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ABSTRACT

The total ozone (O3) and aerosol optical depth (AOD) at 320 nm have been observed from the ultraviolet
(UV) measurements made at Yonsei University in Seoul, South Korea, with Dobson and Brewer spectro-
photometers, respectively, during 2004-10. The daily datasets are analyzed to show the sensitivities of UV
radiation to changes in O3, AOD, and cloud cover (CC) together with global solar radiation (GS), including
the long-term characteristics of surface UV irradiance in Seoul. The UV sensitivities show that 1% increases
of O3 and AOD relative to their reference values under all- and clear-sky conditions similarly manifest as
1-1.2% and 0.2% decreases of both daily erythemal UV (EUV) and total UV (TUV) irradiance at the ground
level except for TUV sensitivity to O3 (~0.3%). Those UV sensitivities to CC and GS changes are associated
with a 0.12% decrease and 0.7% increase, respectively, in fractional UV changes. The trends show that the
positive trends of O5 (+7.2% decade™!), AOD (+22.4% decade '), and CC (+52.4% decade ™) induce
negative trends in EUV (—8.4% decade ') and TUV (—2.5% decade '), in both UV (—4.7% decade '), and
in EUV (—6.3% decade™!) and TUV (—6.8% decade '), respectively. On the basis of the multiple linear
regression analyses, it is found that UV sensitivity to Os is relatively high in the forcing factors, but the
contributions of the UV forcing factors to the daily variability and the range of UV disturbances due to the
variability of the forcing factors are affected more by AOD than by O3 and CC in both UV fractional changes.
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UYV Sensitivity to Changes in Ozone, Aerosols, and Clouds in Seoul, South Korea

1. Introduction

It is well known that the UV radiation reaching the
earth’s surface is damaging to the human body and the
ecosystem, and that the ozone layer in the lower strato-
sphere absorbs a substantial fraction of the harmful
UV-B radiation (280-320nm) from the sun. On the way
through the atmosphere, solar radiation is absorbed and
scattered by molecules, aerosols, and clouds. In the UV-B
range, ozone is the most effective molecule for absorp-
tion. Absorption and scattering by aerosols are of minor
importance in the UV-B range compared with absorption
by ozone and molecular scattering. Attenuation by clouds
is also strongly pronounced in the UV-B range; however,
it varies strongly with the type and spatial distribution
of the clouds (Blumthaler 1993). Many studies have in-
vestigated the effect of ozone on surface UV radiation
(Cho et al. 1998; Madronich 1992; McKenzie et al. 1991;
Stolarski et al. 1992), but relatively few studies have
considered the effects of aerosols and clouds. Since the
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industrial revolution, the amount of aerosol in the at-
mosphere has increased. Thus, there has been in-
creasing interest in investigating the effects of aerosol
on surface UV-B variations (Arola et al. 2003; Kazadzis
et al. 2007; Krzyscin and Puchalski 1998). Liu et al. (1991)
recognized the importance of aerosols on the surface UV
irradiance. The effect of clouds on UV radiance has been
quantified in a few studies (e.g., Antoén et al. 2012a; Bais
et al. 1993; Calbo et al. 2005; Josefsson and Landelius
2000; Lubin and Frederick 1991; Schafer et al. 1996).
Over a short time scale (day to day and month to
month), the ozone impact on UV surface irradiance has
been well documented (McKenzie et al. 1991, 1994). The
concept of power radiation amplification factors (power
RAF) has been applied to the analysis of not only ozone
(Antén et al. 2008; Booth and Madronich 1994,
Madronich 1993; Micheletti et al. 2003) but also aerosols
(Kim et al. 2013). Kim et al. (2013) calculated the RAFs
due to total ozone (Oj3) and aerosol optical depth
(AOD) as a function of solar zenith angle (SZA) and
O3 (or AOD) under all- and clear-sky conditions sug-
gesting cloud effects in Seoul, South Korea (37.57°N,
126.98°E), with the measurement data from 2004 to
2008. The overall mean RAF (AOD, SZA) due to O3


mailto:jkim2@yonsei.ac.kr

FEBRUARY 2014

shows that a 1% decrease in Oz forces an 1.18% in-
crease in the erythemal UV (EUV) irradiance with the
maximum range of 0.67%-1.74% depending on SZA
(40°-70°) and AODs (<4.0) under both clear- (cloud
cover < 2.5 tenths) and all-sky conditions. A similar
analysis of the RAF (O3, SZA) due to AOD shows that,
on average, a 1% increase in AOD forces a decrease of
0.29% in EUYV irradiance with the maximum range of
0.18%-0.63% depending on O3 and SZAs. Kim et al.
(2013) also found a difference between clear- and all-sky
RAFs, suggesting cloud effects. Krzyscin and Puchalski
(1998) showed a 0.15% decrease in UV radiation with
respect to a 1% increase of AOD at 550nm in Belsk,
Poland.

