EU 35–60° N, 0–45° E),
and North America (NA 25–50°
N, 245–290° E) for the historical
period and projected future (since
the 2010s). “45,” “60,” and “85”
denote the RCP4.5, RCP6.0, and
RCP6.0 scenarios, respectively
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will become an increasingly important component of RF due
to anthropogenic aerosols in the remaining part of the 21st
century.

To further examine the global changes in projected nitrate
all-sky DRF, three decadal results under different RCPs are
given in Fig. 3 to illustrate the future changes relative to the
PD. The selected decades are the 2030s, 2050s, and 2090s,
representing the early, middle, and end of the 21st century,
respectively. Under the middle-range RCP4.5, an evident
decrease in nitrate DRF appears over Europe and North
America, and the decrease is more significant in the 2090s,
when the global mean projected nitrate DRF is reduced to the
PD level. However, large increases in nitrate DRF still occur
over Asian regions under RCP4.5 until the 2050s, when

increased DRF is even up to −2.0 W m−2 over East Asia.
Under more severe RCP6.0 and RCP8.5 scenarios, the global
mean nitrate DRF is intensified at the global scale, and the
projected global mean nitrate DRF increases by 56 and 96 %,
respectively, in the 2090s relative to PD. Under RCP8.5, the
negative DRF over most regions remains between the 2050s
and 2090s. It should be noted in Fig. 3 that the worst nitrate
RF in East Asia is projected to occur in the 2050s under
RCP6.0, rather than RCP8.5, and the reduced DRF relative
to the PD could be up to −1.0 W m−2 (namely, over
−2.0 W m−2 DRF relative to the PI). This indicates that the
RCP6.0 scenario is representative of a far worse future in
some regions, such as East Asia, although RCP8.5 generally
leads to stronger nitrate DRF at the global scale.

Table 2 Peak times and magnitudes of global and regional nitrate DRFs (W m−2)

Hindcast RCP4.5 RCP6.0 RCP8.5

Global – (2040s, −0.033) (2070s, −0.042) (2100, −0.053)
East Asia – (2030s, −0.363) (2050s, −0.547) (2030s, −0.493)
Europe (2000s, −0.213) – – (2020s, −0.308)
North America (2000s, −0.081) – (2030s, −0.087) (2070s, −0.169)

If the maximum value occurs under the projected scenario, the decade in which the maximum occurs and the value are shown; otherwise, the maximum
occurs in the historical period

Fig. 3 Nitrate DRF (W m−2) at all-sky TOA in the 2030s (upper row),
2050s (middle row), and the 2090s (bottom row) relative to the PD
(2000s). The left, middle, and right columns are for the RCP4.5,

RCP6.0, and RCP8.5 scenarios, respectively. The global mean values
are shown at the top of each panel
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3.3 The contribution of nitrate to anthropogenic aerosol DRF

To investigate the relative importance of nitrate among an-
thropogenic aerosols, we calculate the ratios of sulfate and
nitrate loadings to four aerosol species including BC, nitrate,
OC, and sulfate, which are mainly from anthropogenic
sources. These aerosol loadings are from both anthropogenic
and natural resources. In Fig. 4, similar to the evolution of
loading examined above, the global and regional sulfate

loading ratios exhibit increases since the PI. The present
global mean sulfate ratio is about 66%, and the ratio in Europe
and North America is even up to 80 %. However, the sulfate
loading ratio is projected to decrease to be about 50 % on the
global scale, and the ratios are about 40 % in the three regions
by 2100. On the contrary, the global and regional nitrate ratios
show a continuously increasing trend. In particular, the
projected nitrate ratios in East Asia and Europe are up to
30 % by 2100. This indicates that the nitrate loading is close

Fig. 4 Time series of the ratio of
a sulfate and b nitrate loadings to
total aerosol loading excluding
dust and sea-salt aerosols. Here,
the loading resources include an-
thropogenic and natural aerosols

Fig. 5 The global distributions of anthropogenic aerosol AOD at 0.50–
0.625 μm relative to the PI (1850s) for the 2000s (first row) and 2090s
under RCP4.5 (second row), RCP6.0 (third row), and RCP8.5 (fourth

row). The left and middle columns are for excluding and including nitrate
aerosols, respectively, and the right column is for their difference
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to those of sulfate aerosol by the end of the 21st century. Thus,
the gradually increasing ratio of nitrate mass to anthropogenic
aerosols under future scenarios shows that nitrate will play
more important roles in future aerosol AOD and RF, especial-
ly at regional scales.

