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Abstract

In the spring of 2005, a sunphotometer and a set of broadband pyranometers were
installed in Liaozhong, a suburban region in northeastern China. Aerosol properties
derived from sunphotometer measurements and aerosol-induced changes in
downwelling shortwave surface irradiances are analyzed in this paper. It is shown that
the mean aerosol optical depth (AOD) at 500 nm is 0.63. The day-to-day variation of
aerosol optical depth is dramatic, with a maximum daily AOD close to 2.0 and a
minimum value close to the background level. Dust activities generally produce heavy
aerosol loading characterized by larger particle sizes and less absorption than those
observed under normal conditions. The reduction of instantaneous direct shortwave
surface irradiance per unit of AOD is 404.5 Wm™. About 63.8% of this reduction is
offset by an increase in diffuse irradiance, consequently, one unit increase in AOD
leads to a decrease in global surface irradiance of 146.3 Wm™. The diurnal aerosol
direct radiative forcing efficiency is about —47.4 Wm™. Overall, aerosols reduce about

30 Wm™ per day of surface net shortwave irradiance in this suburban region.



1. Introduction

Much attention has been paid to the connection between the greenhouse effect
brought on by human activities and global climate change. Human activities also
result in the emission of large amounts of aerosols, an important atmospheric
constituent that can influence global climate [Schwartz and Buseck, 2000]. Aerosols
directly influence the Earth’s radiative balance through the backscattering and
absorption of shortwave (solar) radiation and indirectly by influencing cloud
properties and lifetimes [Charison et al., 1992]. Atmospheric aerosol loadings have
undoubtedly increased since the Industrial Revolution. This in turn has likely caused
cooling of the climate system. Calculations suggest that inclusion of aerosols as an
important forcing agent can improve the simulation of climate change [/PCC, 2001].

The global annually averaged direct radiative forcing at the top of the atmosphere
by aerosols is estimated to be in the range of —0.5 to 0.2 Wm™ [Haywood and Boucher,
2000]. Because of the relatively short lifetime of aerosol particles and their large
regional variability, instances of strong localized direct forcing can occur. On a
regional scale, it is suggested that aerosols are already affecting surface forcing,
atmospheric heating, and precipitation [Ramanathan et al., 2001]. Another important
effect is that aerosols substantially decrease downward shortwave irradiances at the
surface, which then impacts crop growth and solar energy availability [Li, 1998;
Chameides et al., 1999; Satheesh and Ramanathan, 2000]. There is no doubt of the
importance of aerosols with regard to climate and the environment system. However,
large uncertainties in the chemical, physical, and radiative properties of atmospheric
aerosols render the quantitative assessment of aerosol effects on climate and
environment problematic.

For example, rapid economic growth and population expansion over the last
twenty years has led to a significant increase in aerosol optical depth (AOD) over
much of China. The average AOD at 750 nm observed at 46 stations in China
increased from 0.38 in 1960 to 0.47 in 1990 [Luo et al., 2001]. High aerosol loading



over much of China is evident from satellite and ground-based measurements [Li et
al., 2003; Xia et al., 2005; Xin et al., 2006]. A case study showed that dust cloud
crossed the Pacific Ocean within 5 day and impacted severely the optical and the
concentration environment of the downwind region [Husar et al, 2001]. An extremely
wide range of aerosol loading, size and absorption are derived from multiyear
ground-based network observations in East Asia region [Eck et al., 2005]. The
increase in aerosol loading partly accounts for a notable decrease of sunshine duration
and downward surface solar irradiance [Liang, 2005]. Heavy aerosol loading and
strong aerosol absorption were suggested as reasons for the regional temperature
changes seen in the Sichuan Basin and precipitation pattern changes from the
mid-1970’s to the present [Li et al., 1995; Xu, 2001; Menon et al., 2002]. Aerosols can
impact crop production through their effect on surface irradiance availability for crop
photosynthesis [Chameides et al., 1999]. It should be noted that these studies are
based upon some hypotheses due to a lack of actual observations and a number of
issues remain open. In-situ observations made in the continental source region on a
continual basis are urgently required in order to portray the spatial and temporal
variations of the complex aerosols located throughout the vast territory of China and
their effects on climate and environment [Li, 2004]. This is the goal of the East Asian
Study of Tropospheric Aerosols: an International Regional Experiment (EAST-AIRE)
[Li et al.,2006]

In April 2005, a comprehensive observation site was established in a suburban
region in northeast China as a part of EAST-AIRE, in support of an air-borne
campaign measuring the profiles of atmospheric aerosols and gases conducted in the
region [Dickerson et al. 2006, manuscript in preparation for the same special issue]. A
CIMEL sun/sky radiometer and a set of broadband solar radiometers were installed
side by side. The measured aerosol properties and their effect on surface insolation are
discussed in this paper.