This study focused on the relationship between UV
and parameters other than ozone (such as aerosols and
clouds) over long time scales (years and decades). To
estimate the cloud effect, Kim et al. (2011) calculated
that transmissions of radiation through clouds under
cloudy-sky conditions (cloud cover = 7.5 tenths) were
58%, 55%, and 40% for EUV, total UV (TUV), and
global solar radiation (GS), respectively. Clouds under
all-sky conditions (where average cloud cover is 5, in
tenths) reduced the EUV and TUV to about 25% of the
clear-sky values, and reduced GS to 31%. Schafer et al.
(1996) reported the UV-B transmissions for some typi-
cal cloud covers at an SZA of 50° at Black Mountain,
North Carolina, in the United States.

To better understand the health risks of UV damage,
it is important not only to quantify the extent of ozone
changes and their impact on surface UV-B variations
but also to view such changes from within the context of
natural variability. This requires a quantitative evalua-
tion of the effects of factors on surface UV-B level, such
as the reduction of incoming solar radiation by clouds
and aerosols in the atmosphere and the total amount of
ozone along the radiation path. This study aims to show
UV sensitivities to changes in O3, AOD, cloud cover
(CC), and GS irradiance together with their contribu-
tions to UV variability on the basis of multiple linear
regression analyses in a comparison between EUV and
TUYV irradiance. Trends in the UV forcing factors and
trends in the UV irradiance caused by these forcing fac-
tors are also evaluated with the time series of fractional
deviation of daily UV irradiance from the reference
values obtained by a superposition of sinusoids fitted to
the daily data in this study. Changes in the amount of UV
radiation reaching the earth’s surface depend mainly on
changes in the UV forcing factors of ozone, atmospheric
turbidity (aerosols), and clouds, except for geometric fac-
tors such as pathlength of sun rays through the atmosphere
(e.g., solar zenith angle) and surface albedo. However,
here, as an SZA effect, a seasonal dependence affecting
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surface UV is evaluated. The effect of the albedo
change can be dismissed, since the measurements site is
surrounded by buildings and thus maintains almost the
same albedo throughout the year, although occasional
snow cover in winter could affect the values. Therefore,
this study considers three variables as the UV forcing
factors affecting the variation of UV radiation: total
ozone, AOD (320nm), and cloud amount from year-
round and seasonal regression models. The regression
model provides an efficient tool to study the short-term
and long-term changes in UV irradiance related to forcing
by Oz, atmospheric turbidity, and cloud cover (Krzyscin
1996). In addition, the maximum variations of EUV ir-
radiance due to changes in extremes of the O3 and AOD
have been compared with the radiative transfer model
calculations.

2. Instrumentation and data

The Global Environment Laboratory at Yonsei Uni-
versity in Seoul (37.57°N, 126.98°E) has carried out the
ozone layer monitoring program in the framework of the
Global Ozone Observing System of the World Meteo-
rological Organization (WMO/GAW/GO30S Station
252) since May of 1984. Daily measurements of total
ozone and the vertical distribution of ozone have been
made with a Dobson spectrophotometer (Beck 124) (-
Komhyr 1980), which estimates total ozone to within
+2% accuracy, on the roof of Science Hall on the Yonsei
University campus. From 2004 through 2006, major parts
of the manual operations were automated with new
hardware including a step motor, rotary encoder, con-
troller, and visual display to measure the total ozone
amount and vertical ozone amount through the Umkehr
method and to calibrate the instrument by mercury and
standard lamp tests. This system takes full advantage of
the Microsoft Corp. Windows interface and information
technology for adaptability to the latest Windows per-
sonal computer and flexible data-processing system. This
automatic system also utilizes the card slot of a desktop
personal computer to control various types of boards in
the driving unit for operating the Dobson spectropho-
tometer and testing devices. Thus, subjective human
error and individual differences are eliminated by auto-
mating most of the manual work both in instrument
operation and in data processing. Therefore the ozone
data quality has been distinctly upgraded since the
automation of the Dobson instrument. The calibration
history of the instrument has been well documented by
Kim et al. (2007).

