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In previous studies, the optical properties of sulfate aerosols were employed to estimate the
direct radiative forcing (DRF) due to nitrate aerosols. Ensuing errors have not been rigorously
evaluated, which is a major objective of this study. First, we compared the optical properties of
nitrate and sulfate aerosols in different spectral regions. Our results show that nitrate is a
strongly scattering aerosol and in some spectral regions, its scattering properties are even
greater than those of sulfate aerosols. For example, nitrate aerosol single-scattering albedos
are about 40% greater than those of sulfates when the wavelength is nearly 2.8 μm and the
relative humidity (RH) is below 40%. We then incorporated the optical parameters of nitrate
into a radiative transfer model and estimated the DRF due to nitrate aerosols at the top of the
atmosphere (TOA) under both clear- and all-sky conditions and compared them with those of
sulfate aerosols. We found that the local forcing due to nitrate aerosols using sulfate optical
properties in the simulation can be underestimated by a maximum of 6.2% under all-sky
conditions.
Using model-simulated nitrate concentrations in China that reproduce observed features
reasonably well, we found significant spatial and seasonal changes in DRFs due to nitrate
aerosols. DRFs were stronger in winter, spring, and autumn, but much weaker in summer. The
annual mean values of the forcings over China were −4.51 Wm−2 and −0.95 Wm−2 under
clear-sky and all-sky conditions, respectively. Clouds play an important role in determining the
DRF and can greatly reduce the forcing strength and its geographical extent.
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1. Introduction

Inorganic nitrates, in either pure or mixed forms, frequently
constitute amajor fraction of ambient aerosols. They belong to a
family of secondary aerosols and are mainly transformed from
nitrogen oxide. The Fourth Assessment Report of the Intergov-
ernmental Panel on Climate Change (IPCC, 2007) estimated a
large, global, fine-mode nitrate burden of 0.58 mg NO3m−2,
.

ll rights reserved.
which would imply an equivalent of 20% of the mean anthro-
pogenic sulfate burden. Furthermore, surface observations of
fine-mode nitrate particles show that high concentrations are
mainly found in highly industrialized regions, while low con-
centrations are found in rural areas.

Nitrate is a major type of anthropogenic aerosol. Like sulfate
aerosols, nitrate aerosols can also have a significant impact on
Earth's climate. Although some studies have investigated the
radiative forcings due to sulfate and nitrate aerosols and their
climatic effects (Wang et al., 2003, 2010; Pham et al., 2005;
Quinn and Bates, 2005; Dentener et al., 2006; Li et al., 2009), few
studies have focused on the differences in optical properties
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Table 1
Description of shortwave band divisions.

Band Wavelength (μm) Absorption gases, aerosol, cloud

9 1.923–3.731 H2O, aerosol, cloud
10 0.833–1.923 H2O, aerosol, cloud
11 0.455–0.833 H2O, O3, aerosol, cloud
12 0.323–0.455 Rayleigh scattering, aerosol, cloud
13 0.303–0.323 O3, aerosol, cloud
14 0.286–0.303 O3, aerosol, cloud
15 0.270–0.286 O3, aerosol, cloud
16 0.233–0.270 O3, O2, aerosol, cloud
17 0.204–0.233 O3, O2, aerosol, cloud
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between nitrate and sulfate aerosols, and about the discrepan-
cies in direct radiative forcing (DRF) calculations brought on by
these differences, especially in large emission regions.