Figure 5 shows the global distribution of anthropogen-
ic aerosol AOD in the 2000s and 2090s relative to the
PI, with and without nitrate and differences due to ni-
trate. In the 2000s, large anthropogenic AOD is over
Central and Eastern Northern America, Europe, and East
Asia, and the largest value occurs in the eastern China.
When nitrate is included, increased AOD is mainly lo-
cated in the Eastern USA, Europe, and eastern China.
The negative AOD over some regions arises from de-
creased nitrate loading relative to the PI. These results
are also agreement with the distribution of nitrate loading
and AOD as shown in Fig. 1. In the 2090s, anthropo-
genic AOD under three future scenarios is much reduced
over Northern America and Europe, but the AOD caused
by nitrate still increases over Northern Hemispheric

regions, such as eastern China and South Asia. It is seen
from the differences in AOD that nitrate aerosol contrib-
utes a large fraction of anthropogenic AOD over East
Asia in the 2090s. After the inclusion of nitrate aerosol,
the global mean anthropogenic AODs increase by 7.53 %
for the 2000s and 20.59, 20.00, and 27.78 % for the
2090s under RCP4.5, RCP6.0, and RCP8.5, respectively.

As shown in Figs. 6 and 7, when nitrate is considered,
the present anthropogenic aerosol DRF at TOA is calculat-
ed to be −0.632 and −0.269Wm−2 for clear-sky and all-sky,
respectively. Our estimates are close to the estimates of
anthropogenic aerosol DRF by Mythre et al. (2013b) for
clear-sky (model mean −0.67 W m−2; range −1.01 to
−0.35Wm−2) and all-sky (model mean −0.27Wm−2; range
−0.58 to −0.02 W m−2). Meanwhile, the global patterns of
anthropogenic aerosol DRF are similar to those of anthro-
pogenic AOD. In the 2000s, nitrate contributes up to
−1.0 W m−2 over Northern Hemispheric industrialized re-
gions at the clear-sky TOA. In the 2090s, the inclusion of
nitrate makes large anthropogenic aerosol DRF over

Fig. 6 Same as Fig. 5 but for anthropogenic aerosol DRF (W m−2) at clear-sky TOA
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Northern America, Europe, and East Asia remaining in the
2000s level. With regard to the global scale, nitrate leads to
increases in the global mean clear-sky TOA anthropogenic
aerosol DRF by 7.12 % in the 2000s and by 28.59, 25.75,
and 34.84 % in the 2090s under RCP4.5, RCP6.0, and
RCP8.5, respectively. In all-sky condition, the correspond-
ing increases in anthropogenic aerosol DRF due to nitrate
are 9.35, 44.44, 42.70, and 56.63 %.

The above results indicate that nitrate aerosol has impor-
tant contributions to the global mean anthropogenic AOD
and aerosol DRF. In particular, compared to the global
scale, the role of nitrate in anthropogenic aerosol DRF is
more significant over East Asia due to the relatively higher
regional loading. So, time series of anthropogenic aerosol
AOD and DRF over East Asia are shown in Fig. 8 together
with the nitrate ratios. Because the nitrate loading over East
Asia rapidly increases since 1950 (as given in Fig. 2), the
period chosen here is from 1950 to 2100. With the increas-
ing ratio of nitrate loading to anthropogenic aerosol species
since 1950, the anthropogenic aerosol AOD and DRF with

