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The UV attenuation due to atmospheric aerosols in Guangzhou was quantitatively assessed using surface ultraviolet radiation (UV,
295-385 nm) observation, sun photometer and radiation models. Observations showed that the annual average value of aerosol
optical depth (AOD) was 1.19 in UV spectral region of 340 nm, the annual average occurrence frequency of aerosol optical depth
AOD340 ni>1.0 was 55%, and the annual average attenuation rate of surface UV direct radiation of 340 nm was 68%. It was prov-
en in the observation of surface UV radiation and model evaluation that annual average attenuation of UV due to atmosphere was
75%, and that reached 72% in the dry season (October, November, December and January); while average attenuation of UV due
to atmospheric aerosols reached 62% in the dry season. It was indicated that very significant UV attenuations due to atmospheric
aerosols existed in Guangzhou urban agglomeration, and at least half of UV radiation was attenuated due to atmospheric aerosols.
Such large-amplitude attenuation will have a significant impact on urban ecosystem and species chemical cycles, especially pho-

tochemical reaction processes.
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Clouds and aerosols are the most important factors affecting
the solar radiation reaching the surface [1,2], and play an
important role in the earth climate system. Currently, the
disturbance of high-concentration anthropogenic aerosols
resulting from urbanization to the earth-atmosphere radia-
tion system is significant [3,4]. It also affects the amount of
UV radiation reaching the ground, which has a significant
impact on urban ecosystems, species chemical cycle, espe-
cially photochemical reactions [5,6]. UV radiation is the
energy driving source of atmospheric photochemical reac-
tions, and plays a key role in the formation of OH free radi-
cals and ozone. Take following situations as examples:
305-320 nm wavelength of light makes the O; photolysis
occur, free radicals produced during which are important
sources of OH free radicals; 310-396 nm wavelength of
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light makes the HNO, photolysis occur, during which OH
free radicals are produced directly; 190-350 nm wavelength
of light makes the H,O, photolysis occur, during which OH
free radicals are produced directly; 301-356 nm wavelength
of light makes the CH,O photolysis occur, H free radicals
produced during which are important sources of HO, free
radicals; 202-422 nm wavelength of light makes the NO,
photolysis occur, which is an important part of the for-
mation of Os. Therefore, factors affecting UV radiation will
also affect the formation yield of OH free radicals and Os,
and then affect the atmospheric substance circulation sys-
tem. Especially in the metropolitan region, the impact of
high-concentration aerosols on UV radiation and urban sub-
stance recycling ecosystems should be taken seriously
enough.

In recent years, international pollution research on the
urban agglomeration has been markedly strengthened. For
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this reason, urban meteorological and environmental research
programs (GURME) and research response were established
by World Meteorological Organization (WMO, 2001) [7].
In 2004, scientists from China and the United States launched
a joint observational study program of troposphere aerosols
in East Asia [8], and analyzed the characteristic of aerosols
and its impact on surface solar shortwave radiation and UV
radiation quantitatively in parts of China. The results show
that aerosols have a significant attenuation effect on solar
radiation in northern China [9,10]. In the past the problem
of urban aerosols pollution was mainly focused on scatter-
ing (such as sulphate) aerosols. Recent researchers began to
pay attention to absorbent (such as black carbon) aerosols,
organic carbon aerosols and the impact of aerosol indirect
effect on solar radiation, atmospheric photolysis and Oj
formation [11-13]. In 1977, Dave considered the impact of
aerosols when measured UV radiation to estimate the total
amount of ozone in atmospheric column [14]. In 1980,
Anita studied the impact of atmospheric turbidity and haze
on UV radiation in New York [15]. In 1998, Richard and
Gordon [16] studied the estimation of UVB in different
cloud conditions. Lyamani et al. [17] studied the micro-
physical vertical properties and radiative forcing of aerosol
in southeastern Spain in 2003. Tie et al. [18,19] studied the
impact of global cloud and aerosols on UV and ozone. The
results show that the impact of cloud and aerosols on UV
radiation is significant, and there is apparent characteristic
of space and time variation.

