Tellus B: Chemical and Physical Meteorology

ISSN: (Print) 1600-0889 (Online) Journal homepage: https://www.tandfonline.com/loi/zelb20

Taylor & Francis

Taylor & Francis Group

Broadband dependence of atmospheric
transmissions in the UV and total solar radiation

Hana Lee, Woogyung Kim, Yun G. Lee, Ja-Ho Koo, Yeonijin Jung, Sang S. Park,
Hi-Ku Cho & Jhoon Kim

To cite this article: Hana Lee, Woogyung Kim, Yun G. Lee, Ja-Ho Koo, Yeonjin Jung, Sang S.
Park, Hi-Ku Cho & Jhoon Kim (2019) Broadband dependence of atmospheric transmissions in
the UV and total solar radiation, Tellus B: Chemical and Physical Meteorology, 71:1, 1-12, DOI:
10.1080/16000889.2018.1503513

To link to this article: https://doi.org/10.1080/16000889.2018.1503513

8 © 2018 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

@ Published online: 12 Dec 2018.

N
CJ/ Submit your article to this journal &

E

Article views: 284

O

View related articles &'

View Crossmark data &'

o
=2
3

oy

Citing articles: 1 View citing articles &

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=zelb20


https://www.tandfonline.com/action/journalInformation?journalCode=zelb20
https://www.tandfonline.com/loi/zelb20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/16000889.2018.1503513
https://doi.org/10.1080/16000889.2018.1503513
https://www.tandfonline.com/action/authorSubmission?journalCode=zelb20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=zelb20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/16000889.2018.1503513
https://www.tandfonline.com/doi/mlt/10.1080/16000889.2018.1503513
http://crossmark.crossref.org/dialog/?doi=10.1080/16000889.2018.1503513&domain=pdf&date_stamp=2018-12-12
http://crossmark.crossref.org/dialog/?doi=10.1080/16000889.2018.1503513&domain=pdf&date_stamp=2018-12-12
https://www.tandfonline.com/doi/citedby/10.1080/16000889.2018.1503513#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/16000889.2018.1503513#tabModule

Tellus

PUBLISHED BY THE INTERNATIONAL METEOROLOGICAL INSTITUTE IN STOCKHOLM

8 OPEN ACCESS “.) Check for updates

Broadband dependence of atmospheric transmissions in
the UV and total solar radiation

By HANA LEE!, WOOGYUNG KIM'?*? YUN G. LEE*, JA-HO KOO', YEONJIN JUNG'?,
SANG S. PARK®, HI-KU CHO', and JHOON KIM'**

' Department of Atmospheric Sciences, Yonsei University, Seoul, Republic of Korea; *NASA Goddard
Space Flight Center, Greenbelt, MD, USA; >Earth System Science Interdisciplinary Center, The
University of Maryland, College Park, MD, USA; *Department of Atmospheric Sciences, Chungnam
National University, Daejeon, Republic of Korea; >Harvard Smithsonian Center for Astrophysics,
Cambridge, MA, USA, fSchool of Earth and Environmental Sciences, Seoul National University,
Seoul, Republic of Korea

(Manuscript received 30 August 2017; in final form 12 July 2018)

ABSTRACT

Atmospheric broadband transmissions of clouds, aerosols, and ozone in the erythemally weighted ultraviolet
(EUV, 290-320nm), total (spectrally integrated) ultraviolet (TUV, 290-363 nm), and total global solar (GS,
305-2800nm) spectral regions were analysed with ground-based measurements in Seoul, Korea (37.57°N,
128.98°E) from March 2004 to February 2013. The annual average total transmission expressed as a fraction
of the clear-sky irradiance was 77.6% in the EUV, 73.6% in the TUV, and 72.0% in the GS spectral regions.
The corresponding values for cloud transmission were 78.4%, 73.9%, and 71.7%. In overcast cloudy
conditions, atmospheric transmission was reduced by 45.9%, 50.2%, and 56.6% in the three spectral regions,
respectively, indicating the dominant effect of clouds. Aerosol and ozone transmissions had almost the same
annual average. Annual average atmospheric transmission effectively decreases with increasing wavelength
from EUV to GS regions. However, we found that there was a difference in wavelength dependence of
atmospheric transmission for monthly averages, which seems related to the monthly variation of total
column ozone (TCO), aerosol, and cloud amount. It is also found that there is a critical value of TCO (TCO
=370 DU) for the wavelength dependence of transmission. Higher ozone amount than this turnaround value
can cause an increase in transmission from the EUV to GS regions. The monthly wavelength-dependent
effects may be attributable more to the different climatological characteristics of the TCO rather than
aerosols and clouds.