Over the period of 1979–1981, Diederen et al. (1985)
measured the scattering properties of different aerosols in
The Netherlands and found that other aerosol components
were as important as sulfates in terms of scattering proper-
ties. In particular, nitrates, while present in lower quantities
than sulfates, appeared to contribute equally to aerosol scat-
tering (Ten Brink et al., 1996). Bergin et al. (2001) found that
nitrates contributed 8% toward the PM2.5 chemical compo-
sition in Beijing and nitrate formation may contribute to
the observed peaks in total aerosol extinction and single-
scattering albedo in Beijing. For the A2 emission scenario of
the IPCC's Special Report on Emissions Scenarios (SRES),
Adams et al. (2001) and Liao et al. (2004) used the Goddard
Institute for Space Studies general circulation model II-prime
(GISS GCM II) to estimate the current and 2100 global mean
DRF due to nitrate and sulfate aerosols. Their results suggested
that although the DRF due to anthropogenic sulfate aerosols
would decrease in the future, forcing due to anthropogenic
nitrate aerosols would increase over the next 100 years,
significantly exceeding that of sulfate aerosols. Van Dorland
et al. (1997) used a broadband radiative transfer model to
investigate the DRF of nitrate aerosols over the period of
1850–1990. The global mean DRF due to nitrate aerosols was
−0.03Wm−2; the maximum value of−0.4 Wm−2 occurred
in January over southeastern Asia. It was pointed out in the
IPCC report (2007) that the estimated global mean DRF at the
top of the atmosphere (TOA) due to nitrate aerosols was in the
range of −0.10±0.10 Wm−2. The uncertainty in the estima-
tion was large, owing to the relatively small number of studies.
The radiative forcing of nitrate aerosols on hemispheric and
global scales may not be very significant, but over China, this
forcing can bemuchmore important because of themagnitude
of emissions there (Li et al., 2007).

The DRF due to nitrate aerosols is sensitive to atmospheric
concentrations of nitrogen oxide from emissions (IPCC, 2007).
Nitrogen oxide emissions from fossil fuel combustion and
vehicle exhaust have increased rapidly in China over the past
three decades because of the rapid economic development
in that part of the world (Streets and Waldhoff, 2000; Ohara
et al., 2007). This would suggest that the proportion of nitrate
aerosols in the atmosphere has also greatly increased. This
realization sparked research into the climate effects of nitrate
aerosols (An et al., 2002; Liao and Seinfeld, 2005; Wang et al.,
2010). Van Dorland et al. (1997) used the optical properties
of sulfate aerosols at 80% RH to estimate the nitrate DRF. Adams
et al. (2001) ignored the imaginary part of refractive indices
of nitrate aerosols and used only their real refractive indices
at 0.58 μm (Tang, 1996). Liao et al. (2004) used the optical
properties of sulfate aerosols to calculate the nitrate DRF;Wang
et al. (2010)multiplied a factorwith the optical depth of sulfate
aerosols to estimate the nitrate DRF. No studies to date have
examined the DRF due to nitrate aerosols in China using nitrate
optical properties. The treatment of nitrate aerosols is still
much more rudimentary than sulfate aerosols. In this work,
nitrate optical properties are calculated accurately using the
refractive index from the HITRAN 2004 database (Rothman et
al., 2005). The uncertainty of refractive indices in the HITRAN
database is less than 5% (e.g., Myhre et al., 2005).
In this study, we first compare the optical properties of
nitrates with those of sulfates, then calculate the DRF due to
nitrate aerosols over China, using its own optical properties.
We evaluate the errors produced by using the optical prop-
erties of sulfate aerosols to estimate the DRF due to nitrate
aerosols. The radiative transfer model and input datasets used
are described in Section 2. Section 3 presents the detailed
analysis and discussion, and Section 4 gives a summary.

2. Radiative transfer model and aerosol dataset

2.1. Model description

We used the radiative transfer model developed at the
Beijing Climate Center (RAD_BCC), which was improved by
Zhang et al. (2006a, 2006b, 2009) on the basis of the BSTAR5C
andMSTRNXmodels (see http://www.ccsr.u-tokyo.ac.jp/~clastr/
index.html for details). The algorithm proposed by Nakajima
et al. (2000) is used to treat clouds and aerosols, and the
algorithmbyZhang et al. (2003) is adopted for greenhouse gases.
The 10–49000 cm−1 spectral range was divided into 17 bands
(8 longwave and 9 shortwave), which includes six major
greenhouse gases in each band: H2O, CO2, O3, N2O, CH4, and
CFCs. The O2 and O3 continuum absorptions were also con-
sidered in the shortwave region. We only consider the effects
of nitrate aerosols in the solar region. Table 1 lists the band
divisions that were used in this study.

2.2. Aerosol dataset and the DRF calculation method

First, we calculated the extinction coefficient, single-
scattering albedo, and asymmetry factor of nitrate and sulfate
aerosols according to the Mie theory for spherical particles
and complex refractive indices from the updated HITRAN 2004
database (Rothman et al., 2005) and Mie code (Wiscombe,
1980).

