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Abstract. The fraction of ultraviolet (UV) radiation to 1 Introduction
broadband shortwave (SW) radiatiofyy,=UV/SW) and
the influences of aerosol, precipitable water vapor contendltraviolet (UV) radiation, defined as electromagnetic radia-
(PWV) and snow onFyy were examined using two year's tion having wavelengths within the range 100-400 nm, com-
worth of ground-based measurements of relevant variableoses 8.73% of the solar spectrum at the top of the atmo-
in northern China. The annual me&ipy was 3.85%. Larger ~Sphere and represents a smaller part of the spectrum at the
monthly values occurred in summer and minimum appeared=arth’s surface (Foyo-Moreno et al., 1998;fada et al.,
in winter. Under cloudless conditiofyy decreased linearly 2000; Ogunjobi and Kim, 2004). However, UV radiation
with 7500nm and the resulting regression indicated a reduc-is very important because of its biological and photochemi-
tion of about 26% in dailyFuy per unit soonm implying cal effects, therefore, understanding the amount of UV near
that aerosol is an efficient agent in lowering the ground-levelthe Earth’s surface and its spatial and temporal availability is
UV radiation, especially when the sun is high. Given that of significance to a wide range of disciplines, for example,
the annual mearsgg nmis 0.82, aerosol induced reduction in forestry, agriculture and oceanography (Zerefos, 1997; He et
surface UV radiation was from 24% to 74% when the solaral., 2002), as well as air pollution and human health (Diffey,
zenith angle ) changed from 20to 80°. One cm of PWV  1991; Ll et al., 1997). Major atmospheric constituents influ-
led to an increase of about 17% in dafyy. One case study €ncing surface UV radiation variability include cloudiness,
of snow influence on surface irradiance showed that UV andgerosols and ozone (Wang et al., 1999; Gadbal., 2005).
SW radiation increased simultaneously when the ground wad he albedo of a snow-free surface in the UV range is gen-
covered with snow, but SW radiation increased much lessrally within 1-5%, but if covered by snow, the albedo may
than UV radiation. AccordinglyFuy increased by 20% for be up to 60 and 95%. As such, multiple reflections between
this case. Models were developed to describe the dependen#ee ground surface and the atmosphere can dramatically in-
of instantaneous UV radiation on aerosol optical depth, thecrease surface UV radiation (Renaud et al., 2000). The rela-
cosine of the solar zenith angle)( and clearness indeX({) tive effect of these factors depends on the time scale and UV
under both clear and all-weather conditions. bands. For example, it was affirmed that the main UV day-
to-day variability was induced by cloudiness and aerosols

. o K i Puchalski, 1 ;P -
Keywords. Atmospheric composition and  structure but not by ozone (Krzyscin and Puchalski, 1998; Papayan

. . nis et al., 1998). Aerosols attenuate more UV irradiance
(Aerosols and particles) — Meteorology and atmOSphe”Cthan ozone does under cloudless conditions for wavelengths

dynamics (Radiative processes; General or miscellaneous) longer than 315nm (Koronakis et al., 2002; Kalashnikova
et al., 2007). Our understanding of UV radiative transfer
in the atmosphere, spatial-temporal variations and influen-
tial factors (aerosol, cloud, snow cover, etc.) have improved
substantially thanks to advances in radiative transfer mod-
Correspondence taX. Xia eling, ground-based and space-borne observation techniques
(xiaxiangao2000@yahoo.com) and remote sensing (Wang et al., 1999; Li et al., 2000; Petteri
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et al., 2000; Ciren and Li, 2003; Foyo-Moreno et al., 2003; The radiometers used to measure global SW radiation
Renaud et al., 2000; Schwander et al., 2002; €albal.,  were Kipp Zonen CM21 and CM11. In addition, direct and
2005). diffuse radiations are measured by an Eppley normal inci-