nitrate are clearly larger than those without nitrate. The
biggest contribution of nitrate is projected to occur under
the RCP6.0 during 2050 to 2070, when nitrate aerosol
contributes about −0.90 and −0.51 W m−2 over East Asia,
respectively. Furthermore, as shown in Fig. 8d–f, the ratios
of AOD and DRF from nitrate to the total anthropogenic
AOD and DRF gradually increase except for several de-
cades under RCP4.5 all-sky condition. By the end of the
21st century, the projected ratio of nitrate can reach 0.40 for
total anthropogenic aerosol AOD and clear-sky DRF and is
even over 0.60 for all-sky DRF. As mentioned above,
clouds can reduce aerosol TOA DRF by scattering aerosols.
Consequently, aerosol DRF at all-sky TOA is much re-
duced, and then, higher contribution ratio of nitrate appears
in all-sky condition. The quantitative contributions of ni-
trate aerosol at the global scale and East Asia in the 2000s
and 2090s are summarized in Table 3. The analysis present-
ed in our work shows that nitrate is estimated to the biggest
contributor to total anthropogenic aerosol DRF in East Asia
by the end of the 21st century. Hence, nitrate aerosol should

Fig. 7 Same as Fig. 5 but for anthropogenic aerosol DRF (W m−2) at all-sky TOA
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be paid more attentions in the future studies associated with
aerosol climate effects.

3.4 Seasonal cycle of present nitrate DRF

Figure 9 shows seasonal cycles in nitrate loading, AOD, and
DRF in the 2000s derived from the difference between exper-
iments with and without nitrate. Nitrate loading, AOD, and
DRF show distinct seasonal variations, and their maximum
values occur in winter when low temperatures favor nitrate
formation, and hence, nitrate loading is the largest. In January,
the heaviest nitrate loading is over East Asia, but the nitrate

AOD and clear-sky DRF over Europe are larger than those
over East Asia although the latter has the heaviest nitrate
loading. In addition to atmospheric loading, key regional
meteorological factors including relative humidity (RH) and
clouds also strongly modulate the magnitude of aerosol DRF
and its distribution. To examine the above issues, we present
seasonal changes in simulated surface RH and total cloud over
three regions in Fig. 10. The highest near-surface RH in
January occurs over Europe and is even up to 80 %. High
RH is helpful to enhance the hygroscopic effect of hydrophilic
nitrate aerosol and increase aerosol extinction. As a result, the
nitrate AOD and clear-sky DRF over Europe are larger than

Fig. 8 Time series of total anthropogenic aerosol a AOD, b DRF
(W m−2) at clear-sky TOA, and c DRF (W m−2) at all-sky TOA; ratio
of nitrate d AOD, e DRF (Wm−2) at clear-sky TOA, and f DRF (Wm−2)

at all-sky DRF to total anthropogenic aerosol AOD over East Asia. Here,
AOD is at 0.50–0.625 μm. Solid lines include nitrate aerosol and dashed
lines do not

Table 3 Anthropogenic nitrate and total aerosol DRF and nitrate ratios at all-sky TOA in the 2000s and 2090s under three scenarios

Global all-sky TOA East Asian all-sky TOA

Nitrate DRF (W m−2) Total DRF (W m−2) Ratio (%) Nitrate DRF (W m−2) Total DRF (W m−2) Ratio (%)

2000s −0.025 −0.269 9.29 −0.264 −1.043 25.32

2090s

RCP4.5 −0.025 −0.078 32.05 −0.195 −0.292 66.73

RCP6.0 −0.039 −0.126 30.95 −0.353 −0.576 61.30

RCP8.5 −0.048 −0.131 36.64 −0.340 −0.508 66.93

Here, ratio is the only value with nitrate to the total anthropogenic aerosol DRF due to BC, nitrate, OC, and sulfate. The anthropogenic values are relative
to the PI (1850s)
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those over East Asia. The situation is different in all-sky
conditions during winter, where all-sky DRF in East Asia is
much stronger than in Europe, because the simulated cloud
fraction in the latter is larger than the former.

The results given above show that regional aerosol DRF
and their seasonal variations are not only affected by its
loading but also modulated by the simulated meteorological
fields. It should be noted that meteorological fields in this

study are simulated from our AGCM and are somewhat
inconsistent with the aerosol fields from NCAR CAM-Chem.
In this situation, the inherent connections between aerosol,
RH, and clouds are not reflected in our calculation. In fact,
similar inconsistencies between meteorological and aerosol
datasets are common in numerous climate simulations, for
example, the CIMIP5 simulations as described by Taylor
et al. (2012). We further discuss relevant issues in Sect. 4.