Keywords: ultraviolet, surface solar irradiance, modification factor, transmission, Brewer spectrophotometer

1. Intr ion . . . .
troductio cancers (Sivamani et al., 2009). Since these UV-induced

Solar radiation that is converted into heat and chemical
energy is responsible for sustaining all life and motion on
Earth. It is, therefore, a key factor in understanding the
energy distribution in the Earth’s climate system. In par-
ticular, even though ultraviolet (UV) radiation is only a
tiny part of the total solar radiation, it has significant
biological effects on human, plants, and animals.
Regarding human health, while exposure to UV irradi-
ance increases vitamin D levels, it poses several health
risks, such as the promotion of skin aging and skin

*Corresponding author. e-mail: jkim2@yonsei.ac.kr

biological effects depend on the wavelength of the solar
radiation, it is necessary to have more information on the
spectral dependence of solar radiation in specific regions’
to understand the harmful and the beneficial effects.

The main factors affecting ground-level solar irradi-
ance are solar elevation, clouds, aerosols, and ozone.
While the solar elevation can be determined accurately
using geometrical and astronomical equations, the varia-
tions of solar radiation scattered and absorbed by clouds,
aerosols, and ozone in the atmosphere are difficult to pre-
dict because of their complex interactions (Bano et al.,
2013). Since the effects of clouds, aerosols, and ozone on
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solar radiation are also wavelength-dependent, it is essen-
tial to evaluate the transmission of clouds, aerosols, and
ozone in different wavelength regions of the solar spec-
trum: that is, in the erythemal ultraviolet (EUV), total
ultraviolet (TUV), and global solar (GS) regions.

There have been many studies of the atmospheric trans-
mission of solar radiation. For example, Cho and Kang
(1984) compared atmospheric aerosol turbidity data with
equivalent data obtained from 57 stations of the World
Meteorological Organization (WMO) Global Background
Air Pollution Network from 1972 to 1978. They showed
that the value of sea-level turbidity in Seoul is quite close
to the mean value in the Northern Hemisphere, even
though the turbidity in Seoul is higher than at most other
stations. Although there have been several previous studies
of the effect of aerosol on atmospheric transmission (e.g.
Anton et al., 2008), its wavelength dependence has not
been extensively studied yet, except in model simulations
(e.g. Erlick and Frederick, 1998a, 1998b; Eltbaakh et al.,
2012). Also, cloud transmission of total UV and GS radi-
ation has been extensively studied from a statistical point
of view, with different characteristics depending on loca-
tion (e.g. Ilyas, 1967; Igbal, 1983; Frederick and Snell,
1990; Schafer et al., 1996; Kuchinke and Nunez, 1999;
Foyo-Moreno et al., 2001; Sabburg and Parisi, 2006;
Serrano et al., 2015). In particular, some experimental
studies of the wavelength dependence of the transmission
showed that clouds cause slightly less attenuation in the
UV than in the visible region (e.g. Frederick and Snell,
1990; Krotkov et al, 1996; Seckmeyer et al., 1996;
Frederick and Erlick, 1997; Calbé and Gonzalez, 2005;
Sabburg and Parisi, 2006; Lindfors and Arola, 2008; Park
et al., 2016). Moreover, there has been little information on
transmission through ozone relative to that through clouds
and aerosols, despite the fact that ozone is one of the
important factors affecting UV.

In this study, the atmospheric broadband transmission
properties of clouds, aerosols, and ozone are investigated
under all-sky conditions in terms of the different spectral
regions of the erythemally weighted UV (EUV;
290-320 nm), total UV (TUV; 290-363 nm), and GS radi-
ation (305-2800nm) using observations. In addition, the
influence of clouds, aerosols, and ozone on the spectrally
dependent atmospheric transmission
evaluated solar  irradiance
from Seoul.

is quantitatively

using measurements

2. Instrumentation and data

The Dobson and Brewer spectrophotometers used in this
study were described in detail by Kim et al. (2013, 2014)
and Cho et al. (2003). The Global Environment
Laboratory at Yonsei University in Seoul (37.57°N,