The lognormal distribution (WMO, 1983) is employed in
this study:

n rð Þ ¼ dN rð Þ
dr

¼ N0

rσ
ffiffiffiffiffiffi
2π

p ⋅ exp − ln r− lnrmð Þ2
2σ2

" #
; ð1Þ

where rm and σ are the mode radius and standard deviation,
respectively, and N0 is the number density of nitrate aerosols.
The size distribution of nitrate aerosols is divided into the
nucleus mode and the accumulation mode. For the nucleus
mode, rm and σ are equal to 0.015 μm and 1.7, respectively;
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for the accumulation mode, rm and σ are equal to 0.15 μm
and 1.9, respectively. The volume concentrations of the
nucleus mode and the accumulation mode are 1% and 99%,
respectively. These size distribution parameters were used
previously to calculate the aerosol optical depth (AOD) over
East Asia. Simulated total AOD with nitrate aerosols included
can reproduce observed temporal and spatial features very
well over East Asia (Han et al., 2010). The nitrate aerosol
size distribution used in this paper is also consistent with
observations made by Sun et al. (2010) and Zhang et al.
(2011) in Beijing. Nitrate and sulfate aerosols are both water
absorbing aerosols, so the size distribution and refractive
index are different at different RH levels. In this work, the
mode radius in the size distribution at different RHs are
calculated according to the Kohler equation, while refractive
indices at different RHs are calculated by weighting the
volume ratio of aerosols to that of liquid water, i.e., assuming
external mixing.

For a given size distribution, the bulk single-scattering
properties (SSPs) of aerosols include the mean extinction
efficiency (Qe), the single scattering albedo (ω), and the scat-
tering phase function (P11). These quantities can be written as
follows:

Qe ¼
∫rmax

rmin
Q

0
e rð ÞS rð Þn rð Þdr

∫rmax
rmin

S rð Þn rð Þdr
; ð2Þ

ω ¼
∫rmax

rmin
Q

0
s rð ÞS rð Þn rð Þdr

∫rmax

rmin

Q
0
e rð ÞS rð Þn rð Þdr

; ð3Þ

P11 ¼
∫rmax

rmin

P
0
11 rð ÞQ 0

s rð ÞS rð Þn rð Þdr
∫rmax
rmin

Q
0
s rð ÞS rð Þn rð Þdr

; ð4Þ

where r, Q e, Q s, P 11 and S are the particle radius, extinction
and scattering efficiencies, the scattering phase function and
the projected area, respectively, for an individual particle. The
asymmetry factor (g) indicates the relative intensity of forward
and backward scattering and is a key input parameter for a
radiative transfer model. It can be written as:

g ¼ 1
2
∫1

−1
P11 cosΘð Þ cosΘd cosΘ; ð5Þ

where Θ is the scattering angle.
Nitrate aerosol concentrations were simulated by the

Community Multi-scale Air Quality Modeling System (CMAQ)
coupled with the Regional Air Modeling System (RAMS). Their
horizontal resolution is 81 km×81 km, while in the vertical,
there are 23 layers in the σZ coordinates system, unequally
spaced from the ground to ~23 km, with about 9 layers
concentrated in the lowest 2 km of the atmosphere (Zhang
et al., 2007). A comparison of simulated and modeled nitrate
aerosol concentrations over East Asia during the Transport
and Chemical Evolution over the Pacific (TRACE-P) shows that
the model reproduced observed features reasonably well (see
Zhang et al. (2007) for details). Therefore in this study, we use
themonthlymean concentration of nitrate aerosol output from
the model system and the corresponding meteorological field
profiles (e.g., temperature, pressure, and specific humidity) for
the year 2005.

Surface albedo and ozone column burdens over China
were obtained from the International Satellite Cloud Clima-
tology Project-Flux Data product (ISCCP-FD; ftp://isccp.giss.
nasa.gov/outgoing/FLUX). Vertical profiles of ozone concen-
tration were calculated from the ozone column burdens
using an empirical formula proposed by Lacis and Hansen
(1974). Water vapor concentrations were converted from
specific humidity. The concentration of O2 is assumed to be
evenly mixed in the atmosphere and is set at 209,000 ppmv.