Fig. 9 Seasonal cycle of nitrate a
atmospheric loading (mg m−2), b
AOD, c clear-sky DRF, and d all-
sky DRF in the 2000s. Here,
AOD is the average value for the
band 0.50–0.625 μm, and the ni-
trate DRF is derived from the ex-
periments with and without
nitrate

Fig. 10 Seasonal cycle of
simulated near-surface RH (%)
and total cloud amount over the
three regions. The domains are
the same as in Fig. 2
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3.5 Uncertainty of nitrate loading in China

The simulated summer nitrate loading is quite weak (less than
0.3 mg m−2) in East Asia (Fig. 9a). In fact, rapid industriali-
zation leads to increases in anthropogenic emissions in China
(Richter et al. 2005; Lu et al. 2010). Here, we use an intensity
index (Si) to describe the intensity of seasonal change in the
decade of 2000s. The value of Si is determined by the formula,

Si ¼ abs
Vmax−Vmin

Vmin

� �
;

where Vmax and Vmin are the maximum and minimum
values, respectively, for a 12-month time series of nitrate
loading. The Si for simulated nitrate loading in the 2000s is
24.02, 4.58, and 17.78 in East Asia, Europe, and North
America, respectively. Meanwhile, the Si for simulated
sulfate loading is only 1.58, 4.14, and 2.42 in the same
regions, respectively. This indicates that the simulated
seasonal variation of nitrate mass is quite strong in East
Asia. Bellouin et al. (2011) and Lamarque et al. (2012)
showed that the simulated surface layer nitrate mass concen-
trations agreed reasonably well with the observed

concentrations in North America. However, a similar compar-
ison in China has not been conducted due to sparse in situ
measurements. Hence, we use surface mass concentrations
from the Chinese aerosol network (Zhang et al. 2012a) to
evaluate nitrate and sulfate mass concentrations used in this
work. These measurements were taken during 2006–2007 at
seven rural and seven urban sites. Figure 11 shows the sea-
sonal changes in NCAR CAM-Chem simulated and observed
concentrations of nitrate and sulfate aerosols at rural and urban
sites. Based on observations, maximum mass concentrations
of both nitrate and sulfate occur in winter, and there is also a
second peak in summer for sulfate concentration at urban
sites. These observed concentrations at urban sites are appar-
ently higher than those at rural sites. With respect to the
simulated concentrations from the NCAR CAM-Chem, the
largest nitrate and sulfate concentrations are in January and
October. The simulated concentrations are much lower than
the measured values at urban sites but agree relatively close to
measurements at rural sites. The underestimation of nitrate
concentrations is the most serious in summer. The simulated
seasonal cycles of surface layer nitrate and sulfate are stronger
than those observed. For example, the seasonal intensity (Si)
values are 1.40 and 0.85 for the observed nitrate and sulfate
concentrations at rural sites, respectively, but the

Fig. 11 Seasonal cycle of NCAR
CAM-Chem simulated (interpo-
lated to observational sites) and
observed a nitrate and b sulfate
surface concentrations (μg m−3)
in China. The solid and dashed
lines are for the observed and
model values, respectively. The
details about these observation
sites are referred to Zhang et al.
(2012a)

Fig. 12 Simulated (interpolated
to observational sites) and
observed surface nitrate
concentration (μg m−3) in China.
a, b Are for the annual and
January mean, respectively. The
black and red circles denote rural
and urban sites, respectively.
Note: the 1:1 line is shown as a
solid line; 1:2 and 2:1 lines are
shown as dashed lines
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corresponding Si increases to 27.72 and 1.98 in simulated
concentrations. Besides, the seasonal variation of simulated
sulfate is opposite to the observation.