Given the fundamental role that UV radiation plays and thedence pyrheliometer and a black and white radiometer, both
lack of |Ong-term measurements, two methods were Wide|le10Uﬂted on an EKO STR-22 solar tracker. Global SW radi-
used for the determination of UV radiation from ground- ation is thus measured with four instruments that provide in-
based measurements. One is to use radiative transfer mode#¢pendent measurements for inter-comparison and validation
and the other is to develop empirical models based on paranPurposes. This turns out to be a very effective means of qual-
eters usually measured at most of the radiometric stationgty control. The global UV radiation on a horizontal surface
If the parameters are available at numerous locations ovels measured by an Eppley TUVR radiometer. The instrument
long periods, the geographical distribution of UV and the utilizes a hermetically sealed selenium barrier-layer cell that
long-term trend can be determined (Boderker and McKen-S protected by a quartz window. An encapsulated narrow
zie, 1996). UV radiation has been measured or computedpand-pass filter limits the spectral response of the photocell
from such commonly available variables, such as the solaf0 the wavelength interval 295 to 385nm. The cosine error
zenith angleq) and the clearness indet), whereKt is de- ~ Of the instrument is better than3.5% for¢ range 0-75’,
fined as the ratio of shortwave (SW) to extraterrestrial irradi-With temperature dependence 0.3% per degree over ambient
ance on a horizontal surface. Some empirical equations haviémperature range-10° to 40° and the linearity is within
been developed to estimate UV from SW (Foyo-Moreno et2% from 0 to 70 W 12 (http:/www.eppleylab.comf~oyo-
al., 1999; Caada et al., 2000; Ogunjobi and Kim, 2004). Moreno et al., 1999). We limited our analysisttdess than
The Atrtificial Neural Network has also been used to model85°, in order to minimize the cosine error. Daily checks were
the UV from SW (Alados et al., 2004, 2007; Barbero et al., made to ensure that the radiometers were positioned horizon-
2006). Surface UV can be retrieved from satellite UV mea-tally and that the domes of radiometers were clean. Instru-
surement (Krotokov et al., 1998; Li et al., 2000; Ciren and Li, ment sensitivity degradation was monitored via annual com-

2003), which allows characterizing the spatial and temporalarisons against new or newly calibrated radiometers that
variability of UV radiation. were brought to China for establishing new observation sites.

The first objective of this study is to understand the influ- 1€ sensitivities of CM21 and TUVR were estimated to de-
ence of the atmosphere and the surface on the UV ratio t§"€@Se by about 1% and 2% per year, respectively. The mea-

SW. The second is to establish a clear-sky model and an aliSurement uncertainty of global SW is less than 3% (Long
weather empirical model. The paper is organized as follows2nd Ackerman, 2000). The relative error of the TUVR ra-

A brief introduction to the site, instrument and observationsdiometer is estimated to be less than 10% (Grimnes et al.,
is presented in the following section. Section 3 discusses th€?02), but as pointed out by Foyo-Moreno et al. (1998), the
impacts of aerosol, precipitable water vapor content (PW\)value can be as high as 15%. Daily and hourly means are
and snow-covered ground on UV radiation. The two empir-cOmputed from 1-min raw data. Aerosol optical depth (
ical models are described in the following two sections. A at seven wavelengths are retrieved from direct spectral solar
summary is provided in Sect. 6. radiation measurements made by a CIMEL Sun photome-
ter (CE-318). The measurements at 940 nm are used to re-
trieve PWV content (cm) (Holben et al., 1998). Level 2 data
(cloud-screened and quality controlled) are obtained from the
2 Site, instrument and measurements Aerosol Robotic Network (AERONET) data pool. Aerosol
optical properties and its radiative effects are studied using a
A project entitled the “East Asian Study of Tropospheric combination of aerosol and surface radiation data (Li et al.,
Aerosols: an International Regional Experiment” (EAST- 2007b; Xia et al., 2007a).
AIRE) commenced in 2004 aimed to gain insight about
aerosol properties and their climatic and environmental ef-
fects in China (Li et al., 2007a). An important goal of the 3 UV fraction and its dependence on PWV, aerosol and
project is to establish several super-sites in China to measure snow
aerosol, cloud and radiative quantities on a long-term basis.
In September 2004, the first super-site was established at Xifhe monthly UV fractions (expressed as percentage) and
anghe (39.753N, 116.96% E, 30 m above sea level), where the standard deviations are presented in Table 1. Minimum
a set of solar radiometers was installed side by side on thenonthly values offyy appeared in winter (DJF) and max-
roof a four-story building where the field of view is unob- imum monthly values occurred in summer (JJ&)yy in
structed in all directions (Xia et al., 2007a). More than two spring (MAM) was in the middle and was close to that in
year's worth of continuous measurements of SW and UV ir-autumn (SON). The fact that relatively higher valueg-gf
radiance (W m?) has been made. Measurements from Oc-occurred in summer was partly due to higher PWV content
tober 2004 to September 2006 were used in the analysis. in this season. In more humid conditions, the absorption
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Fig. 1. The dependence of the fraction of UV to solar radiatiéyg) on aerosol optical depth at 500 nagd§g ) for daily precipitable
water vapor content (PWV) of 1-58.0 cm (left) and on PWV for dailysgg nmof 0.10~0.12 (right).