From the ISCCP D2 dataset with a global grid resolution of
2.5°×2.5° (Rossow and Schiffer, 1999; Schiffer and Rossow,
1983), we used the cloud optical thickness, cloud-top pres-
sure, cloud cover (C), and cloud water/ice path (WP; LWP
and IWP for liquid and ice water paths, respectively) of 15
cloud categories at different cloud phases. Low, middle, and
high clouds were added between 1000 and 680 mb, 680 and
440 mb, and 440 and 50 mb, respectively. The barometric
height formula was used to calculate the geometric thickness
of clouds (Δz). The water content (WC) of liquid and ice
clouds is given by

WC ¼ WP=Δz: ð6Þ

The cloud droplet effective radius, re, is approximated as:

re ≈
3

2ρcloud

WP
τcloud

; ð7Þ

where ρcloud is the water (or ice) density and τcloud is the
optical depth of the cloud.

These cloud parameters (cloudwater content, clouddroplet
effective radius, and cloud geometric thickness) were incorpo-
rated into the RAD_BCC to calculate the DRF for an overcast sky.
The following formula was used to calculate the instantaneous
DRF at the TOA due to nitrate aerosols under overcast sky
conditions:

DRFTOA ¼ ΔFTOA NO3 þ cloudð Þ−ΔFTOA cloudð Þ; ð8Þ

where “NO3+cloud” represents an atmosphere containing
nitrate aerosols and clouds, “cloud” indicates a cloudy atmo-
sphere without nitrate aerosols, and ΔFTOA is the net solar
radiative flux at the TOA. We first calculated net solar radiative
fluxes at the TOA for an overcast sky case, with both nitrate
aerosols and clouds included in themodel simulation. Then we
removed nitrate aerosols, while keeping all other conditions
the same, and recalculated net solar radiative fluxes at the TOA.
The difference between the two results, as in Eq. (8), is the
instantaneous DRF due to nitrate aerosols. Clear-sky calcula-
tions are made without including clouds in Eq. (8).

To calculate the DRF for an all-sky case, we modified the
method of Yang et al. (2008) by substituting the DRF into
their heating rate formulation:

RF ¼
X15
i¼1

CiRFi þ 1−Cð ÞRFclear; ð9Þ

where Ci is the cloud cover in each cloud category,C ¼ P15
i¼1

Ci is

the total cloud cover, and RFclear, RFi, and RF are the radiative
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Fig. 1. Real part of the refractive index of nitrate as a function of wavelength (a) and the nitrate-to-sulfate ratio of the real parts of their refractive indices as a
function of wavelength (b) for different RH values.
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forcings of clear-, cloudy- (cloud category: i), and all-sky cases,
respectively.

The daily averaged shortwave radiative forcing (SWARF)
due to nitrate aerosols was calculated using the scheme of Liu
et al. (2003):

SWARF ¼ 1
n

Xn
i¼1

1
24

∫sunset
sunrise

sinφ sin δþ cosφ cos δ cosHð ÞdH
sinφ sin δþ cosφ cos δ cosHið Þ ISWARF Hið Þ;

ð10Þ
where ISWARF(Hi) is the instantaneous DRF at hour angle Hi,
n is the number of hour angles, and φ and δ are latitude and
declination angles, respectively. Using a first-order approxi-
mation (i.e., n=1), we assume that

sinϕ sinδþ cosφ cosδ cosH1

¼ 1
24

∫sunset

sunrise
sinφ sinδþ cosφ cosδ cosHð ÞdH: ð11Þ
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Fig. 2. Effective radii of nitrate and sulfate as a function of RH (a) and the n
Then SWARF= ISWARF(H1), where the hour angle H1 must
satisfy Eq. (11).
3. Results

3.1. Optical property comparisons between nitrate and sulfate
aerosols

The refractive index is a key parameter in determining
the scattering and absorption characteristics of aerosols. It
consists of real and imaginary parts that indicate the relative
intensity of scattering and absorption, respectively. The DRF
due to aerosols can be positive or negative, depending mainly
on the magnitude of the imaginary part of the refractive
index (Yamamoto and Tanaka, 1971). Fig. 1 shows the real
part of the nitrate refractive index and the ratio of the real
60 80

60 80

3 99. 4 99. 5 99. 6 99. 7 99. 8 99. 9 100. 0

100
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itrate-to-sulfate ratio of their effective radii as a function of RH (b).