A SCI-TEC Instruments, Inc., model MKIV Brewer
spectrophotometer (#148) has also been in routine op-
eration since October of 1997 at the same site to
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measure the direct UV spectral solar beam at five
wavelengths (306.3, 310.1, 313.5, 316.7, and 320.1 nm)
for ozone (O3), sulfur dioxide (SO,), and aerosol. These
direct-spectra measurements are performed in intervals
of 5-10min. The AOD at a given wavelength is calcu-
lated as the residual optical depth after subtracting from
the total atmospheric optical depth due to molecular
scattering and the O3 and SO, absorption. The Brewer
AOQOD retrieval based on the methodology introduced by
previous studies (Cheymol and De Backer 2003;
Grobner et al. 2001; Meleti and Cappellani 2000) is in-
stalled in the Brewer #148. The Brewer is designed for
+1% accuracy in direct-sun total column ozone mea-
surements and is mounted on a solar tracker to measure
the direct solar beam. In addition, the Brewer in-
strument enables measurement of global UV spectra
(290-363 nm with a 0.5-nm interval) irradiance on hor-
izontal surface. The irradiance at each wavelength is
integrated to produce a total ultraviolet irradiance (290—
363nm: TUV) and an erythemal UV-B value (290-
325nm: EUV) weighted to the Diffey actions spectrum
(McKinlay and Diffey 1987). Therefore, the integrated
irradiance values represent both EUV and TUV in the
units of joules per meter squared. Typically from one to
four such measurements are performed every hour
throughout the daytime from sunrise to sunset. The
number of measurements is about 30 times per day for
winter and up to 60 times per day for summer. The in-
strument is mounted in an insulated weatherproof en-
closure (painted white). Several lamp tests of the Brewer
are performed regularly each day to ensure that the in-
strument is in good condition. The wavelength calibration
of the instrument is ensured before each scene by using
an internal mercury lamp, and absolute calibration is
achieved by an external lamp test for comparison to 50-W
standard lamps (tungsten halogen) traceable to the
standards of the National Institute of Standard and
Technology. A standard lamp is used as a reference for
the relative sensitivity. Two values from this test corre-
sponding to the values of ozone (ratio 6) and sulfur di-
oxide (ratio 5), which should stay consistent within =5%,
are recorded daily and compared with those from pre-
vious tests. Apart from the above calibrations, the Brewer
#148 was regularly recalibrated for UV, ozone, and aero-
sol against the traveling standard Brewer #017 by the vis-
iting K. Lamb (International Ozone Service, Canada)
between 2004 and 2011 at Yonsei University, Seoul, on
10-16 March 2004, 24-25 February 2006, 24 October-3
November 2007, 16 October 2009, and 21 November
2011. The total ozone data from Dobson measurements
are available for most of the period. When the Dobson
observation was unavailable, the data gap was filed in
by Brewer data correction by using regression analysis
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between the two other periods. Data for the daily cloud
amount and global solar radiation are available from the
Seoul meteorological station of the Korea Meteorologi-
cal Administration located about 3 km east of the present
site. The GS is measured by the Kipp & Zonen CM21
pyranometer, with a wavelength range of 305-2800 nm.
Data were recorded for an average of 1min using
Campbell Scientific CR21X dataloggers and were ar-
chived as hourly integrals. The daily values are the hourly
totals of the 24 h of each day in units of watts per meter
squared. The CC is observed visually and expressed as
tenths of the sky covered by clouds according to WMO
standards. The daily cloud amount is obtained by aver-
aging eight times per day (0300-0000 LST). This study
uses the daily data for the period 2004-10.

3. Statistical models

The EUV and TUYV irradiances are significantly cor-
related with four variables in the fractional deviation
values (O3, AOD, CC, and GS) as UV forcing factors
listed in Table 1. All the coefficients r indicate statistical
significance (P < 0.05), although the correlation be-
tween TUV and O3 is a relatively low value of 0.058 (P =
0.022) for weak ozone absorption of TUV irradiance.
Cho et al. (2008) explained the contributions of air
temperature, clouds, and specific humidity to the varia-
tions of downward longwave radiation with the multiple
regression model. Similarly, based on the correlations of
these variables (O3, AOD, and CC) with the EUV and
TUYV irradiances, two multiple linear regression models
have been developed to evaluate the relative contribu-
tions of each individual forcing factors to the EUV and
UV variability. The models take into account the UV
variations induced by the three UV forcing factors. The
regression coefficients for the model in the fractional
deviation of the UV forcing factors from the reference
correspond to the linear RAFs (Booth and Madronich
1994; Krzyscin and Puchalski 1998) and the UV sensi-
tivity to changes in the UV forcing factors (Micheletti
et al. 2003), which is defined as the percent changes of the
UV irradiance divided by the percent changes of UV
forcing factors.

Figure 1 shows a time series of daily parameters used
in this study (EUV, TUV, O3, AOD, CC, and GS); the
solid line represents a pattern of the reference values
obtained by superposition of sinusoids fitted to the daily
data in the period 2004-10. Each sinusoid was obtained
by harmonic analysis (Wilks 2006). The following mul-
tiple linear regression models are proposed to explain
most of the observed variations of the daily UV irradi-
ance. Model (1) includes three independent variables
(UV forcing factors) as follows:
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TABLE 1. Individual coefficients of partial correlation and beta coefficients for UV forcing factors: O3, AOD, CC, and GS. Here P = 0.02
for r, and P = 0.000 for B.

Dependent Independent variables Significance level
variables (forcing factors) Coefs of partial correlation r Beta coef 8 (P value)
All sky; N = 1214
EUV O3 —0.309 —0.364 0.000
AOD —0.568 —0.441 0.000
CC —0.442 —0.285 0.000
GS 0.711 0.719 0.000
TUV O3 —0.058 —0.124 0.022
AOD —0.655 —0.490 0.000
CC —0.567 —0.350 0.000
GS 0.820 0.822 0.000
Clear sky (CC < 2.5 tenths); N = 442
EUV Os5 —0.412 —0.435 0.000
AOD —0.568 —0.586 0.000
GS 0.559 0.596 0.000
TUV O3 —0.059 —0.086 0.016
AOD —0.667 —0.670 0.000
GS 0.594 0.603 0.000
(Uvi _ UV?‘) (031 — O;‘i ) ( D, - D;k) aerosols. This model is construc‘Fed to cgmpare the im-
e athx o X pact of ozone on the UV irradiance with that due to
! 3 ! combined cloud and aerosol.
d % (CC, —CC¥) The two multiple linear regression models mentioned
CC e above are examined for EUV and TUYV irradiance, re-
(1) spectively. The regression coefficients and constants in