Table 1. Monthly mean fraction of UV to solar radiation and standard deviation (presented as percentage).

Mon Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fyy 342 370 3.67 373 4.04 388 444 437 417 378 353 352
STD 044 049 030 041 054 056 058 062 053 054 054 040

of solar radiation in the infrared region of the solar spec-sion indicated a reduction of about 26% in dafyy per
trum is enhanced, whereas absorption in the UV region doesne unit increase imsoonm With regard to the PWV effect,
not vary significantly. Thus, an increase Myy under hu-  one cm increase in PWV led to an increase of about 17%
mid conditions and a decrease under dry conditions skie$n daily Fyy. Note that there is an outlier represented by a
is expected. The annual mediyy is about 3.85%. In solid circle in the left panel of Fig. 1. PWV is about 0.12
the Mediterranean area, UV percentage ranged from 3.7%ut daily Fyy is above 0.041, larger than the expectation by
to 4.9% (Foyo-Moreno et al., 1999; Koronakis et al., 2002; about 20%. It occurred on 8 February 2006, a clear and clean
Caiada et al., 2000, 2003). Relatively low&gy in northern  day whensgonmwas 0.097 but the surface was covered by
China is partly due to heavy aerosol loading. The attenuasnow. Aerosol loading and PWV on 2 February 2005 are
tion of UV by aerosols is generally considerably larger thanvery close to those on 8 February 2006 but the surface is
that in the whole SW range because aerosol extinction gensnow free. Measurements of direct, diffuse, global SW, UV
erally decreases with wavelength. To quantitatively exam-and UV fraction for these two days are shown in Fig. 2. Dif-
ine the substantial reduction #yy induced by aerosols and ference in direct radiations was negligible, especially when
the remarkable increase ifyy due to PWYV, the effects of wu is within 0.35~0.45 (Fig. 2a), however, diffuse and UV ra-
aerosol and PWV oty were quantified for clear-sky days diation increased by 38% and 30% on 8 February 2006, due
with PWV ranging from 1.5 to 2.0 cm and low aerosol days to increased multiple reflections between the snow-covered
(0.1<1500nm<0.12), respectively (see Fig. 1). Discrimina- surface and the atmosphere. SW increased by 8% (Fig. 2c)
tion of clear sky is achieved using an empirical clear-sky de-which is much less than UV; as a result, the UV fraction in-
tection algorithm proposed by Long and Ackerman (2000),creased by 20% (Fig. 2e). It should be noted that only one
with some modifications to better cope with the specific con-snow-covered case has been studied here, so assessment of
ditions under study (Xia et al., 2007a). As seen from Fig. 1,snow influence on UV radiation needs further study.

Fyy decreased linearly withsoo nmand the resulting regres-
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Fig. 2. Comparison of direct, diffuse, global SW, UV radiation and UV fraction between two days: 2 February 2005 and 8 February 2006.
The attenuation of solar radiation is nearly identical but the ground is snow covered on 8 February 2006 and not on 2 February 2005.