In recent years, China also concerns about the study of
the air pollution impact on UV radiation increasingly. For
example, the maximum reduced rate of UV radiation at the
ground is 50% in Beijing city because of the impact of air
pollution [20]; the percentage of ultraviolet radiation inten-
sity decrease is nearly half in Shanghai each month, when
the visibility is less than 2500 m. While in general, the past
ultraviolet radiation observation studies in Beijing, Shang-
hai and Guangzhou [21-24] were mainly for the size of the
UV radiation itself. The attenuation problem of UV radia-
tion due to atmospheric aerosols still lacks quantitative
analysis in Chinese urban agglomeration region. In present,
atmospheric aerosols is the primary pollutant of air pollu-
tion in Guangzhou. The observation facts show that there is
apparent characterization expression of aerosol impact on
ozone productivity through attenuation of UV radiation [25],
and the preliminary model verification has been derived
[6,26]. The impact of serious aerosol pollution on UV radia-
tion in Guangzhou is studied in this paper, making use of
surface UV radiation observational data, aerosol optical
thickness data observed through the sun photometer and
NCAR TUV radiation model during recent years. The at-
tenuation share of surface UV radiation due to atmospheric
aerosols is analyzed in detail in the dry season (autumn and
winter, October, November, December, and January) when
heavy pollution often appears in Guangzhou urban agglom-
eration particularly.
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1 Applied data and NCAR TUYV radiation model
comparison of simulation and observation