where UV, is the UV irradiance on day i; Os, is the total
ozone amount; D; is the aerosol optical depth at 320 nm;
CC,; is the cloud cover; X7 indicates the reference value
on day i for any variable X; a, b, ¢, and d are the model
constants to be determined by an ordinary least squares
fit; and ¢; is the noise term. The regression coefficients
b, ¢, and d correspond to the linear RAFs due to O3, AOD,
and CC (Booth and Madronich 1994), and the UV sen-
sitivity (Micheletti et al. 2003). The predictor variables of
the model are chosen to account for the impact of Os,
AOD, and CC on the surface UV irradiance. Model (2)
(which includes two independent variables) is proposed
to explain the variation of UV irradiance as follows:

UV, =UVH _ .y (0; — 03)
UV 0%
GS, — GS*
+c'><7( o ’)+s§, ()

where GS; is the global (direct plus diffuse) irradiance
(GS) on day i. Here 4’ is a constant, and b’ and ¢’ are the
regression coefficients (i.e., linear RAFs). The GS is
used as a new predictor variable in model (2) because
GS depends on characteristics of both clouds and

models (1) and (2) are calculated using 1214 daily data
points (i.e., about 50% of all possible days for the period of
April 2004-December 2010). Year-round and seasonal
models are run separately for the EUV and TUV irradi-
ances. The regression coefficients (RAFs and UV sensi-
tivity) are analyzed together with an estimate of Gy, that
is, the mean range of factor X disturbances in the UV
irradiance. The term Gy is defined as the standard de-
viation of X multiplied by the absolute value of the re-
gression coefficients pertaining to this factor (Krzyscin and
Puchalski 1998), which means changes in UV irradiance
due to the factor X within the range +Gy. The term Py is
the individual contribution defined as the partial correlation
coefficient r of X multiplied by the beta coefficient 8, which
is the standardized regression coefficient. Table 2 shows
the percent of the total variance explained by a de-
termination coefficient R* of the multiple regression
models and the standard error of noise (Res).

4. Results and discussion

The inverse effects of surface UV irradiance on ozone,
aerosols, and clouds in short-term and long-term changes
are demonstrated by measurements and the theory for
their absorption and scattering processes (e.g., Herman
2010; Kyle 1991; Liou 1992; Madronich 1993; Madronich
et al. 1998; McKenzie et al. 1991).
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FIG. 1. The time series used as input for the multiple regression models. (a) EUV and (b) TUV irradiance at the ground level under all-
sky conditions, (c) GS, (d) O; from the Dobson spectrophotometer, (¢) AOD at 320 nm, and (f) CC. The solid lines represent the reference
time series obtained from the least squares fit to the time series shown. The data points (daily value) are shown if all variables were

measured.
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TABLE 2. Regression coefficients a, b, ¢, and d (linear RAFs) and their standard errors by the multiple regression model used. The Gy is
the range of the disturbances and Py is individual contributions of UV variations due to the UV forcing factors (O3, AOD, CC, and GS).
The percentage of variance R? is that explained by the regression model. Res indicates variance of the model noise. Here, N is the number

of data.
Model (1) Model (2)
EUV TUV EUV TUV
Year-round model (all sky); N = 1214
a X 100 224 = 0.54 2.73 = 0.46 a X 100 -09 =04 -03 =04
b (0O3) —1.16 = 0.07 —0.35 = 0.06 b’ (03) —1.04 = 0.06 —0.22 = 0.05
¢ (cloud) -0.12 = 0.01 -0.13 = 0.01 ¢ (GS) 0.71 + 0.02 0.71 = 0.01
d (AOD) —0.21 = 0.01 —0.21 £ 0.01
Go, (%) 9.4 2.8 Go, (%) 8.5 1.8
Gee (%) 7.4 8.0 Ggs (%) 18.6 18.8
Gaod (%) 11.4 112
Po, (%) 11.2 0.7 Po, (%) 10.1 0.5
Pe (%) 12.6 19.9 Py (%) 51.1 67.4
Pood (%) 25.0 321
R (%) 48.8 527 R* (%) 61.2 67.9
Res (%) 3.4 2.5 Res (%) 2.6 1.7
Winter model; N = 320
a X 100 1.2 +08 24 *08 a x 100 -13=*=0.6 03+ 0.6
b (03) -1.3 = 0.09 —0.33 = 0.08 b’ (03) —1.26 = 0.07 —0.26 = 0.07
¢ (cloud) —0.07 = 0.01 —0.08 = 0.01 ¢ (GS) 0.73 £ 0.03 0.7 = 0.03
d (AOD) —0.24 = 0.02 -0.22 = 0.02
Go,, % 11.7 2.9 Go,, % 11.3 2.3
Gee, % 5.1 59 Ggs, % 18.4 17.5
Gaod, % 12.9 12.0
Po,, % 17.9 —0.8 Po,, % 17.2 —0.6
Pec, % 10.3 17.5 Py, % 58.9 70.9
Paop, % 342 43.0
R, % 62.0 59.4 R, % 76.0 70.0
Res, % 1.9 1.7 Res, % 1.2 1.3
Summer model; N = 245
a X 100 07+14 1.8 1.2 a X 100 3411 -1.8+1.0
b (03) -1.6 =0.22 -1.16 = 0.19 b’ (03) -13*=0.18 —0.83 = 0.16
¢ (cloud) —0.24 = 0.03 —0.27 = 0.03 ¢ (GS) 0.69 = 0.04 0.69 = 0.03
d (AOD) —0.20 = 0.03 —0.18 = 0.02
Go,, % 9.9 71 Go,, % 8.0 5.1
Gee, % 10.1 11.4 Ges, % 19.9 19.7
Gaod, %o 10.3 9.7
Po,, % 13.9 8.6 Po,, % 11.3 6.2
P, % 15.6 22.7 Py, % 533 60.7
Paop, % 19.2 20.0
R, % 48.0 50.8 R, % 64.0 66.6
Res, % 4.1 33 Res, % 2.8 22
Year-round model (clear sky; CC < 2.5 tenths)l; N = 442