4 A clear-sky model of UV radiation sion analysis showed that about 90% of the variance in UV
was explained bytsoonm The overall effect of aerosols is
to induce a notable reduction in surface UV radiation. The

In order to develop an empirical model concerning aeroso'dependence of UV omsg0nmcan be described using the fol-

effects on surface UV radiation, data were first divided into lowing equation.

two groups: one group for model development, comprised

of 75% of all the data (randomly chosen), and another groupyy = p; x ¢2xs00nm 4 ps (1)

for validation, comprised of the remainder of the data. The

instantaneous aerosol attenuation of UV radiation dependsthereP; (Wm~=2), P> and P3 (W m~2) can be derived from

heavily oné. In order to remove this dependence so that thethe least-squares fitting of UV angyonmfor narrow ranges

aerosol effects on surface UV radiation can be isolated, thef 6 (see Table 2). They are then parameterized as the func-
relationships between aerosols and UV radiation were anations of the cosine of the solar zenith angle)(as shown
lyzed separately for narrow ranges @f Scatter plots of in Fig. 4, i.e. Py=a1+axxu; Pr=az+aaxu; P3=asxu’,
measured surface UV radiation as a functionc€ nm for whereq; (i=1~6) are derived from the least-squares fitting

nine ranges ob are shown in Fig. 3. The resulting regres- of data. Variances i1, P3 are explained by 83% and 78%.
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Fig. 4. Scatter plots of the parameters of the exponential equation as a function of the cosine of the solar zenith angle. The black lines
represent the fitting results using a linear equation (left, middle) and a power-law equation (right).
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Table 2. The parameters of Eq. (11 (Wm~2), P, and P3 (W m~2) derived from the least-squares fitting of UV arydho nmfor narrow
ranges of solar zenith angl&? represents the coefficient of determination.

w 085 079 076 0.73
Py 1651 27.38 3887 14.63
P, -178 -075 -053 -1.94
P3 2665 11.10 —255 20.54
R2 083 084 091 079
M 065 064 062 061
P, 1593 1725 1585 16.86
P, -157 -130 -174 -1.28
P3 1386 11.77 12.96 10.43
RZ 089 090 089 0091
©w 052 051 049 0.48
P, 1450 1363 9.89 12.08
P, -109 -125 -201 -154
P; 688 725 1017 7.21
R2 095 086 081 084
o 038 037 035 0.33
P, 807 801 728  7.09
P, —197 -194 -212 -1.89
P3 630 556 554  4.80
R2 083 087 083 086

0.71 0.70 0.69 0.68 0.66
20.55 16.48 17.04 1794 16.70
-1.03 -215 -141 -118 -1.32
13.18 1793 1521 13.26 13.87
0.88 0.86 0.87 0.92 0.86
0.59 0.58 0.57 0.55 0.54
16.31 1529 1410 1319 14.37
-1.07 -1.16 -167 -160 -1.18
9.48 9.80 10.80 10.35 8.07
0.90 0.91 0.93 0.91 0.93
0.46 0.45 0.43 0.42 0.40
11.18 10.11 10.08 9.91 9.41
-163 -2.03 -194 -157 -1.69
7.35 8.03 7.02 6.10 5.70
0.85 0.84 0.89 0.84 0.84
0.32 0.30 0.28 0.27
5.96 5.57 5.24 4.82
—-2.06 -2.01 -2.02 -2.29
4.93 4.51 4.10 4.04
0.87 0.84 0.86 0.87