The paper is organized as follows. The experimental site and the data collected are
described in the following section. Section 3 introduces the methodology. Section 4

presents the analysis of aerosol properties derived from the sunphotometer and



aerosol direct forcing is given in section 5. The conclusion and discussions are

presented in the last section.

2. Site Description and Instrumentation

In April 2005, a radiation station was established in Liaozhong County (41°30°
N,120°42"E,15 m ASL), a suburban region in northeast China. The site is located
about 70 km southeast of Shenyang, the major city in northeast China (650 km to
Beijing) with a population of approximately 4 million. The site is located along one of
the pathways taken by dust storms that occasionally blow across the East Asian
continent [Sun et al., 2001]. The atmosphere above the site in spring is characterized
by frequent haziness, mainly due to anthropogenic pollution and occasional outbreaks
of mineral dust. A CIMEL sun/sky radiometer and a set of broadband radiometers
were installed side by side. In addition, a Total Sky Imager (TSI) was employed to
take snapshots of the overhead sky condition every minute during daytime hours. The
instruments were installed on the roof (more than 6 meters above ground) of a

two-level building where the field of view is unobstructed in all directions.

2.1. Aerosol Robotic Network (AERONET) Data

A detailed description of the CIMEL sun/sky radiometer and its products is
presented by Holben et al. [1998]. The radiometer takes measurements of AOD at
seven wavelengths (340, 380, 440, 500, 670, 870 and 1020 nm). The uncertainty in
AOD i1s 0.01~0.02 [Eck et al., 1999]. The measurements at 940 nm are used for the
derivation of the water vapor column amount. Aerosol size distribution, refractive
index and single-scattering albedo are retrieved from the sky radiance measurements
and AODs [Dubovik et al., 2000]. The AERONET data we use here is the level 2.0
quality-assured and cloud-screened dataset (available from the AERONET website,

http://aeronet.gsfc.nasa.gov/T). The data have been pre- and post-field calibrated,

automatically cloud screened [Smirnov et al., 2000] and manually inspected. Note that

a spheroid particle shape assumption, rather than a spherical particle shape


http://aeronet.gsfc.nasa.gov/

assumption, is used to simulate aerosol scattering during dust periods. This minimizes
the non-spherical effects of dust on the retrievals, such as the artificial spectral
dependence of the real part of the refractive index and the artificially high

concentrations of small particles (radius <0.1 1 m) [Dubovik et al., 2002a].

2.2. Broadband Solar Radiation Data

Global, direct and diffuse solar radiation was measured by a set of state-of-the-art
broadband pyranometers (see Table 1). Solar radiation is sampled every second but
the 1-minute mean is saved to the data logger. The Eppley Normal Incidence
Pyrheliometer (NIP) and black&white radiometer (B&W) were installed on a solar
tracker to measure solar direct and diffuse radiation, respectively. The pyranometers
were factory-calibrated immediately before the installation. The thermal offset of the
pyranometers during the daytime is corrected through adding the absolute mean
observation at night before and after the daytime. The data are quality checked using
the Baseline Surface Radiation Network (BSRN) quality control procedure [Ohmura
et al., 1998]. More importantly, we used a redundant set of broadband pyranometers
in order to ensure the accuracy of the global solar irradiance measurements and to rule
out possible biases due to any offset in the calibration coefficients of a single
instrument. This inter-comparison of global irradiances measured by the two
pyranometers and the global irradiances calculated as the sum of the NIP (multiplied
by cosine of solar zenith angle) and B&W measurements helps detect any data
anomaly, identify its causes and correct the problem. Although the instruments were
manufactured by two different companies and have different sensitivities, their
disagreements remained persistently low (<10 Wm™) except for very few occasional

jumps due to drifts in horizontal leveling.