a X 100 9.1 +0.8 9.8 £0.8 a X 100 -22+13 07+13
b (03) -1.20 = 0.09 —0.20 = 0.08 b’ (03) -1.24 = 0.09 —0.25 = 0.09
d (AOD) —0.29 = 0.02 —0.29 = 0.02 ¢ (GS) 0.77 = 0.04 0.67 + 0.04
Go,, % 9.2 1.6 Go,, % 9.7 2.0
Gaods % 12.4 12.1 Ggs, % 12.6 11.1
Po,, % 17.9 0.5 Po,, % 19.0 0.6
Paop, % 333 44.7 P%s, %o 333 35.8
R%, % 51.2 452 R, % 523 36.5
Res, % 22 1.9 Res, % 2.1 22
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a. Short-term variations

The results presented in Table 2 show that all the re-
gression coefficients for EUV and TUV models are
statistically significant at a level P = 0.000. Under all-sky
conditions, for the year-round model (1) including three
variables, the regression coefficients b, ¢, and d corre-
sponding to the linear RAFs (UV sensitivities) due to O3,
AOD, and cloud cover (O3 RAF, AOD RAF, and CC
RAF) are —1.16 = 0.07, —0.21 = 0.01, and —0.12 £ 0.01,
respectively as listed in Table 2. The linear O3 and AOD
RAFs are comparable to the power RAFs (Madronich
1993) of 1.18 for ozone and 0.29 for AOD (Kim et al.
2013). The linear O3 RAF for TUV is about 3 times
smaller than that for EUV, whereas the RAFs for cloud
and AOD are comparable to those for EUV irradiance.
For the year-round model (2) including two variables,
the O3 RAF for TUV is about 4 times smaller than that
for the EUV, while the GS RAF for TUV is almost
consistent with the EUV value. Thus the GS change of
1% is associated with a change of 0.71% for both the UV
irradiances. Moreover, these values correspond with
those obtained by Krzyscin (1996). These sensitivities
to the UV forcing factors show a negligible seasonal
dependence.

The respective mean range of daily EUV disturbances
due to changes of the O3, AOD, and CC is about £9%,
+11%, and *7% relative to the climatological EUV
level, whereas that of the TUV is about *3%, =11%,
and =8%. In case of GS, relatively large ranges of
about =19% occur for both UVs. Accordingly, the
ratio between the mean range of UV disturbances
due to aerosol variability and that due to total ozone
(Gaod/Go,) is 1.21 and 4.00 in the EUV and TUV,
respectively. The ratio between the mean range of
UV disturbances due to CC variability and that due to
total ozone (G../Go,) is 0.79 and 2.86 in the EUV and
TUYV, respectively. The ratio between the mean
range of UV disturbances due to changes of the GS
and that due to O3 (Gg/Go,) is 2.19 and 10.4 in the
EUYV and TUYV, respectively. Similar values for the
range of UV disturbances due to O3 variability are
found in both models (1) and (2). In Table 2, the
coefficient of multiple determination R indicates the
proportion of the variance in the dependent variable
(UV; = UV¥)/UV#. Model (1) for EUV explains only
48.8% of all the variance of the UV fractional changes,
whereas model (1) for TUV explains 52.7% of the
variance. Model (2) accounts for 61.2% of variance for
EUV and the 67.9% for TUV. Among the 49% ex-
plained by model (1) for EUV, relative contribution Py
of each individual variable to the variation of daily EUV
fractional deviation was found to be 11.2%, 25.0%, and
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12.6% for O3, AOD, and CC, respectively. Among the
52.7% explained by model (1) for TUV, the relative
contribution Py of each individual variable was found to
be 0.7%, 32.1%, and 19.9%, respectively. As a result, the
contributions of the UV forcing factors to daily UV
variability are affected more by AOD than by O3 and CC
in both UV variations. From the data given in Table 2, the
EUV model (2) for two variables of O; and GS together
explained 61.2% of all the variance, with individual
contribution Py of 10.1% and 51.1% for total ozone and
global solar irradiance, respectively. For TUV irradiance,
two variables together explained 67.9% of all the vari-
ance with Py, with individual contribution of 0.5% and
67.4% for the Oz and GS irradiance, respectively. Thus
the Oj effect on TUV variability is relatively low for weak
O3 absorption.