(a) (b)

Fig. 3. Extinction efficiency factor of nitrate (a) and the nitrate-to-sulfate ratio of their extinction efficiency factors (b) as a function of RH and wavelength.

117H. Zhang et al. / Atmospheric Research 113 (2012) 113–125
part of the refractive index of nitrate to that of sulfate as a
function of wavelength for different RH levels. As illustrated
in Fig. 1a, the solid line and the dashed line (the real parts
of the refractive index at RH=0% and 20%, respectively)
overlap throughout the whole solar spectral region. The real
part of the refractive index increases with increasing RH (for
RH>20%) when the wavelength ranges from 2.8 to 3.3 μm
and decreases with increasing RH (for RH>20%) in the other
solar bands. Minimum and maximum values for the real part
of the refractive index at all RH levels occur at around 2.8 μm
and 3.3 μm, respectively. Fig. 1b shows that differences in the
real parts of the refractive index for nitrates and sulfates
become smaller with increasing RH throughout the whole
solar spectral region until they converge when RH reaches
99%. The nitrate-to-sulfate ratio of the real part of the
refractive index increases with increasing wavelength for
wavelengths less than 2.8 μm. A peak in the magnitude of the
ratios at all RH levels occurs at 2.8 μm, where a maximum
value of 1.04 is reached at RH=40%. When the wavelength
(a)

Fig. 4. Same as Fig. 3, but for the
is greater than 2.8 μm, differences between the ratios at all
RH levels are small.

Fig. 2(a) and (b) shows the effective radius (re) of nitrate
and sulfate aerosols and their ratio as a function of RH,
respectively. The re of both aerosols is equal when the RH
is less than 20%. At RH levels ranging from 37% to 80%, the re
of nitrate is smaller than that of sulfate; outside this range
(20%–37% and 80%–100%), the re of nitrate is greater than
that of sulfate. When RH is less than 37%, relative differences
in re between nitrates and sulfates are under 5%; when RH is
between 37% and 80%, relative differences are larger than 5%.
Relative differences increase rapidly once RH levels greater
than 80% are reached; at RH=97%, relative differences are at
a maximum value of 13%.

The extinction efficiency factor (Qe) should be closely
related to refractive index and size distribution. Fig. 3 shows
the change in Qe of nitrate and the nitrate-to-sulfate ratio of Qe

at different RH levels. Qe decreases as wavelength increases
(Fig. 3a) but the change in Qe with RH is not obvious. The value
(b)

single scattering albedo.



(a) (b)

Fig. 5. Same as Fig. 3, but for the asymmetry factor.

Fig. 6. Distribution of mean direct radiative forcing (W m−2) due to nitrate aerosols at the TOA under clear-sky (left panels) and all-sky (right panels) conditions
in (a) spring, (b) summer, (c) autumn, and (d) winter.
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Fig. 6 (continued).
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of Qe between 0.2 and 0.8 μm at all RH levels is larger than 2.0
and the value of Qe between 2.0 and 4.2 μmat all RHs is smaller
than 0.5 except near 2.8 μm (RH=40%). When RH is less than
37% and the wavelength is less than 2.8 μm, the extinction
efficiency of nitrate is larger than that of sulfate (see Fig. 3b);
if the wavelength is greater than 2.8 μm, the reverse is seen.
This is mainly due to the difference in refractive indices of both
aerosols at wavelengths less than and greater than 2.8 μm (see
Fig. 1b). When RH is greater than 37%, the difference between
the extinction efficiencies of nitrate and sulfate is mainly
attributed to obvious differences existing in the magnitude of
their respective re (i.e., the size distribution) shown in Fig. 2.
When RH ranges from 37 to 80%, the extinction efficiency of
nitrate is smaller than that of sulfate because the effective
radius of nitrate is smaller than that of sulfate (see Fig. 2a); the
converse is true for RH greater than 80%.

Fig. 4 shows how the single-scattering albedo (ω) of nitrate
and the nitrate-to-sulfate ratio of ω changes with wavelength
and RH. A minimum in ω is seen at around 2.8 μm at all RH
levels, and as RH increases,ω increases because of hygroscopic
growth (Fig. 4a). Fig. 4b shows that there are significant dif-
ferences in ω for nitrates and sulfates at specific wavelengths.
For example, when thewavelength is nearly 2.8 μmand the RH
is below 40%, the ω for nitrates are about 40% greater than
those for sulfates, which can also be explained by differences in
their refractive indices at 2.8 μm (see Fig. 1b).

