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Abstract: Aerosols play -an important role in the energy budget of the
earth-atmosphere system. In this paper, we studied aerosol shortwave direct
radiative forcing (DRF) effects in Pearl River Delta based on SBDART and a
‘two-layer-single-wavelength’ model. Simulation results indicated that the
underlying surface type and solar zenith angle have significant impacts on
aerosol radiative forcing. The comparison between aerosol radiative forcing
effects on urban asphalt surface and vegetation shows cooling and warming
effects of aerosol shortwave radiative forcing on urban asphalt are much more
apparent than that on vegetation, implying aerosols over asphalt-predominated
cities will impact the local climate. Then we estimated variations of average
DRF and net radiation flux with solar zenith angle in the Pearl River Delta.
DRF indicates warming at solar zenith angles of 0°, 20°, 40° and 60°, but
cooling at 80°. Net radiation flux increases with a decrease in aerosol optical
thickness (AOT) at low elevation, but with an increase in AOT above 5 km.
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1 Introduction

Aerosols are fine particles that are suspended in air as liquid or solid, and observed as
dust, smoke and haze, significantly influencing global climatic changes and regional
environment (IPCC, 2007). Tropospheric aerosols directly affect the radiative balance
and climate on the earth through scattering and absorbing solar radiation (Li et al., 2007
Myhre et al., 1998; Penner et al., 1994; Twomey, 1974). They also impose an indirect
effect by modifying the cloud albedo (Albrecht, 1989) and the cloud lifetime (Pincus and
Baker, 1994) as cloud condensation nuclei (Carlson et al., 1995; Kaufman and Fraser,
1997; Kaufman and Koren, 2006).

Advances have been made in recent years on the study of aerosol radiative forcing
and its impact on climate across the world (Alam et al., 2011; El-Metwally et al., 2011;
Gao et al.,, 2003; Kim et al., 2010; Lau and Kim, 2006; Reddy et al., 2004; Wu, 2003;
Zhang et al., 2012). Models have been applied to evaluate the direct radiative forcing
(DRF) for anthropogenic aerosol species. The global annual average radiative forcing is
* estimated as —0.4W/m” (~0.2-0.8 W/m?) for sulphate aerosols (Alam et al., 2011; Hobbs
et al., 1997; Ghan et al., 2001; Graf et al., 1997; Grant et al., 1999); —0.2 W/m? (—0.07—
0.6 W/m?) for biomass burning aerosols (Myhre et al., 1998; Hobbs et al., 1997; Liousse
et al., 1996; Ross et al., 1998); —0.10 W/m* (—0.03— —0.3 W/m?) for fossil fuel organic
carbon aerosols (Cooke et al., 1999; Myhre et al., 2001; Penner et al., 1998); +0.2 W/m?
(+0.1—+0.4 W/m?) for fossil fuel black carbon aerosols (Grant et al., 1999; Hansen et al.,
1998; Penner et al., 1998) and —0.6—+0.4 W/m? for mineral dust aerosols (Hansen et al.,
1998; Jacobson, 2001; Miller and Tegen, 1998; Sokolik and Toon; 1996; Tegen and
Lacis, 1996). Exploratory studies on atmospheric radiation effects of mixed aerosols have
also been carried out (Hobbs et al.,, 1997; Christopher and Zhang, 2004; Wang et al.,
2013; Zhang et al., 2012).

A great deal of work on aerosol DRF, abbreviated as DRF, has been carried out in
China. Chen et al. (2004) analysed the impact of aerosols en climate change over China
and pointed out that the coupled increase of aerosol with economic development is
considered the main reason for a decline in temperature in China. Mao and Li (2005)
studied the aerosol radiative properties over China and retrieved aerosol optical
properties from MODIS data. Sun and Liu (2008a 2008b) have estimated over China the -
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effects of sulfate aerosols and black carbon (BC) on the East Asian summer monsoon and
the results show that sulfate and black carbon aerosols produce a global average radiative
forcing of —0.25 and .0.13 W/m’, respectively. A simulation study of radiative forcing of
organic carbon (OC) aerosols -in China with RegCM3 model, showed the radiative
forcing on top of the atmosphere to be negative between —0.1 and —0.5 W/m’ (Su ét al.,
2010). Lu etal. (2011) analysed the influences of BC and OC aerosols on air temperature,
and discovered that BC and OC aerosols cause a distinct increase in air temperature
between 28°-30° N latitude versus a decrease between 35°~36.2°N in China.