2.3. Total Sky Imager (TSI) data
To help separate cloudy and hazy conditions, a total sky imager (TSI-440) was set
up at the site, which takes snapshots of the sky on a continuous 1-minute basis during

each day from sunrise to sunset. The TSI-440 model is a full color sky camera with a



software package that operates the instrument and performs some data processing
functions. It captures images in JPEG format data files, which can be analyzed for
fractional cloud cover. From the high-frequency snapshot images, a movie of the sky
conditions is generated for each day. It has proven to be a very useful tool to assist
in the separation of cloudy scenes from hazy clear-sky scenes, as clouds are generally

more variable than the atmospheric aerosols.

3. Methodology

The goal of this research was to study aerosol effects on solar radiation at the
surface under clear conditions, so the first task was to obtain aerosol and radiation
data for cloudiness periods. This is achieved by an empirical clear-sky detection
method that is based on I-minute radiation data. The method was introduced as
follows.

It is shown that global shortwave radiation under clear sky can be simulated by a

power law function of the cosine of solar zenith angle [Long and Ackerman, 2000)].

F

obal = A% cos(@)b (1)

where a indicates the expected global radiation when 6 is equal to zero and b
determines variation of global radiation with 6. The value of b is close to 1.2 [Long
and Ackerman, 2000], so coefficient b is set 1.2 and only coefficient a is allowed to
increase gradually to simulate possible global radiation for clear sky with different
aerosol loading. The process is terminated and corresponding coefficient a is saved if
80% of observations are less than the computed values by equation 1 with the
specified coefficients. An observation is considered to be influenced by cloud if the
absolute relative deviation of observation from the corresponding computed values is
greater than 20% (the first check). Next, the observations are normalized by the

simulated values. The variability of the normalized irradiances is tested by computing

a running standard deviation over a 30-minute period. The observation is deemed



affected by cloud if the standard deviation is greater than 0.02 (the second check). The
parameters used in the clear-sky detection method were tuned by a trial and error
method based on sky condition as seen more clearly from TSI animation. Figure 1
showed an example illustrating how the algorithm discriminates clear-sky
observations.

The filtered clear-sky radiation observations are then collocated with CIMEL
sunphotometer data. The measured downward shortwave irradiances are first
compared with simulations by a radiative transfer model. The model is also used to
compute the background-level solar radiation using the water vapor column amount
(from CIMEL retrievals), the ozone column amount (from the Total Ozone Mapping
Spectrometer, TOMS) and MODIS surface albedo as model inputs. The aerosol effect
on instantaneous global, direct, and diffuse surface irradiances is computed as the
difference between observations and the corresponding model simulations of the
background conditions. Note that the aerosol effect presented here includes
contributions from both anthropogenic and background aerosols. The diurnal mean
aerosol direct radiative forcing (ADRF) can better represent the climatic effects of
aerosol, but calculating a diurnal mean is not straightforward because cloudy-sky
periods frequently intervene clear-sky periods. Therefore, a method is required to
interpolate the clear-sky measurements when there were no observations available.
The method of Conant [2000] is used to derive diurnal values from instantaneous
measurements. On a day-to-day basis, a diurnal cycle of shortwave irradiances is
simulated by a radiative transfer model using AOD and the water vapor column
amount as its inputs. The ratio of measurements of instantaneous shortwave irradiance
to the model simulation is computed. The ratio is then multiplied by the model diurnal
cycle to convert the instantaneous measurements to corresponding diurnal cycles. The

derived curve is lastly integrated over 24 hours to obtain a diurnal mean irradiance.

4. Results
The analysis of aerosol properties derived from sunphotometer measurements is

presented firstly in this section. The measurements of solar irradiance are compared



against simulations of radiative transfer model that is driven by sunphotometer data.
Aerosol instantaneous and diurnal mean radiative forcing is derived by the collocated
AOD and radiation data.