In view of the above results, it is likely that part of the
variation in the UV irradiance, which is not explained by
the UV forcing factors considered in this study, could be
better explained by the addition of the new factors for
which data might be unavailable in this climatological
study. For example, new factors such as O profile, air
pollution, and clouds could change the UV irradiance. In
particular, for clouds, UV can be enhanced under partly
cloudy conditions when the sun is not obscured because
of reflections from the sides of clouds depending on
morphology (Anton et al. 2012b; Jung et al. 2011; Mims
and Frederick 1994; Sabburg and Wong 2000). Therefore,
the CC could not satisfactorily represent the cloud effects
as a variable in UV variations.

The UV sensitivities to changes of the forcing factors
obtained from the year-round and seasonal models can
be summarized as follows. For Os, the EUV sensitivity
coefficients vary from around —1.0 for both spring and
autumn to —1.6 for summer, whereas the TUV coeffi-
cients vary from a negligibly small value (0.03) for au-
tumn to —1.16 for summer. For clouds, the EUV and
TUYV coefficients vary from around —0.1 for both autumn
and winter to —0.27 for summer. For AOD, both EUV
and TUYV coefficients are similar with a value of 0.21 for
all seasons. For a GS, both EUV and TUV coefficients
vary from 0.65 for autumn to 0.78 for spring. A negligibly
small difference between EUV and TUYV is found in the
sensitivity to cloud and aerosol changes for each season.
The coefficients of the determination (R?) for seasonal
EUV and TUV regression models show that the EUV
and TUV increased to 0.62 and 0.59 for winter but decrease
t00.48 and 0.51 for summer compared to year-round value,
respectively. Table 2 shows the results of similar regression
analysis for the sensitivity under clear-sky conditions. The
difference in the sensitivity between all-sky and clear-
sky conditions is negligible and within the margin of
around errors.
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TABLE 3. Annual averages, trends, and forced trends of the UV forcing factors for the period 2004-10.

Forced trends in UV data
(% decade™ 1)

Variables Annual averages Trends (% decade_l) in the data EUV TUV
Total ozone (DU) 330.6 + 39.9 7.2 = 1.7 (all sky) -84 %25 -25%1.0
6.2 = 5.9 (clear sky) -74+76 -12+1.6
AOD at 320nm 1.11 = 0.63 22.4 + 8.4 (all sky) —4.7+£2.0 —4.7£2.0
25.3 = 6.6 (clear sky, AOD < 0.8) -73*+24 -73+24
CC (%) 42+29 524 +96 -63*1.6 —-6.8 2.1
EUV (kIm™?) 174 * 1.1 —29.6 = 6.2 (all sky) — —
—20.8 = 15.6 (clear sky)
TUV (MIm~2) 0.69 = 0.33 —39.2 = 5.6 (all sky) — —
—6.0 = 12.2 (clear sky)
GS (MIm™?) 138 * 65 —28.6 = 4.3 (all sky) -203 =33 —203 = 4.0
—7.3 * 11.6 (clear sky) -5.6*92 -4.9 * 8.1
b. Long-term (2004—10) characteristics TUV. The AOD increase of +22.4% decade ! induces

Table 3 shows trends for the period of 2004-10 in the
UV forcing factors in the fractional deviation from the
reference value and trends in the UV irradiance caused
by these factors. The annual-mean O; for 2004-10 has
been increased slightly from the past value of 322 DU
for 1985-2000 (Cho et al. 2003) to 330.6 = 39.9 DU with
a maximum of 380.7 DU in March and a minimum of
290.8 DU in September and October. Annual-mean
AOD at 320nm and CC are 1.11 * 0.63 and 4.2 = 2.9,
respectively, with an apparent seasonal cycle. The AOD
varies in the range of 0.58-1.85 with a maximum of 1.61
in June and a minimum of 0.86 in September. The CC
ranges between 2.9 in January and 6.7 in July. The mean
values of daily EUV and TUV are 1.74 = 1.1kJ m~? and
0.69 + 0.33 MJ m ™2, respectively, whereas the mean value
of GSis 13.8MJm 2 (159.7Wm™?) in the same period.
As shown in Table 3 and Fig. 2, all the UV forcing fac-
tors tend to show increase for the period of 2004-10,
with trends of +7.2%, +22.4%, and +52.4% decade ™!
for O3, AOD, and CC, respectively. These trends are
statistically significant for O3 only at P < 0.001, but are
insignificant for AOD and CC. Long-term changes in
O3 have been discussed in several recent World Meteo-
rological Organization reports and previous work (e.g.,
Newchurch et al. 2003; Reinsel et al. 2002; Weatherhead
et al. 2000; WMO 2011; Zerefos et al. 2012). Under all-sky
conditions, the trends for EUV, TUV, and GS for the same
period were —29.6%, —39.2%, and —28.6% decade ™!,
respectively. The recent decreasing trends of the UV ir-
radiances can be mainly attributed to the recent increase
in O3, AOD, and especially CC. The forced trends are
calculated by multiplying the trends of the UV forcing
factors and the linear RAFs are listed in Table 3. The O3
increase of +7.2% decade ' induces a negative trend of
—8.4% decade ! in the EUV and —2.5% decade " in the