Fig. 5 is the same as Fig. 4, but for the asymmetry factor.
The asymmetry factor of nitrate decreases as the wavelength
increases because the scattering approaches Rayleigh scatter-
ing with increasing wavelength. Fig. 5b illustrates that dif-
ferences in asymmetry factor between nitrates and sulfates are
relatively small, with relative differences under ±4%.

The optical properties of nitrate and sulfate shown here
suggest that the differences in Qe and ω between them are
large in some spectral regions and under some RH conditions.
Therefore, use of optical properties of sulfate aerosols when
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calculating the DRF due to nitrate aerosols may lead to un-
certainties, which will be evaluated Section 3.4.

3.2. The distribution of seasonal mean DRF due to nitrate
aerosols in China

Nitrate aerosols strongly scatter solar radiation, which
leads to a negative forcing at the TOA. Fig. 6 shows the
geographical distribution of the seasonal mean DRF due to
nitrate aerosols under clear-sky (a–d) and all-sky (e–h)
conditions. In spring, nitrate aerosol DRFs were mainly
distributed over central, east, and northeast China, attaining
a maximum value of −2.70 Wm−2 for the all-sky case.
Mean all-sky DRFs over southern China were significantly
lower (−0.58 W m−2) compared to mean clear-sky DRFs
(−5.17 W m−2), a nearly ninefold reduction in absolute
value, mainly because of the large cloud cover (>90%) over
this region during springtime. Moreover, forcings were also
largely reduced over the adjacent seas, including the Bo Sea
(Bohai), the Yellow Sea, and the Japan/East Sea. The lowest
DRFs were seen during the summer in both clear- and all-
sky cases (Fig. 6b and f), with seasonal mean values of
−2.54 Wm−2 and −0.61 Wm−2, respectively. There is
more precipitation during the summer so stronger wet
scavenging of aerosols occurs, leading to smaller DRFs for
the all-sky case. The higher temperatures during the summer
are also not favorable to the formation of nitrate aerosols.
In the autumn, forcings were mainly distributed through-
out central and southeast China, with a maximum value of
−2.81 Wm−2 for the all-sky case (Fig. 6g). The seasonal
mean DRF of nitrate aerosols was the greatest in winter
under clear-sky conditions and in autumn under all-sky
conditions when cloud cover is at a minimum. In winter, a
maximum forcing of−3.83 Wm−2 occurred in central China
under all-sky conditions. The smallest forcings were located
over southeast China, due to cloud cover, which was usually
more than 90%, whereas forcings in the eastern coastal region
of India and northwest Thailand, which had less cloud cover,
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were much higher. The seasonal mean DRFs under all-sky
conditions over China in spring, summer, autumn, and winter
were 82.98%, 75.98%, 76.05%, and 79.14% less than those
under clear-sky conditions, respectively.

Cloud cover greatly affects the DRF and can significantly
reduce the strength and range of forcings. Areas with the
greatest magnitudes of DRF under all-sky conditions coin-
cided with those under clear-sky conditions. However,
differences did arise in some regions. The range of values
for the DRF over the sea in summer and autumn were
significantly less than those in winter and spring. This is
probably related to changes in the prevailing weather
systems over sea and land and the adjustment of the land–
sea breeze in East Asia in different seasons. In summer and
autumn, wind mainly blows from the sea to the land in the
lower atmosphere, leading to a decrease in nitrate aerosol
loading over the sea. In winter and spring, the wind direction
reverses and nitrate aerosols can be transported far away
over the sea.
Fig. 7 shows the geographical distribution of the annual
mean all-sky forcing of nitrate aerosols over China; the
annual mean DRF was −0.95 Wm−2. Large forcings were
mainly distributed over central China, which is consistent
with the result of Liao and Seinfeld (2005), although the
maximum value (−2.17 Wm−2) is somewhat smaller than
what they reported (−3.00 Wm−2).

3.3. Comparison of monthly mean DRFs in different regions of
China

Because human activities and industrialization vary greatly
in different areas of China, and nitrate aerosols are mainly
produced by these activities, there are distinct regional dif-
ferences in local nitrate aerosol emissions. Table 2 lists the
monthly and annual mean DRFs in different regions of China
under clear-sky and all-sky conditions.