UV radiation data series in 2000, 2004 and 2006 are ana-
lyzed statistically in this paper. The TUVR radiometer of
American Eppley lab is used to observe data, which is used
to observe UV radiation by many domestic and foreign re-
search units [27,28]. Its measurement range is 295-385 nm,
and the data acquisition collects the average of values
measured 5 times per minute as total UV radiation. At pre-
sent, there is no measurement standard for solar UV irradi-
ance in China. When the imported UV radiometer is beyond
the prescribed period (usually one year), it can only be re-
turned to the country of origin to re-calibrate, or carried out
unified contrast observation calibration using the recognized
and common standard radiometer. The three-year UV radia-
tion observation data adopted in this paper are observed
through Eppley TUVR new radiometers numbered 32132,
33543 and 34192 for a year, in order to ensure the quality of
observation data. The detailed performance introduction and
error source analysis of TUVR UV radiometer can be found
in the article by Tan et al. [29]. Microtops II sun photometer
of American Solar Light Company is used to observe aero-
sol optical depth, which has five wave bands and the wave
length is 340, 500, 870, 936 and 1020 nm, respectively, the
half wave width is 10 nm and the viewing angle is 2.5°. Sun
photometer observation requires no clouds block the Sun’s
surface, so the observation time is not continuous. Analysis
of the results represents the AOD situation in cloud-free
weather conditions. The observation error is the main source
of the AOD uncertainty, which is resulted from the sun
aiming accuracy [30] and the cloud screening. The fixed
frame and the increasing measurement number can reduce
the observation error effectively. The cloud detection scheme
presented by Smirnov et al. [31] can be referred, that is, the
average of continuous is considered in each observation, if
the 5-group readings fluctuate and their deviation is more
than 0.03, then it is believed that the targeting bias exists or
clouds block the sun. The inversion calculation and Langley
calibration of aerosol optical depth through the sun photom-
eter can be found in the articles by Bi et al. [32] and Tan et
al. [33], respectively. The calibration result using the Langley
method through the sun photometer has little difference with
the factory calibration in this paper, and the factory calibra-
tion value is slightly larger than the calibration result. The
possible reason is that the aging of filter or photoelectric
sensor makes the amount of radiation received or the volt-
ages transformed by the photoelectric sensor reduce, while
the total error is less than 2%, which shows the instrument
stability is good and the observation result is reliable. The
monthly variation characteristic and the direct radiation
transmittance calculation of the aerosol optical depth in the
340 nm UV spectral region for three years (2004, 2005 and
2006) are analyzed in this paper. The observation site of UV
radiation and sun photometer locates in the Guangdong
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Meteorological Bureau 20-storey roof (113°18'E, 23°08'N),
where the altitude is about 98 m and the height from the
ground is 70 m. The observation point locates in Yuexiu
District, Guangzhou City, which belongs to the city center.
NCAR TUV (National Center of Atmospheric Research
Troposphere, Ultraviolet and Visible Radiation Model) is
adopted in this paper, which is a radiative transfer model to
calculate the troposphere UV radiation and part of the visi-
ble radiation developed by Madronich and Flocke [34]. in
NCAR. The model wavelength range is 121-735 nm, and
solves the radiative transfer equation adopting 2 or n stream
flow program. TUV model was used to calculate global
direct radiation, diffuse radiation, and actinic flux by Mayer
et al. [35]. Castro et al. [36] calculated NO, photochemical
rate coefficients J[NO,] using TUV model and observed it
through instrument, finding that results coincide well by the
two methods if boundary layer aerosol distribution is con-
sidered. Researches were completed in 2008 [37] by the
author through a large number of comparative analyses
about UV radiation observation and TUV model simulation
in Guangzhou. The results show that the surface UV radia-
tion can be calculated accurately using TUV model only
when reasonable aerosol radiative property parameters (op-
tical depth, single scattering factor SSA, etc.) are input. For
example, TUV model calculations of the clean and pollution
process were very consistent with the observed UV radia-
tion results when inputting measured parameters such as
aerosol optical depth, etc. during December 17-27, 2006.
UV radiation flux is solved using TUV radiation model
in this paper. The model setting standard atmospheric profile
is taken as input in calculation, and the total amount of
ozone comes from satellite observation (as shown in Figure
1). The integral spectral region coincides with the monitor-
ing wavelength through Eppley TUVR radiometer, that is,
295-385 nm. UV radiation undergoes scattering and ab-
sorption attenuation through the atmosphere to the surface
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due to cloud, aerosol and air molecule, among which air
atmospheric ozone and pollution gases (NO,, SO,) of air
molecules, especially stratospheric ozone layers absorb lots
of UV radiation, so that UV radiation less than 290 nm can
not reach the surface basically. Research has shown that UV
radiation reaching the surface is mainly due to cloud and
aerosol (not ozone) effects [38,39], and aerosol has greater
attenuation effect on the surface UV radiation (>315 nm)
than ozone does in cloud-free case [40,41]. The attenuation
contrast of the total UV radiation reaching the surface due
to AOD, O3, NO, and SO, in different concentration levels
is shown in Figure 2, from which it can be seen that UV
radiation of surface observation is mainly caused by aerosol
attenuation. Therefore, aerosol attenuation must be consid-
ered to calculate the surface UV radiation accurately. Cal-
culations show that surface UV attenuations caused by the
total amount of 300 DU and 500 DU Oj; have little differ-
ence. Calculated results of different total SO, overlap to a
line, it shows that the attenuation of surface UV radiation
due to SO, can be neglected. Figure 1 shows that ozone in
Guangzhou is 234-296 DU. UV radiation attenuation caused
by ozone and other pollutants is small relative to that caused
by the current high-concentration aerosol pollution in Guang-
zhou. The pollution gases (SO,, NO,) affecting UV radia-
tion are not considered relative to ozone and aerosols in this
paper, so the error exists. It is less than 5% through attenua-
tion comparative analysis of UV radiation due to different
concentration-level SO, and NO, using TUV model.

2 Optical depth and direct radiation attenuation
rate of aerosols in UV spectral region

UV radiation of ground-based observation is divided into
two parts, that is, the direct radiation and scattered radiation.
The attenuation of the direct radiation due to atmospheric

@ 2000 TOMS
o 2004 TOMS
@ 2006 OMI

Jul Aug Sep Oct Nov Dec

Figure 1 Monthly variation of total ozone observed by satellite in Guangzhou. Data of 2000 and 2004 come from the TOMS; data of 2006 come from the OMI.
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Figure 2 The attenuation contrast of the total UV radiation reaching the surface due to aerosol optical depth AOD (a), Os (b), SO, (c), NO; (d) in different

concentration levels (ozone column content is 274 DU on November 7, 2006).