negative trends of 4.7% decade ' in both EUV and
TUV, and a simultaneous increase of CC by +52.4%
decade ! induces a negative trend of —6.3% decade !
in the EUV and —7.3% decade ' in the TUV. Thus
comparatively, the large changes in long-term cloud
cover by over 50% do not significantly influence daily
UV changes in climatological aspects. A negative trend
in GS (—28.6% decade ') as a proxy for the combined
AOD and CC effects forces a decreasing trends of
—20.3% decade ' in both EUV and TUV. Similar
analysis for the clear-sky conditions (CC < 2.5 tenths) is
carried out and the results are listed in the third column of
Table 3 where appropriate. Clear-sky conditions were
selected for the days with CC < 2.5 tenths and AOD
(320nm) less than 0.8, to select meaningful trends with
enough number of measurements in a megacity, Seoul,
while not changing the basic trends. The clear-sky trend
for the O3, AOD, EUV, TUV, and GS is 6.2%, 25.3%,
—20.8%, —6.0%, and —7.3% decade ™, respectively. Thus,
the all-sky trends are stronger than the clear-sky trends
for EUV, TUV, and GS, which can be explained by the
noticeable increase in CC in 2009 and 2010 in particu-
lar. The calculated trends do not match well with the
observed one with reasonable accuracy because of the
limited R? value and the nonlinear behavior among
the parameters as mentioned above.

Figure 3a shows the fractional deviations of daily
EUYV irradiance after the removal of the AOD and CC
variations from the EUV data versus that of the O;
deviation for clear-sky conditions. Figure 3b shows
similar relations for the EUV with the AOD. The
straight-line fit in the figure shows that sensitivities of
daily EUV irradiance to changes of O3 (Fig. 3a) and
AOD (Fig. 3b) are almost constant over the whole
range of O; and AOD variability, respectively. From the
linear regression model shown in Fig. 3, it can be estimated
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FI1G. 2. Long-term trends of (a) EUV, (b) TUV, (c) GS, (d) total ozone, (¢) AOD, and (f) CC for 2004-10.

that the EUV irradiance change associated with both the
full ranges of observed change in Oz (245-510 DU) and
AOD (0.104.0) occurs at about 30%-40% of reference
values (330 DU for O; and 1.1 for AOD) in both cases. The
EUYV changes of 30%-40% are larger than the estimation
of 20%-30% in Belsk, Poland (Krzyscin and Puchalski

1998), which suggests the different climatology of the two
locations.

¢. Radiative transfer model

The maximum variations of the EUV irradiance at the
ground due to changes in the nearly extreme O3 and AOD
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FIG. 3. The fractional deviation of the EUV daily irradiance after
removal of (a) the AOD and CC variations vs that of total ozone
and (b) the total ozone and CC variations vs that of AOD.

under clear-sky conditions at Seoul were calculated using
the tropospheric-ultraviolet and visible [National Cen-
ter for Atmospheric Research (NCAR)-TUV] radiative
transfer model, version 4.1, in the pseudospherical four-
stream discrete ordinates mode (Madronich et al. 1998).
The input for the NCAR-TUV model comprises a fixed
set of atmospheric parameters adopted from Van Weele
et al. (2000). The single scattering albedo of 0.98 and the
asymmetry parameter of 0.7 for aerosols in the boundary
layer are used here with the aerosol profile by Elterman
(1968). A surface albedo of 0.03 was used, where small
variations in the surface albedo affect the model results
marginally (Weihs and Webb 1997). The scaling of the
extinction cross section is described by the angstrom pa-
rameter (« = 0.844) and the AOD (1.13) at the wave-
length of 320 nm: these values are close to the average
values found in Seoul from direct sunlight observation by
Koo et al. (2007). As shown in Figs. 4a and 4b, the model

Total Ozone =329 DU Time
Total Ozone =245 DU

Total Ozone =510 DU
Difference (%)

FIG. 4. The radiative transfer model (NCAR-TUV) profile of
EUV irradiance on 21 Jun for (a) AOD at 320nm and (b) total
ozone, and their differences from the reference (mean value) in-
dicating possible extreme changes in Seoul’s ozone and aerosol
(right axis).