The Pearl River Delta (latitude 21.5-24°N, longitude 112-115.5°E), located in south
central Guangdong China (Figure 1), has experienced fast economic growth, population
expansion and consequently severe aerosol pollution all year round. Anthropogenic
aerosol generation has witnessed a dramatic increase in past several decades, with the
rapid industrial development, vegetation reduction, and heavy traffic pressure. The yearly
average aerosol type over PRD is shown in Table 1, proposed by Li et al. (2005), which
has been proved to be suitable for Hong Kong and the adjacent areas of PRD. Dust-like,
water-soluble, oceanic and soot aerosols make up the complicated aerosol types in the
region, with the volume components of 0.13 & 0.1, 0.7 + 0.12, 0.15 + 0.11 and 0.005 +
0.004, respectively. Annual average aerosol optical thickness (AOT) over PRD region in
2011, derived from MODIS 10 km-resolution AOT products, was calculated about 0.53
(Figure 2). Therefore, regional study on aerosol DRF will play an important role in the
study of climatic effects in the future.

Figure 1  Location and administrative boundary of the Pear] River Delta in Guangdong Province,
China (21.5~24°N, 112~115.5°E) (see online version for colours)
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Table 1 The four basic components in the aerosol model
Dust-like Water-soluble . Oceanic Soot
Volume component ' 0.13 0.7 - 015 0.005

Standard deviation~ - 0.} 0.12 0.11 T 0.004
Source: Lietal. (2005) »

Figure 2  Anhual average AOT distribution'map with 10 km-resolution over Pearl River Delta
region in 2011 (see online version for colours)

L ! L . f

24N ' ‘ N -

239N L

220N -
AOD value
B high: 1.5
@ Low: 0

T T B T T
112°E 113°E 114°E 115°E

2 Methodology

2.1 Two-layer-single-wavelength model

Seinfeld and Pandis (1998) constructed a single thin layer aerosol ground surface
radiation model illustrated in Figure 3. It shows an aerosol layer lying on top of a ground
surface layer. The direct incident solar radiation beam impinges on the aerosol layer with
radiative flux Fy. The model assumes a light beam perpendicular to the surface, i.e., at a
solar zenith angle 6 of 0° and an adiabatic temperature profile.
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Figure 3  Two-layer-single-wavelength radiation model (a thin aerosol layer above
the Earth’s surface)
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Source: Proposed by Seinfeld and Pandis (1998)

The fraction of the incident light transmitted through the aerosol layer is 1, = ¢, where 7
is the optical depth of the layer, showing the vertical integral of particle extinction
coefficient 0., over the layer. The fraction of the incident radiation reflected by the
surface

Trgs = RsTrdp =R (rfp +rdsp) ) (1)

where R, is the albedo of the underlying Earth’s surface, rgg, is the fraction of the
radiation scattered downward. Some of the intensity R,Try,F, reflected upward by the
ground surface into the aerosol layer, is backscattered, some is absorbed by the layer, and
some is transmitted to the outer atmosphere. For these multiple radiative processing, the
total upward flux is

F = (rusp +RsTr¢12p +Rs2Trdzprusp +)FE)

2)

=[ hp + RT1}, (14 Rorigy + R2ry + Rty +++-) | Fo

where r,,, is the fraction reflected back to the atmosphere. With R, < 1 and r,,, <1,
equation (4) simplifies to

RSTrdzp '
F;' = rusp D FO (3)

+
1- RS rusp

In fact, even if totally devoid of aerosols, the atmosphere does not completely transmit
the incident solar beam. Considering the atmosphere as a blanket overlaying the aerosol
layer, the incident flux on the aerosol layer is 7.,/ instead of ;. The change in
outwards radiative flux due to the aerosol layer is the aecrosol DRF AF,:
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R Tr?
AF, = Fpp — Fpo = ARpr = 7:1%1)1 I:(rilsp +1_—'dﬁ_)_ R&:|Fb (4)

— LK Fysp

where £, is upwards radiative flux when there exists aerosols, Fy is upwards radiative
flux when without aerosols and M stands for quantity in square brackets. If AR, > 0,
AF, > 0, then the net change in forcmg is —|AF| and results in cooling effects. If AF on
the other hand i is smaller than 0, the climatic effect is warming. That is, aerosol DRF is
the difference in radiative flux between aerosols (F,,) and no aerosols (Fy).