The variance inP, explained byu is only 28% partly due to

The parameter with a caret symbol is defined3a3a+b0,~,

the influence from three outliers (circles in Fig. 4). If these wherea andb are the intercept and slope of the least-squares

three points are excluded in the analysis, the variand® of

explained byu rises to 70%, so this implies there is still a
close relation betweeR, andyu.. The root mean square error
in the case of fitting coefficient®;, P>, and P5 in terms of

regression between observations and predications of UV,
respectively. The comparison between the estimations and
observations of UV radiation showed that the MAE was
~0.45W n72 and the RMSE was-0.63 W nT2. The index

u are 2.0, 0.3 and 2.2, respectively. Surface UV radiationof agreement is close to unit and the systematic difference

can thus be parameterized as a functionsgf nmand u as
follows

UV=(32.1-3.7x u) xe(725+18xWxT500nm | 23 85,15 (2)

Figure 5 shows a comparison of UV estimated by Eq. (2)

contributes little to the mean square error (see Fig. 5). These
suggested that the empirical formulation performed very
well and can be used to estimate instantaneous UV with high
accuracy if aerosol optical depth is available.

Using the above equations, aerosol radiative effect at the

against observations for the 25% of data reserved forsurface in the ultraviolet radiation band can be quantified.

validation.

ing the methodology recommended by Willmott (1982).
An array of complementary difference and summary astsggnn=0.1), i.e.g

univariate indices were computed that

mean absolute error (MBEN 1Y |P,—0;|), the root
1

mean square error (RMS:E[N*lz(Pi—O,-)Z]Z),
their systematic and unsystematic proportions

1

(RMSE= [N*l )3 (ﬁ,-—o,-)z] 2

magnitudes and

1
RMSEM=[N_1Z(P1'—13,-)2]2) and the average rel-
ative error represented by the

(AI=1- [ (P,—0)?/ Y. (|P{|+|0[))?]), where O

included thethe ratio varies from 20% to 90

The model performance was evaluated us-We calculated the ratio of UV radiation feggo nmchanging

from 0.2 to 1.5 to that under a background condition (defined
UV (1500 nm 4) i
#m%xloo. Depending oH,
% whegpo nmchanges from
0.2 to 1.5. Taking the annual meagponm (0.82) measured
in Xianghe (Li et al., 2007b), the reductions in surface UV

orradiation induced by aerosols were from 24% to 74% when

6 changed from 20to 80" (see Fig. 6). It was revealed from
ground-based and satellite data that a thick layer of haze of-
ten covered northern China primarily due to anthropogenic
emissions (Li et al., 2007b; Xia et al., 2006); one would thus

index of agreementexpect a significantimpact on surface UV radiation by heavy

aerosol loading, not only at this suburban site, but also in

and P represent observation and prediction of UV, respec-whole northern China. More importantly, rapid economic
tively. N is the number of cases. The parameters with agrowth and population expansion over the past thirty years

prime symbol are defined aB'=P,—0 and 0/=0;-0.

Ann. Geophys., 26, 2042052 2008

has led to a significant increase in aerosol loading over much
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cluded are an array of complementary difference and univariate in-  ~Cf T 0.8
dices. The results were obtained using 25% of data reserved for 45} <]
validation. wh S o
10.6
351
of China (Luo et al., 2001; Xia et al., 2007b). Itis a major los
cause for significant reductions in surface SW and UV radi- ¢
ation over much of China (Bai et al., 2003; Liang and Xia, Z 25} 104
2005). 5 2of
10.3
15
0.2
5 An all-weather model of UV radiation 10}
_ _ _ _ sf LG SR TR O or 0.1
Extension of Eq. (2) to data from other locations is restric- y ﬁ.:i;_{;;g;‘g{;;” SR .
tive, given that measurements ofare very limited in terms T T TR T TR A T Y
of geography. More importantly, the equation is valid only Cosine of solar zenith angle

for clear-sky conditions. Therefore, the clearness indéax (

is introduced for estimating UV radiation for developing an Fig. 7. UV radiation versus the cosine of the solar zenith angle.
all-weather model. Unlike that is only available at a very Data points for different clearness indést) are represented by dif-
limited location, Kt is more objective and relatively more ferent.colors. Thg values of UV for narrow ranges of the clearness
frequently available along with UV measurements. Further-"d€X increase with the cosine of the solar zenith angle.

more,Kt denotes attenuation due to all scattering and absorp-

tion processes throughout the atmosphere. where U\ indicates the UV for one unit gk andb deter-