aerosols only depends on the aerosol optical depth (AOD).
The AOD numeric value indicates the aerosol content in the
atmospheric column, which is a fundamental physical quan-
tity of atmospheric turbidity. Monthly variation of 340 nm
aerosol optical depth observed in the noon in Guangzhou is
shown in Figure 3, from which it can be seen that AOD
average value variation range of all months throughout a
year is 0.67—1.74, its minimum variation range is 0.28-0.97
and its maximum variation range is 1.44-2.87; AOD value
in March is the highest during the first half year, the average
value is 1.74 and the highest value is up to 2.67; the next
highest AOD value is in October during the second half year,
the average value is 1.31 and the highest value is up to 2.80;
AOD value in May is the lowest during a year, the average
value is 0.67 and the highest value is only 1.44. At present,
the average annual occurrence frequency of 340 nm aerosol
optical depth AOD>1 is 55% in Guangzhou, and the annual
average value is 1.19. The observational characteristics of
aerosol optical depth in Guangzhou can be found in detail in
the article by Tan [33]. A larger AOD value in spring
(March and April) may be related to hydrophilic growth of
aerosol particles caused by larger relative humidity. Fur-
thermore, it also may be related to long-range transport of
pollutants in Southeast Asia for spring is the season when
biomass of Southeast Asia burn [42]. While a larger AOD
value in autumn may have something to do with pollution
accumulation in weather conditions of weaker advection
and turbulent diffusion. In general, it is believed that the
low (high) AOD value is associated with clean (pollution)
weather. It can be seen from Figure 3 that the difference
between the maximum and minimum is smaller only in May

and June while it is larger in all other months, which indi-
cates that cleaner and more pollution process both appear in
most months of a year in Guangzhou; AOD value is the
highest in October and the difference between the maximum
and minimum is the largest, which indicates that the pollu-
tion process in October is fairly obvious; there is a similar
situation in March and April, but October is apparent “dry
aerosol” pollution month belonging to “dry season”, while
March and April are “wet aerosol” pollution months be-
longing to “wet season”. A larger AOD value in March and
April may be closely related to aerosol hygroscopic growth
effect.

According to Angstrém function relationship: AOD,/
AODy=(1y/4,)% the wavelength index « is about 1.4 ob-
served in Guangzhou [37], which shows that visible aerosol
optical depth has non-linear characteristics with wavelength.

3.5

30l -« Mean . Min - Max

25 .

2.0
1.5
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Figure 3 Monthly variation of 340 nm aerosol optical depth observed in
Guangzhou.
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The larger the wavelength is, the smaller the corresponding
optical depth is, and the relationship presents « exponential
attenuation. In fact, the radiation less than 290 nm can not
reach the ground already. The direct UV radiation attenua-
tion rate of 340 nm observed by sun photometer and that of
some UV wave bands derived from Angstrom function rela-
tionship are shown in Figure 4, which indicates that the varia-
tion characteristics of attenuation rate and aerosol optical
depth are consistent. The more aerosols are, the larger AOD
numerical value is, and the stronger the attenuation of direct
radiation is. For example, the AOD numerical values are
larger in March and April, and the direct radiation attenua-
tion rate is larger too. Evenly throughout the year, 340 nm
direct radiation attenuation rate observed actually is up to
68%; calculated 300, 350, 400 and 450 nm average optical
depth is 1.42, 1.15, 0.95 and 0.81, respectively, and the cor-
responding direct UV radiation attenuation rate is up to 74%,
67%, 60% and 54%, respectively. It indicates that in the
current pollution situation in Guangzhou, the attenuation of
UV radiation due to aerosols is very significant, and at least
more than half direct UV radiation is attenuated by aerosols.