2.2 Introduction of SBDART

To calculate aerosol DRF in the Pearl River Delta region we did choose the Santa
Barbara DISORT atmospheric radiative transfer (SBDART) program to study the effects
of aerosols on top-of-atmosphere upwards radiant flux. SBDART is a FORTRAN
computer code developed by the Earth Space Research Group of the Institute for
computational Earth System Science at the University of California (Ricchiazzi et al.,
1998). It analyses various radiative transfer problems in satellite remote sensing
and atmospheric energy budget studies. Based on a collection of highly developed
physical models, SBDART can be used to compute the intensity of scattered and emitted
radiation at different heights and directions, and allows over 50 atmospheric layers and
20 radiation streams to enhance calculation accuracy.

To simulate the top-of-atmosphere and surface upwelling radiant flux with SBDART,
three basic types of input are required:

1 solar geometry: latitude and longitude, date, time and spectral region

2 atmospheric profile: the concentration of water vapor, ozone and trace gases such as
CO,, CH, and NOy, together with a surface albedo model to parameterise the
spectral reflectivity of the surface, by choosing surface type or set the albedo to be a
constant

3 aerosol parameters: aerosol types, altitude of stratospheric aerosol and AOT.

Outputs calculated by the model are total downward flux (W/m®), total upward flux
(W/m?), direct downward flux (W/m?), Net flux (W/m?), and Heating rate (K/day). The
model assumes no divergence of the heat moving upwards.

In our study, we first calculate the 24-hours flux up over asphalt and vegetation on the
first day of each month in 2011, respectively, to make a clear comparison of seasonal
variation of aerosol shortwave DRF on different underlying surfaces. We also estimated
the average shortwave DRF and net radiation at different solar zenith angle and AOT to
study their variations. The average AOT over PRD region in this model is set to 0.5, and
the tropospheric aerosol types are set as urban and no aerosol in the model. The altitude is -
set as 10 km because it is the average height of the troposphere layer in middle or lower
latitude regions. Table 2 lists the input parameters on January 1 over the PRD in our
experiment.
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Table 2 The input parameter for SBDART on January 1, 2011 for the Pearl River Delta

Solar geometry
Lat. and lon. ’ Date Time’ Spectral region (um)
23.1°N, 113.3°E .. - Jan. Ist 0-24 hour ©0.25-4.00
o » Atmospheric profile ‘
Water vapor (g/cm?) Ozone (ATM-cm) ‘ ~ CO; (ppm)
] 035 360
CH, (ppm) NOyx (ppm) Surface albedo model
1.74 ' 0.32 Vegetation/ urban asphalt
Aerosol parameters
Background aerosol type Altitude (km) AOT
Rural/urban/no aerosol ‘ 10 : 0.5

3 Calculation of direct shortwave radiative forcing over the
Pearl River Delta

Figures 4 and 5 show the hourly variation of top-of-atmosphere shortwave radiant flux
F,. (AOT = 0.5) and F4 (AOT = 0) on the first day of each month over the Pearl River
Delta region with the underlying surface being vegetation and urban asphalt, respectively.
The blue curve in these figures indicates the daily evolution of F,o for a tropospheric
background without aerosol, the red curve the evolution of F,. with an AOT set at 0.5.
The aerosol types are assumed the same in the model to avoid the difference impact on
the results. Considering the size of the study area, this assumption is acceptable and has
no obvious influence on the results. The curves vary in height, a measure of the flux
intensity, and width indicative of the variation in flux during the daily cycle. When the
peak intensity of the red curve is larger than that of'the blue curve, cooling occurs; when
the peak intensity of the blue curve is larger, warming occurs.

Thus, inspection of Figure-4 shows that with a vegetation substrate and an AOT of
0.5, AF, = F,. — F, is positive between January and March indicative of cooling,
AF, reaching 16.94 W/m? 13.05 W/m* and 8.03 W/m’, respectively. Cooling with
decreasing intensity continues on April 1st except from 3:00 to 7:00 Greenwich mean
time (GMT, 11:00 am to 15:00 pm locally) when AF, is —-6.06 W/m?, indicative of
warming. In May and June, warming continued to increase along with lengthening of
duration. Warming reached its apogee in July with a peak value of 8.58 W/m?, between
2:00 and 7:30 GMT (10:00 am to 15:30 pm locally). After July the warming intensity
gradually decreased as well as the number of daily hours. Cooling took over again in
November and AFr increased up to 16.42 W/m? in December. ‘
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Figure 4
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The variation of top-of-atmosphere upwelling radiant flux F,, and F,, on the first day

of each month over the Pearl River Delta region with vegetatlon as underlying surface
(see online version for colours)
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Note: The hour represents the Greenwich mean time, about eight hours earlier than the local time.