In the all-sky case, forcing values for all months and regions
were lower than those under clear-sky conditions by varying



Fig. 7. Distribution of annual mean direct radiative forcing (Wm−2) due to nitrate aerosols at the TOA under all-sky conditions.
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amounts. Annual mean DRFs in central and east China were
largest under both clear- and all-sky conditions, with clear-sky
values of −8.53 and −5.92 Wm−2, respectively, and all-sky
values of−1.57 and−1.14Wm−2, respectively. The smallest
annual mean clear-sky DRF occurred in northeast China, with
a value of −2.14Wm−2, whereas the all-sky minimum
occurred in northwest China, with a value of −0.53Wm−2.
The maximum in monthly averaged clear-sky forcings was
found in central China in February (−18.49 Wm−2), whereas
theminimum (−0.51Wm−2) occurred in south China in July.
The largest all-sky forcing was−2.60Wm−2 in central China
in January, whereas the smallest was −0.16Wm−2 in south
Table 2
Monthly and annual mean DRFs (Wm−2) due to nitrate aerosols at the TOA. For e
number below is for the all-sky case.

Region Central China East China North-east
China

North China

Month

1 −10.51 −7.63 −1.73 −2.69
−2.60 −2.19 −0.61 −1.33

2 −18.49 −13.41 −2.67 −6.81
−1.40 −1.13 −1.09 −2.43

3 −10.19 −7.08 −1.67 −4.24
−1.24 −1.08 −0.57 −1.10

4 −7.63 −6.91 −4.66 −4.87
−1.54 −1.39 −0.95 −1.01

5 −7.77 −5.39 −3.16 −4.02
−0.90 −0.88 −0.57 −0.91

6 −4.78 −2.66 −2.03 −3.68
−1.41 −0.75 −0.36 −0.82

7 −2.09 −1.41 −1.45 −1.94
−0.62 −0.29 −0.20 −0.35

8 −6.78 −3.41 −0.98 −2.58
−1.48 −0.70 −0.20 −0.44

9 −9.61 −4.80 −1.69 −3.80
−2.02 −1.04 −0.48 −0.83

10 −10.15 −7.34 −2.12 −4.06
−2.32 −1.69 −0.72 −1.31

11 −9.55 −7.12 −2.55 −3.73
−1.92 −1.45 −0.79 −1.60

12 −4.85 −3.81 −0.96 −2.38
−1.33 −1.10 −0.26 −0.79

Annual −8.53 −5.92 −2.14 −3.73
−1.57 −1.14 −0.57 −1.08
China in July. Notably, the greatest difference between mean
all-sky and clear-sky forcing values occurred in February in
central China.

Fig. 8 shows the monthly mean clear- and all-sky DRFs
over China (top panel) and the monthly mean total cloud
cover from the ISCCP dataset (bottom panel). Variations of
the mean DRF due to nitrate aerosols over China under clear-
and all-sky conditions were similar: both minima occurred
in July, with values of −1.68 W m−2 and −0.40 W m−2,
respectively, but the maxima occurred in different months,
namely February and January, with values of −8.79 W m−2

and −1.38 Wm−2, respectively. This result can be explained
ach month and region, the number on top is for the clear-sky case and the

Tibet Region South-west
China

South China North-west
China

−2.51 −6.49 −7.69 −2.62
−0.87 −0.95 −1.59 −0.89
−2.93 −9.09 −13.08 −3.87
−0.65 −1.09 −1.67 −0.66
−2.50 −8.18 −8.70 −2.07
−0.59 −1.00 −0.78 −0.38
−3.06 −4.88 −5.42 −1.65
−0.75 −0.77 −0.65 −0.43
−2.52 −2.79 −1.40 −2.02
−0.56 −0.46 −0.31 −0.31
−2.50 −3.48 −1.16 −1.71
−0.82 −0.67 −0.28 −0.34
−2.88 −1.66 −0.51 −1.52
−0.80 −0.41 −0.16 −0.39
−3.65 −3.91 −1.58 −2.70
−1.25 −0.94 −0.43 −0.63
−2.21 −5.32 −3.05 −2.77
−0.85 −1.20 −0.81 −0.62
−2.11 −10.70 −8.24 −2.42
−0.84 −1.57 −1.96 −0.43
−1.73 −7.26 −5.79 −2.14
−1.00 −1.13 −1.44 −0.55
−2.78 −6.51 −3.90 −1.74
−1.70 −1.09 −0.85 −0.72
−2.62 −5.86 −5.04 −2.27
−0.89 −0.94 −0.91 −0.53