3 The attenuation rate of the total surface UV
radiation due to actual atmosphere

The average monthly changes of UV radiation (295-385 nm)
observed in 2000, 2004 and 2006 are shown in Figure 5,
from which it can be seen that UV radiation is the strongest
in summer during a year, followed by autumn and winter.
The monthly average radiation maximum occurs in July
during a year, and the (295-385 nm) wave band 06:00—
18:00, 10:00-14:00, 12:00 average is 10.0, 16.0, 17.3 W/m?,
respectively; radiation minimum occurs in March, and the
(295-385 nm) wave band 06:00-18:00, 10:00-14:00, 12:00
monthly average is 4.0, 7.1, 7.6 W/mz, respectively. It also
can be seen from Figure 5 that 06:00-18:00, 10:00-14:00,
12:00 average UV radiation changes in shape are very simi-
lar, especially 10:00-14:00, 12:00 average UV radiation only
have some minor differences in value; the ratio of 10:00—

100
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Figure 4 Attenuation rate of direct UV radiation due to aerosols in
Guangzhou (1-exp (-AOD)).
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Figure 5 Monthly variation of the total UV radiation (295-385 nm)
observed actually. (a) 06:00-18:00; (b) 10:00-14:00; (c) 12:00.

14:00 average UV radiation to that of 12:00 varies between
0.87 and 0.94, indicating that UV radiation is the strongest
in the noon, while 10:00-14:00 radiation before and after
noon only varies between the 13% maximum. TUV in Fig-
ure 5 represents the corresponding spectral UV radiation
calculated in the case of cloud-free and no-aerosol using the
TUV model. Compare the strongest surface UV radiation
calculated in the theoretical model with that derived in ac-
tual, and the difference between them is significant, which
indicates that the attenuation of UV radiation due to actual
atmosphere (clouds and aerosols) is fairly apparent.

The radiation observed by the ground radiometer is that
reaching the ground after the solar radiation extinction
(scattering, absorption) effect through a whole layer of the
atmosphere, that is, sum of the direct radiation and diffuse
radiation (downward irradiance intensity). The radiation
attenuation factors such as clouds and aerosols etc. may
exist in the sky when observing actually, and the radiation
observed is a result affected by a variety of attenuation fac-
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tors collectively. The actually observed radiation is through
the attenuation of a variety of atmospheric factors (air mol-
ecules, clouds and aerosols, etc.), and the UV radiation at-
tenuation rate (UV ) of atmosphere can be expressed as

UV,, = (UV,, -UV, )/UV,, x100%, (1)

obs

where UV, represents the maximum available surface ra-
diation calculated in the case of cloud-free and no-aerosol
using radiation model, and UV, represents the surface UV
radiation observed actually. The numerical value of UV
radiation attenuation ratio UV characterizes the attenua-
tion extent of the surface UV total radiation due to the actu-
al atmosphere.

The monthly variation of UV radiation attenuation rate
due to actual atmosphere UV g is shown in Figure 6, from
which it can be seen that the average attenuation rate in dif-
ferent time periods (06:00-18:00, 10:00-14:00, 12:00)
throughout the year is very close, and it has relative signifi-
cant difference only in October and November; the attenua-
tion rate throughout a year varies between 86% and 66%,
the maximum is 86% in March, the second maximum is
82% in April, and the minimum is 66% in December; the
attenuation rate in other months (January, February, May
and November) varies between 71%—75%, and the average
attenuation rate in the dry season (October, November, De-
cember and January) is 72%; 75% of UV radiation can not
reach the ground throughout the year averagely, and the
attenuation rate is the maximum of the second half year in
October and November particularly. It can be seen that the
current attenuation of UV radiation due to the actual at-
mosphere in Guangzhou is very apparent, which is mainly
caused by scattering and absorption of clouds and aerosols.

4 Attenuation rate of the total surface UV radia-
tion due to atmospheric aerosols in cloud-free days

The solar radiation is attenuated by atmospheric aerosols
through absorption and scattering effect, the process of
which depends on the aerosol particle size and chemical
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Figure 6 Monthly variation of surface UV radiation attenuation rate due
to actual atmosphere UV xg.
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composition. The observation data in cloud-free days must
be applied to illustrate the attenuation of UV radiation due
to atmospheric aerosols (in order to exclude the impact of
cloud). Eppley TUVR type original pulsation data of high
temporal resolution sampling (the average measured 5 times
per minute as a sample) are analyzed in this paper, and the
method in the reference by Long et al. [43] is used to dis-
tinguish cloudy days and cloud-free days. The analysis
shows that there has no cloud-free weather all day in the
late spring to summer, that is, May to August. There is more
cloud-free weather in autumn and winter in climate condi-
tions of Guangzhou. The cases in October, November, De-
cember and January, that is, the dry seasons when the data
representation is better and the pollution is more serious in
Guangzhou are focused in this paper.