Figure 5 show that, in urban asphalt areas with an AOT set at 0.5, AF, =

F, — F, was

33.56 W/m? in January indicative of cooling. However in contrast to the case with a
vegetation substrate, already on February 1 DRF becomes negative (~10.59 W/m?)
between 2:30 to 7:00 GMT indicative of warming. Warming continued to increase
between March to June in intensity as well as hours per day. Warming was highest in
July, with a peak value of 18.99 W/m* between 0 and 8:00. GMT. From August to
October the warming gradually decreased in intensity as well duration. Cooling took over
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in November and with December, AF, becoming positive with a value of 11.19 W/m” and
16.21 W/m? respectively.

Figure 5 The variation of top-of-atmosphere upwe]ling radiant flux F, and F,4 on the
first day of each month over PRD region with urban asphalt as the underlying sur face
(see online version for colours)
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As discussed above, Figures 4 and 5 indicate cooling in winter (November, December
and January) and warming during the other seasons in the Pearl River Delta. Note that the
effect of aerosol direct shortwave radiative forcing is much stronger in the urban area
where asphalt predominates than that in the rural area where vegetation prevaﬂs

4 Average DRF and shortwave net radiation flux over the
Pearl River Delta

Net radiation is the balance between incoming solar energy and outgoing energy from the
Earth. It is the total energy that influences climate and provides important information
about Earth’s energy budget. For discovering the variation trends, we also calculated the
average shortwave DRF and NR at different solar zenith angle and AOT values in the
Pearl River Delta in year 2011 through SBDART.

Figure 6  Variation of average upwards radiant flux in Pear! River Delta with AOT: SZA in each
figure is (a) 0°, (b) 20°, (c) 40°, (d) 60° and (e) 80° (see online version for colours)
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The variation of upwards radiant flux with AOT at different solar zenith angle is shown
in Figure 6. Note that:

1 the upwelling radiant flux decreases with the increase of solar zenith angle

2 when SZA is 0°, 20°, 40° and 60°, the upwelling radiant flux decreases with an
increasing AOT, but for SZA = 80°, the decrease only occurs below 5 km

3 with increasing elevation, upwelling radiant flux i increases
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4 when SZA is 0°, 20°, 40° and 60°, aerosol DRF AF, = F,, — F, is negative indicative
of warming. In addition, the warming intensity increases with increasing AOT while
it decreases with increasing SZA

5 when SZA is 80°, AF, is posmve i.e., cooling, the intensity increasing with
increasing AOT.

Figure 7 displays the variation of shortwave net flux along with SZA and AOT over the
Pearl River Delta. It can be inferred from this figure that:

1 The shortwave net flux decreases with increasing AOT, meaning that aerosol can
effectively reduce the shortwave solar radiation energy received by the earth.

2 The shortwave net flux increases with increasing elevation, because atmospheric
layer on top of the aerosol layer also absorbs some degree of solar energy.

3 When SZA is 0°, 20°, 40° and 60°, with the increase of AOT), the shortwave net flux
gradually decreases near the ground and then increase above about 5 km. As a
consequence, the difference between net flux in the upper atmosphere and that on the
surface increases with the increase of AOT. This difference is exactly the radiation
energy absorbed and used by the atmosphere.

4 When SZA is 80°, there is no positive relationship between the net radiation
difference and AOT.

Figure 7 Variation of average net flux in Pearl River Delta with AOT: SZA in each figure is
(a) 0°, (b) 20°, (c) 40°, (d) 60° and (e) 80° (see online version for colours)
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5 Conclusions

This study used the SBDART model to calculate and analyse the annual aerosol
shortwave DRF and net flux over the Pearl River Delta region. In general DREF in this
region is affected by undetlying surface type and solar zenith angle.

Comparison of -aerosol shortwave DRF between vegetation and urban asphalt in
Pearl River Delta reveals some differences. In January and February AF, was positive for
vegetation, indicative of cooling with a peak at January Ist of 16.94 W/m?; till July
warming increased with a peak at 8.58 W/m®. For the urban asphalt area, the DRF of
January indicated cooling, reaching up to 33.56 W/m®; the climate warms in February
with a maximum of 18.98 W/m? in July. Hence, the warming intensity over urban asphalt
surface is much greater than that over vegetation.

After computing the shortwave average albedo from the satellite data, we also
estimated the average shortwave DRF and net radiation over the Pearl River Delta by
SBDART. Our results show that at a solar zenith angle of 0°, 20°, 40° and 60°, shortwave
DRF induces warming which increases with increasing AOT and decreases with
increasing SZA: When SZA is 80°,DRF induces cooling the more so with increasing
AOT. Additionally, shortwave net flux tracks with a decrease in AOT at low elevations.
This relationship weakens with increasing elevation and turns positive at about 5 km.
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