4.1.Aerosol Properties from Sunphotometer Data

The daily mean AOD at 500 nm (hereafter AOD means aerosol optical depth at
500 nm if not specified) is presented in Figure 2a. Large variations in the AOD are
noted, with AOD ranging from a minimum of ~0.11 (26 May) to a maximum of 1.95
(17 April). The mean AOD value from April to June in Liaozhong is 0.63 (the
standard deviation is 0.46), which is roughly a factor of 6 larger than values reported
for background continental air masses (~0.1-0.15) [Halthore et al., 1992; Bergin et al.,
2000]. The mean AOD in Liaozhong is similar to the mean AOD measured in heavily
polluted air masses in a valley site (0.68) [Yu et al., 2000] and off the east coast of the
United States (0.56) [Reddy et al., 1990]. The mean AOD in Liaozhong is also within
the range of the values reported in other suburban regions of China, such as 0.61 in
Linan [Xu et al., 2002], 0.56 in Miyun and 0.60 in Xinfeng [Zhang et al., 2002], 0.77
in Xianghe [Li et al. 2006]. The outstanding feature in Liaozhong is that the AOD
varies dramatically, with the standard deviation a factor of 2-4 higher than that in
other regions.

The Angstrom wavelength exponent (o) provides an indication of the aerosol
particle size. The a of dust particles are on the order of 0.1-0.6 [Seinfeld and Pandis,
1998]; however, most fine mode particles are anthropogenic in origin and generally
have o larger than 1.5. The mean o, which is computed from a linear regression of
aerosol optical depth versus wavelength at a logarithmic scale with data from 440,
500, 670, and 870 nm, is 0.96 + 0.34, which is close to observations in Japan [Eck et
al., 2005]. The mean a increases from 0.74 (+0.40) in April to 1.08 (£0.29) in May
and 1.03 (£0.18) in June. As seen in Figure 2b, a shows remarkable temporal
variability. The months of April and May showed a few days with a less than 0.3. This
is indicative of the large input of coarse mode dust aerosols to the atmosphere. The
time series of the fine mode contribution to aerosol optical depth is shown in Figure

3a. Fine mode particles account for less than 30% of the extinction at 670 nm when o



is less than 0.3. The mean value is about 0.73 for a larger than 0.75, which is close to
that in downwind regions, such as in Korea and Japan [Eck et al., 2005].

The mean single scattering albedo () is ~0.90. The value is somewhat less than ®
in suburban regions such as in Paris and Maryland, but it is closer to ® in other urban
regions, such as in Beijing and Kanpur [Dubovik et al., 2002b; Eck et al., 2005; Xia et
al., 2006] and in Xianghe (a remote suburb of Beijing) [Li et al. 2006]. Note that ®
shows a large temporal variability (Figure 3b). Dust particles generally have larger ®
that increase with wavelength; however, @ for predominately fine mode aerosol
particles have smaller o that decrease with wavelength. This implies that dust aerosols

have less absorption than anthropogenic aerosols.

4.2.Comparison of Modeled and Measured Downward Shortwave Irradiances

The Second Simulation of Satellite Signal in the Solar Spectrum (6S) is used to
estimate the downward shortwave irradiances (DSWI) at the surface. The 6S model
has a spectral resolution of 2.5 nm and uses the successive order of scattering
algorithm to calculate the solar radiative transfer within the atmosphere [Vermote et
al., 1997]. The mid-latitude winter standard atmosphere is used to describe vertical
profiles in the atmosphere (i.e. water vapor, temperature, pressure, ozone density
profiles). The column-integrated ozone and water vapor amounts in the standard
atmosphere were scaled by the ozone content data from TOMS and water vapor
content data from the CIMEL sunphotometer. The aerosol inputs to the radiation
transfer model are aerosol size distribution and refractive index. Aerosol size
distribution parameters are fit as functions of AOD using AERONET data [Remer and
Kaufman, 1998]. Note that the correlations between aerosol size parameters and AOD
are derived for dust (a< 0.6 and TOMS Aerosol Index (Al) > 0.6) and non-dust cases
(0> 0.6 or TOMS AI < 0.6). The mean refractive index for two cases is computed and
used in the simulations. The spectral optical properties (extinction, phase function and
single-scattering albedo) are computed using a Mie algorithm. MODIS broadband
albedo data are used to specify the surface albedo in the computation.