runs for the daily EUV irradiance for the mean values of
05 (329 DU) and AOD (1.13) as a reference for this day,
with different extremes in the maximum values of 510 DU
for O3 and 4.00 for AOD, and in the minimum values of
245 DU for Oz and 0.10 for AOD, respectively, on 21 June.
The difference between the irradiances for the extremes of
O; and AOD, and for long-term reference is from 30%
to 40%, representing a nearly constant value through the
daytime. Thus the difference is almost independent of
SZAs in the diurnal variation. The extreme changes in
daily EUYV irradiance estimated by means of the regres-
sion model (Fig. 3) correspond with those calculated us-
ing the radiative transfer model. Thus, these estimates are
in reasonable agreement with the regression and radia-
tive transfer model results.
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5. Summary and conclusions

Spectral measurements of solar ultraviolet (UV) radi-
ations by Brewer spectrophotometer were used in con-
junction with total ozone measurements by Dobson
spectrophotometer in Seoul during 2004-10 to investigate
the relative influences and trends of the UV forcing fac-
tors of O3, AOD and CC, and GS, together with their
climatological features. The recent annual-mean O3 has
increased slightly from the past value of 322 DU (1985-
2000) to 330.6 = 39.9 DU with a monthly-mean maxi-
mum of 380.7 DU in March and a minimum of 290.8
DU in September and October. Annual-mean AOD was
1.11 = 0.63 with a monthly-mean maximum of 1.61 in
June and minimum of 0.86 in November, whereas the
CCwas 4.2 £ 2.9 with a monthly-mean maximum of 6.7
in July and a minimum of 2.9 in January and February.
The long-term Os increase of +7.2% decade ! induces
a negative trends of —8.4% decade ' in the surface
EUV and of —2.5% decade ' in the TUV. The AOD
increase of +22.4% decade ' induces a negative trends
of —4.7% decade ™! in both EUV and TUV, and at the
same time an increase of CC by +52.4% decade ' in-
duces a negative trends of —6.3% decade ' in the EUV
and —6.8% decade ! in the TUV. Thus, comparatively,
the large changes in long-term CC by more than 50% do
not significantly influence daily UV changes for its low
sensitivity. A negative trend in GS (—28.6% decade ') as
a proxy for the combined AOD and CC effects forces
a decreasing trend of —20.3% decade ! in both EUV and
TUV. The mean range of UV disturbances due to AOD
variability is about 11% in both UV irradiances but that
due to Oz is 3% in TUYV irradiance as compared with 9%
in EUV irradiance. The range of the disturbances due to
changes in the CC is about 7% for both UV irradiances.

The UV sensitivities to changes of the UV forcing
factors from the linear RAFs and their contributions to
the transmission of UV through the atmosphere have
been analyzed on the basis of the multiple linear re-
gression analyses in daily fractional deviation time series
of the forcing factors from the reference values. From
the linear RAF (EUYV sensitivities) of O3, AOD, CC, and
GS corresponding to the regression coefficients in the
year-round regression models, EUV daily irradiance in
a 1% change of UV forcing factors changes by —1.16% in
03, —0.21% in AOD, —0.12% in CC, and +0.71% in GS.
Similarly, for TUV sensitivities, the TUV daily irradiance
changes with similar values to EUV except for —0.35% in
O;. Although the partial correlation coefficients between
both UV irradiance and AOD are higher than those
between the UV and O3, the UV sensitivity to the O3
forcing factor is about 5 times as high as AOD. A 1%
increase of GS has been found to induce a 0.7% increase
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in both EUV and TUYV radiation, which is consistent with
previous research (Krzyscin 1996). Both EUV and TUV
sensitivities to aerosol changes are almost the same with
a year-round value of —0.21 for all seasons. A negligible
small difference between sensitivity of EUV and TUV to
cloud and aerosol changes are also found for each season.
The EUV model (1) using O3, AOD, and CC explains
only 49% of the variance of the daily fractional deviations
of the EUV irradiance with the individual contribu-
tions of 11%, 25%, and 13%, whereas the TUV model
(1) explains 53% of the variance with the respective
contributions of 0.7%, 32%, and 20%. The EUV model
(2) using O3 and the GS used as a proxy for the combined
EUYV changes induced by cloud cover and atmospheric
turbidity variations explains 61% of the EUV variance
with the individual contributions of 10% and 51%,
whereas the TUV model (2) explains 68 % of the variance
with respective contributions of 1% and 67%, with neg-
ligible effects for Oz. On the basis of the multiple analy-
ses, we found that the UV sensitivity to Oj is the highest
among the forcing factors, but contributions of the UV
forcing factors to the daily UV variability and the range of
UV disturbances due to the AOD variability are affected
more by AOD than by O3 and CC in both UV fractional
changes. Further studies will demonstrate that part of the
UV variability that remains left to be explained, as men-
tioned above, could be clarified by considering new forc-
ing factors unavailable for this climatological study.

The linear regression model for clear skies shows that
the extreme values of O3 and AOD in the Seoul record
(2004-10) are associated with 30%-40% changes in daily
EUYV irradiance. This estimate is in reasonable agree-
ment with the radiative transfer model calculations.
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