To develop an empirical model, the whole 1-h data set un_mines how UV varies withu. Considering the latitude of

der all-weather conditions was divided into two groups. TheXianghe, itis not possible to obtain direct measurerr?ent.s of
first one, comprising 75% of the total selected randomly, UV that requires zero solar zenith angles. The derivations

was used for the model development, while the remaindef! UVo are as follows. Based on UV measurements and as-
was used for validation. Figure 7 presents the values of UySPCiatedu, we can have hundreds of pairs pfand UV for
againstu. Kt values are indicated by different colors. For a & SPecified narrow range &f. UV increases witlu and the
specified narrow range dft, UV increases with: and the ~ relationship is fit by the power law equation (Eq. 3). &V
relationship is fit by the power law equation. and b are derived simultaneously from the least-squares fit-

ting of data points. UY is then fitted as a function d€t as
UV = UV x u?, (3) follows

www.ann-geophys.net/26/2043/2008/ Ann. Geophys., 26, 2ZBE2-2008
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under all-weather conditions. The black line represents the 1:1 re-
lationship. Also marked is an array of complementary differences
and univariate indices. The results were obtained using the 25% of

_ 2 3
UV=—0.83+93.0x Kt—159.9x Kt2+1519x Kt3. 4 gata resorved for validation.

The unit of the coefficients in Eq. (4) is WTA. Equation (4)

can explain more than 95% of variance, and all relative root ) )

mean square errors are less than 10%. Figure 8 presents the!t follows from the regression equation that aerosols led to
scatter plot between UyandKt. The parametet in Eq. (3) & reduction of abc'Jut' 0.0091 iAyy per one unit increase in
exhibited a moderately complex relationkg but the varia-  ©500nmfor PWV within 1.5~2.0 cm. A linear dependence of
tion of this parameter is very small and the standard deviatiorf UV " PWV was derived fotsoo pmwithin 0.10~0.12, in-

of b is 0.04. Thus, the mean value of this parametet.06) @catmg an increase of 1.7% lﬂgv foran increase of 1.0cm

is used and 95% of relative errors are less than 7%. Therell PWV. UV and SW radiation increased simultaneously but
the former increased more, as a resHilfy increased by 20%
when the ground was covered with snow.

UV =(—0.83+93.0x Kt—159.9x Kt*+1519x Kt®) x . -%.(5) A simple and efficient clear-sky model was developed to
estimate instantaneous surface UV radiation fredsynm
Based on this parameterization, we inferred that surface UV
radiation, depending of, was 90% to 20% of that under the
background condition whetyoo nmchanged from 0.2 to 1.5.
Based on aerosol measurements at Xianghe, aerosol-induced
reductions in surface UV was estimated to range from 24%
to 74% for6 changing from 20 to 80°. The estimates of
6 Conclusions aerosol radiative effects on surface UV radiation are of sig-
nificance to UV radiation estimations, air quality studies, as
Two year's worth of surface radiation obtained at the Xi- Well as assessments of the impact of regional environmental
anghe site in northern China were used to study the fractiorfhange.
of UV radiation to SW radiation. The monthly variation of = Surface UV radiation under all-weather conditions are
this fraction and the dependence orand PWV were ana- linked with two independent quantities, i2.and SW radi-
lyzed. Empirical models were developed to estimate surfaceation. The first is easily calculated and the second is usually
UV radiation under clear-sky and all-weather conditions, re-systematically measured in most radiometric stations. The
spectively. dependences of UV radiation on these two quantities were
The annual meaiyy was 3.85% and maximum monthly parameterized and from which good estimations of UV can
values occurred in summer and minimum appeared in winterbe obtained.

fore, instantaneous UV is parameterized as follows

A comparison of UV radiation estimated from Eq. (5) and
observations is shown in Fig. 9. The MAE 4s1.0 W 2
and the RMSE is~1.5Wn12. The index of agreement is
close to unit and the systematic difference contributes little
to the mean square error.
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