The calculated DSWI at the surface was first compared with pyranometer



measurements. Figure 4 shows comparisons between the calculated and the measured
global irradiances from the CM21 pyranometer (a) and from the sum of direct and
diffuse components (b), direct irradiances (c) and diffuse irradiances (d). The modeled
means and one standard deviations of global, direct and diffuse DSWI are 663 £259,
493 + 257, 170 £ 91 Wm?, respectively. In comparison, the corresponding
observation values are 6521250, 485253, 164195, respectively. The correlation
coefficients are larger than 0.99 for global and direct irradiances. The computed and

measured DSWI are in good agreement. The mean bias error

(mbe=Z(measurements—simulations) between the modeled and measured global

DSWI is close to 12 Wm™. As for the direct and diffuse DSWI, the mbe is 8 Wm™ and
6Wm?, respectively. The good agreement is well within the estimated absolute

accuracy of the pyranometer measurements and model simulations.

4.3.Instantaneous Aerosol Effect on Surface Irradiances

Figure 5 shows instantaneous measurements of direct and diffuse irradiances and
the corresponding model simulations of the background level. An important feature is
that the magnitude of the irradiances varies considerably. For a fixed solar zenith
angle, the aerosol-induced differences in direct irradiances between measurements
and model simulations can reach more than 700 Wm™ on occasion. On the contrary,
diffuse irradiances dramatically increase due to aerosol scattering. In Figure 6, the
difference between observed global, direct and diffuse DSWI and the corresponding
model simulations of the background level are shown as the functions of the
instantaneous AOD. In order to discriminate the effects of the solar zenith angle, the
analysis is carried out separately for six solar zenith angle ranges. An important
feature is that the DSWI generally shows a linear dependence on AOD when it is
relatively low. If all data points are considered, a nonlinear equation, such as an
exponential equation or a polynomial fit [Jayaraman et al., 1998], is more suitable.

Table 2 presents the estimated slopes of the linear fits when AOD <0.8, i.e. the

change in DSWI per unit of AOD. Over the extent of solar zenith angles, the slope of



the linear fit to the direct DSWI data ranges from -217 to -522 Wm™ while the slope
of the linear fit to the diffuse DSWI data ranges from 116 to 349 Wm™. As a result,
the global DSWI ranges from -101 to -173 Wm™. Note that a moderate scatter of data
points around the fitted curves is expected. Potential reasons for the scatter include
measurement uncertainties, differences in aerosol properties and the minor influence

of the solar zenith angle.

4.4 Diurnal Mean ADRF at the Surface

The instantaneous irradiance changes depend on the solar zenith angle, so we
computed diurnal mean irradiance changes using instantaneous measurements and 6S
model simulations to focus on the AOD dependence and show what the aerosol
effects would be if a given AOD persisted for the full sunlit period of a day. Figure 7
presents the diurnal mean ADRF as a function of AOD. The magnitude of the
observed negative diurnal ADRF at the surface varies from about 18 Wm™ to more
than 90 Wm™. Performing linear regression for data with AOD < 0.5, the diurnal
ADRF efficiency is —47.4 Wm™ and —48.6 Wm™ for NIP+B&W and CM21,
respectively. It should be noted that daily ADRF efticiency showed a large day-to-day
variation due to strong dependence of ADRF efficiency on AOD that showed dramatic
daily variation. Furthermore, ADRF efficiency showed a little difference as a result of
the quite differences in aerosol optical properties including spectral dependence of
AQOD, aerosol absorption and aerosol preferred scattering direction (aerosol
asymmetry factor). For example, AOD of 1.69 at May 4 leaded to ADRF of 88.2
Wm™, however, AOD of 1.73 at May 15 leaded to ADRF of 73.2 Wm™. The rational
behind the fact is that aerosol single scattering albedo for the former (0.92) is a little

less than that for the latter (0.95).

5. Conclusions
Solar broadband and spectral radiation measurements were made with four
pyranometers and a sunphotometer from April to July 2005 in Liaozhong, a suburban

region in northeast China. Simultaneous measurements of aerosol optical depth and



broadband radiation under clear-sky conditions were collected and aerosol-induced
instantaneous and diurnal direct radiative forcing at the surface was estimated.