The monthly variation of 295-385 nm UV radiation ob-
served in cloud-free days is shown in Figure 7, from which it
can be seen that in the dry season (October, November, De-
cember and January) the observed radiation average of
295-385 nm at 06:00-18:00, 10:00-14:00, 12:00 is (9.5, 7.8,
8.0, 7.3), (17.2, 14.6, 15.4, 14.0), (19.3, 17.3, 18.2, 15.4)
W/m?, respectively; the variation range of each month is
very small, and the minimum, maximum and average are
very close to each other, indicating that the UV radiation
pulsation variation is small in cloud-free days. TUV in Fig-
ure 7 represents the corresponding spectral UV radiation
calculated in the case of cloud-free and no-aerosol using the
TUV model, which is consistent with Figure 5. Compare the
strongest surface UV radiation calculated in the theoretical
model with that derived in cloud-free days, and the differ-
ence between them is significant, which indicates that the
attenuation of UV radiation due to atmospheric aerosols is
fairly apparent.

The monthly variation of the attenuation rate of UV radi-
ation due to atmospheric aerosols in cloud-free days is
shown in Figure 8, from which it can be seen that the atten-
uation rate of 295-385 nm radiation due to average aerosols
at noon 12:00 in the dry season (October, November, De-
cember, January) is 65%, 64%, 57%, 60%, respectively, and
the attenuation extent of 295-385 nm UV radiation due to
aerosols is 62% averagely; the attenuation rate variation
range is 54%—-61% and the average is 58% in other months
such as September, February, March and April. While the
attenuation rate of 295-385 nm radiation due to average
aerosols at 06:00-18:00 in the dry season (October, No-
vember, December, January) is 67%, 67%, 59%, 62%, re-
spectively, and the average attenuation rate is 64%; the at-
tenuation rate variation range is 55%—63% and the average
is 61% in other months such as September, February, March
and April. Comparative analysis shows that the average
attenuation rates of UV radiation due to atmospheric aero-
sols at noon 12:00 and the whole day 06:00-18:00 are very
close to each other, which indicates that the longer radiation
optical path caused by solar elevation angle variation makes
the attenuation due to aerosols increase slightly, while the
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Figure 8 Monthly variation of the surface UV radiation attenuation rate
due to aerosols in cloud-free days.

increase amplitude range is only in 3%. Comparing with the
monthly variation of UV radiation attenuation due to actual
atmosphere shown in Figure 6, it can be seen that the atten-
uation rate difference between the two is small in the dry
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season (October, November, December, January), which
indicates that the attenuation of UV radiation is mainly
caused by aerosols in the dry season.

5 Conclusions

(1) The annual AOD average value of UV spectral region
340 nm in Guangzhou is 1.19 and the annual average oc-
currence frequency of 340 nm aerosol optical depth AOD>1
is 55%. Analysis shows that the attenuation of 340 nm di-
rect radiation due to atmospheric aerosols of urban agglom-
eration in Guangzhou is up to 68% at present.

(2) The attenuation of UV radiation due to the actual at-
mosphere in Guangzhou is apparent. The annual average
attenuation of 295-385 nm UV radiation is 75%; the aver-
age attenuation due to atmosphere in the dry season (Octo-
ber, November, December, January) is 72%. These attenua-
tions are mainly caused by scattering and absorption of
clouds and aerosols.

(3) The average attenuation of 295-385 nm UV radiation
due to aerosols at noon 12:00 and all day 06:00-18:00 in the
dry season (October, November, December, January) is
62% and 64%, respectively. Analysis shows that the attenu-
ation rate of UV radiation due to aerosols at noon and that
all day are very close to each other. The radiation optical
path lengthening caused by solar elevation angle variation
makes the increase amplitude of the attenuation rate due to
aerosols vary in the range about 3%.
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