According to the scatter plots shown in Fig. 12, nitrate
concentrations are substantially underestimated in China, es-
pecially over urban regions. The observed nitrate concentra-
tions are roughly half of the observed sulfate levels (Fig. 11),
and the simulation does not well describe the ratios between
the two aerosols. Considering the eastern transport of aerosols
from eastern China, similar concentration underestimations
may extend over many adjacent East Asian regions. As a
result, our calculated AOD due to anthropogenic aerosols is
very likely also underestimated over East Asia. Actually, some
recent work (Liu et al. 2012; Shindell et al. 2013) shows that
the AOD values in eastern China simulated by many climate
models are smaller than the observations. Although the un-
derestimation of total AOD also comes from other aerosols,
both of sulfate and nitrate are key aerosol species in eastern
China (Zhang et al. 2012a, b; Sun et al. 2014). Thus, many
current climate models including our AGCM may further
underestimate aerosol AOD and associated DRF in East Asia.
In our study, the underprediction for simulated nitrate and
sulfate aerosols is likely caused by inaccurate local emissions
in China, given that the same model can obtain basically
plausible results for Europe and North America (Lamarque
et al. 2012). Wang et al. (2010) and Zhang et al. (2012b)
obtained relatively higher nitrate DRF than our estimation in
eastern China using some nitrate emissions in China. This
further indicates that extensive efforts from scientific commu-
nity are still required to improve the simulation of aerosol
characteristics in East Asia in future studies.

4 Conclusion and discussion

The nitrate DRF and possible time evolution have been inves-
tigated in this study using the aerosol dataset simulated from
the NCAR chemical transport model and meteorological
fields from the LASG/IAP AGCM. Our focal points are on
East Asia.

The present global annual mean anthropogenic nitrate DRF
and its normalized value are calculated to be −0.025 W m−2

and −167 W g−1, respectively. Meanwhile, stronger nitrate
DRF occurs at industrialized regions in the Northern Hemi-
sphere, especially in East Asia. The global mean anthropo-
genic nitrate loading and resulting DRF show a remarkable
increase since the 1950s and will very likely increase to higher
levels under future scenarios. Meanwhile, the global mean
ratios of nitrate loading and DRF to anthropogenic aerosol
species are gradually increasing, and the increasing trend
could last. The global mean anthropogenic nitrate DRF by
the end of the 21st century is estimated to be −0.039 and

−0.049Wm−2 under RCP6.0 and RCP8.5, respectively, much
higher than the present level and the middle-range RCP4.5
scenario (−0.025 W m−2). This is quite different to anthropo-
genic sulfate loading and the corresponding DRF, which are
even projected to decrease to the PI levels by 2100 at both the
global and regional scales.

Our results further show that projected anthropogenic DRF
due to nitrate aerosol in most regions may keep increasing
except for some European and North American regions. In
particular, the anthropogenic nitrate loading and correspond-
ing DRF in East Asia exceed those in Europe and North
America since the 1980s and are projected to continue to
increase until the middle of the 21st century. The ratio of
nitrate all-sky DRF to total anthropogenic aerosols is even
projected to reach 60 % in East Asia. Our results therefore
indicate that nitrate will playmore and more important roles in
the aerosol RF and even be the largest contributor to anthro-
pogenic aerosol DRF over East Asia by the end of the 21st
century. Moreover, the worst scenario for East Asia is
RCP6.0, under which its peak time is the 2050s, when the
maximum local DRF is estimated to be up to −2.0 W m−2

relative to the PI.
In addition, the simulated meteorological RH and clouds,

which show distinct regional features, have important roles in
determining the DRF of hydrophilic nitrate. This can partly
explain the differences in the seasonal cycle of nitrate DRF in
major industrialized regions. Nevertheless, the largest uncer-
tainty is the nitrate atmospheric loading of nitrate, especially
in East Asia. Compared to surface measurements in China, the
simulated nitrate surface concentrations are much weaker,
especially in summer, which likely result in weaker nitrate
DRF. In addition, the simulated nitrate (and sulfate) especially
over urban sites shows different seasonal variations when
compared with measurements. It is then suggested that present
chemical transport models should use more realistic East
Asian emission dataset. More available relevant observations
are also urgently expected to investigate and evaluate aerosol
effects in East Asia. Nitrate aerosol has fine, accumulation and
coarse modes and generally is internally mixed with other
aerosols. Due to the limits of dataset and methods, we only
considered nitrate with the bulk distribution and externally
mixing treatment, which certainly will quantitatively influ-
ence the calculated nitrate DRF. Moreover, it should be noted
that the aerosol concentrations and their radiative forcing are
fully coupled with climate (Liao et al. 2009); future estimation
of aerosol DRF should be conducted in an interactive climate
model.
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