Aerosol loading shows a remarkable day-to-day variation, with the highest daily
AOD close to 2.0 and the minimum AOD close to the background level (0.11).
Aerosol loading, particle size and absorption are all seriously impacted by dust
activities. The daily AOD is close to 2.0 on April 17, a day with much dust in the air,
and the coarse mode aerosols contribute to more than 70% of the AOD in the visible.
The single scattering albedo for the dust cases increases with wavelength while the
reverse is true for non-dust cases.

Aerosols can induce significant changes in surface global shortwave irradiance
and its diffuse and direct components. The reduction of instantaneous direct irradiance
per unit of AOD varies from —217 Wm™ to -522 Wm™, depending on the solar zenith
angle. About 53% to 66% of this reduction is offset by an increase in diffuse
irradiance and as a result, one unit of AOD increase results in a loss of about 101 to
173 Wm™ in surface global irradiance.

The observed diurnal mean ADRF at the surface varies from about —18 Wm™ to
more than -90 Wm™. The ADRF efficiency computed for data with AOD < 0.5 is
about -47 Wm™. Given that the mean AOD is 0.63, the seasonal mean reduction in

surface net shortwave irradiance is about 30 Wm™ in this suburban region.
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Table 1. The broadband pyranometers installed in Liaozhong during spring 2005.

Global Direct Diffuse
Instrument CM21/CM11 NIP black&white
Wavelength (nm) 305-2800 285-2800 285-2800
Manufacturer Kipp-Zonen Eppley Eppley
Table 2. The linear fits of downwelling shortwave irradiance differences

(measurements minus model simulations of the background level) to aerosol optical

depth at 500 nm for six solar zenith angle ranges. The slope is computed for data

points with aerosol optical depth less than 0.8.

Solar zenith angle | 20-30° | 30-40° | 40-50° | 50-60° | 60-70° | 70-80° | mean
Slope | -154.3 | -173.1 | -158.2 | -167.7 | -123.4 | -101.0 | -146.3
Global
1’ 0.93 0.90 0.87 0.94 0.87 0.91
Slope | -473.7 | -522.5 | -466.6 | -442.7 | -304.1 | -217.0 | -404.5
Direct
1’ 0.96 0.93 0.90 0.94 0.85 0.83
Slope | 319.5 | 349.5 | 308.4 | 2749 | 180.7 | 116.0 | 258.2
Diffuse
I’ 0.94 0.93 0.88 0.90 0.77 0.71
Data points 116 113 72 61 80 66
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Figure 1. Example plot illustrating how the clear-sky discrimination algorithm
works for May 14. The points satisfying clear-sky criteria are highlighted. (a)
the first check; (b) the second check; (c) the points with aerosol optical depth

are shown as squares.
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Figure 2. CIMEL Sun/sky radiometer observed time series of daily aerosol optical
depth at 500 nm (“soonm) (a), and Angstrom wavelength exponent (a ) (b) during

spring 2005 at Liaozhong. The dashed lines indicate the mean values.
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Figure 3. Time series of the contribution of fine mode particles to aerosol optical

depth (t) (a) and time series of the aerosol single scattering albedo (®) (b). The values

at four wavelengths (440, 670, 870, 1020 nm) are depicted by points with sizes

varying from small (for 440 nm) to large (1020 nm).
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Figure 4. 6S model simulations as a function of (a) global DSWI measured by the
CM21 pyranometer (, (b) the sum of direct (NIP) and diffuse (B&W) DSWI, (c) NIP-
observed direct DSWI and (d) B&W-observed diffuse DSWI.
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Figure 5. The downward shortwave direct (a) and diffuse (b) irradiances observed by
NIP and B&W radiometers and the corresponding modeled background-level

irradiances. The observations and simulations are indicated by plus symbols and

circles, respectively.
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Figure 6. The differences between measured downward shortwave irradiances (DSWTI)
and corresponding 6S simulations for the background conditions as a function of
aerosol optical depth at 500 nm (“sponm) in 6 solar zenith angle ranges: 20°-30°; 30°-40°;
40°-50°, 50°-60°; 70°-80°. The global, direct and diffuse DSWI are represented by

circle, asterisk and plus symbols, respectively
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Figure 7. The diurnal aerosol direct radiative forcing (ADRF) at the surface as a
function of aerosol optical depth at 500 nm (tsoonm). The ADRF efficiency is

computed from data points with “soonm less than 0.5.
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