image of Fig.�7


Fig. 8. Monthly mean DRFs under clear-sky and all-sky conditions over China (a) and (b) monthly mean total cloud cover from the ISCCP dataset.
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by looking at the time series of monthly mean cloud cover,
which is greater in February than in January, so greatly
reduces the clear-sky forcing in February. Note that there is
no simple linear correlation between all-sky DRFs and cloud
cover because different cloud categories have different effects
on radiative forcings. Other factors besides cloud cover can also
affect the DRF, such as the cloud liquid water path, cloud
droplet effective radius, and cloud thickness.

3.4. Error analysis of using sulfate optical properties to calculate
DRF due to nitrate aerosols

The optical properties of sulfate aerosols have generally
been used to calculate the DRF due to nitrate aerosols, which
may lead to uncertainties in the estimated nitrate DRF. Here,
we evaluate these uncertainties. The terms RFSO4 and RFNO3
represent DRFs due to nitrate aerosols that were calculated by
using the optical properties of sulfate and nitrate, respectively.
Fig. 9. Absolute errors in DRF due to nitrate aerosols caused by using the optical prop
Wm−2.
The difference between them, expressed as Δ=RFNO3−RFSO4,
is the absolute error in DRFs due to nitrate aerosols when
sulfate optical properties are used in radiative transfer cal-
culations. Fig. 9 shows the geographic distribution of absolute
errors over China for the month of January for the all-sky case.
All of the error values are positive, indicating that nitrate
aerosol DRFs calculated using sulfate optical properties are less
than those using the optical properties of nitrate. The maxi-
mum error was 0.16Wm−2, which translates into an under-
estimation of the local radiative forcing by 6.2%, compared to
the maximum regional forcing of −2.60 Wm−2 in January
(see Table 2).

4. Summary

In this paper, we estimated DRFs due to nitrate aerosols
under clear- and all-sky conditions on the basis of the optical
parameters of nitrate and discussed their seasonal variations
erties of sulfate aerosols for the calculation for all-sky condition. Units are in

image of Fig.�8
image of Fig.�9
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over different areas of China. Our main conclusions are as
follows.

Differences in the optical properties of nitrate and sulfate
aerosols changewithwavelength and/or relative humidity. Local
forcings due to nitrate aerosols, calculated using sulfate optical
properties, can be underestimated by up to 6.2%, according to
this work. This brings about uncertainties, especially in regions
with large emissions.

Nitrate forcings show significant seasonal variations over
China, with seasonal mean all-sky forcings over China in
spring, summer, autumn, and winter equal to−0.80 W m−2,
−0.61 Wm−2, −1.20 Wm−2, and −1.21 Wm−2, respec-
tively. In April, for example, the largest DRFs were found in
central China, with a monthly mean value of −1.54 Wm-2

for the all-sky case, followed by DRFs in east China and north
China, with monthly mean values of −1.39 Wm−2 and
−1.01 Wm−2, respectively. This is not surprising because
these regions are highly industrialized and generate more
emissions. The lowest DRFs (−0.43 Wm−2) occurred in
northwest China, a remote and rural/desert-like region.

The seasonal and geographical distributions of DRFs due to
nitrate aerosols are in general agreement with those of its
column burdens. However, some discrepancies exist in some
locations, and are probably caused by factors such as meteo-
rological conditions, surface albedo, solar zenith angle, or the
vertical distribution of the aerosol.

A comparison of clear-sky and all-sky cases shows that
clouds can greatly reduce the DRF of nitrate aerosols. The
annual mean DRF due to nitrate was −4.51 Wm−2 over
China under clear-sky conditions, whereas the magnitude
was reduced by about 78.9% to −0.95 Wm−2 in the all-sky
case.

Finally, it should be noted that other factors, like the
emission of nitrate aerosols and the uncertainty in HITRAN
refractive indices of nitrated themselves, will also affect the
estimation of its forcing. In this paper, we only discuss errors
in DRF incurred by using its optical properties.
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