126.98°E; 86m a.sl) has been running a long-term
ozone-layer monitoring program in the framework of the
Global Ozone Observing System of the WMO/Global
Atmospheric Watch/Global Ozone Observing System
(WMO/GAW/GO30S, Station #252) since May 1984.
Daily measurements of total column ozone (TCO) and its
vertical distribution are made with a Dobson spectropho-
tometer (Beck #124) (Komhyr, 1980; Komhyr et al.,
1989; Evans and Komhyr, 2008) located on the rooftop
of the Science Hall of Yonsei University, which enables
TCO estimates to within 2% accuracy (Kim et al., 2005;
Park et al., 2012). TCO measurements and the vertical
ozone distribution are obtained using the Umkehr
method, and instrumental calibration using mercury and
standard lamp tests is performed regularly. Since 2007,
major components of the operations have been auto-
mated with the aid of new hardware and visual displays
(Miyagawa et al., 2005). This system takes full advantage
of a Windows™ (Microsoft Corp.) interface and infor-
mation technology, adapted to the latest Windows™ PC,
and a flexible data-processing system designed to operate
the Dobson spectrophotometer and testing devices. Thus,
subjective human error and individual differences are
eliminated by this automation in instrument operation
and data processing. Therefore, the ozone data quality
has been distinctly improved since the start of automated
measurements. The detailed calibration history of the
instrument was documented by Kim et al. (2007).

A SCI-TEC Instruments Inc. model MKIV Brewer
spectrophotometer (#148) from Seoul has also been oper-
ated routinely since October 1997 at the same site, to
measure the direct UV spectral solar beam at five wave-
lengths (306.3, 310.1, 313.5, 316.7, and 320.1 nm) opti-
mised for ozone, sulphur dioxide, and aerosol
measurements. These direct spectral measurements are
performed at intervals of 5-10min. The aerosol optical
depth (AOD) at a given wavelength is calculated as the
residual optical depth after subtraction of molecular scat-
tering, and of ozone and sulphur dioxide absorption,
from the total atmospheric optical depth (Meleti and
Cappellani, 2000; Grobner et al., 2001; Cheymol and De
Backer, 2003). The Brewer spectrophotometer is designed
for 1% accuracy (Park et al., 2012) in direct-sun TCO
measurements and it is mounted on a solar tracker to
measure the direct solar beam. The Brewer instrument is
also used to measure the global UV spectral irradiance
(290-363nm in 0.5nm intervals) on horizontal surfaces.
The irradiance at each wavelength is integrated to pro-
duce TUV irradiance and EUV value weighted by the
McKinlay-Diffey erythemal action spectrum (McKinlay
and Diffey, 1987). Several lamp tests are performed regu-
larly each day to ensure that the Brewer instrument is in
good condition. Wavelength calibration of the instrument
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is carried out before each session using an internal mer-
cury lamp, and absolute calibration is achieved based on
external lamp tests, compared with 50 W standard lamps
(tungsten halogen), calibrated to the standards of the
National Institute of Standards and Technology. A stand-
ard lamp is used as a reference for the relative sensitivity.
In addition to these calibrations, between 2004 and 2013
the Brewer #148 was regularly recalibrated for UV,
ozone, and aerosol measurements against the traveling
standard Brewer #017 by the International Ozone
Service, Canada, at Yonsei University, specifically on
10-16 March 2004, 24-25 February 2006, 24 October and
3 November 2007, 16 October 2009, 21 November 2011,
and 7 August 2013.

This study uses daily data for GS irradiance, UV,
cloud cover amount (CC), AOD (at 320.1 nm), and TCO
for the period from March 2004 to February 2013. CC
and the GS irradiance were obtained from the Seoul
Meteorological Station of the Korea Meteorological
Administration (KMA), located approximately 3km to
the east of Yonsei University and within the local scale
of our study site (10>-10*m) (e.g. Stewart and Oke,
2012). The GS irradiance was measured with a Kipp &
Zonen CM21 pyranometer, covering a wavelength range
of 305-2800nm. Data were recorded over 1min periods
in units of W m~2 using Campbell Scientific CR21X data
loggers, and they were archived as hourly integrals. The
CC was observed visually and expressed in tenths of the
sky covered by clouds, according to WMO standards.
The daily CC was obtained by averaging eight times
observations in a day (03:00-00:00 local standard time).
The climatological (1981-2011) relative humidity (RH)
was provided by the KMA.

3. Methodology

In this study, the variations of surface solar radiation
(SSR) covering the GS, TUV, and EUV irradiance are
considered to be functions of the solar zenith angle (Z),
CC (in tenths), AOD (unitless, at 320.1 nm), and TCO (in
Dobson units; DU) as expressed in Equation (1). SSR
values are mainly utilised in the calculation of broadband
transmission:

SSR = f (Z, CC, AOD, TCO). (1)

Although the details are not specifically mentioned
here, the water vapor mixing ratio (WV) was not used as
a parameter to estimate SSR because the lack of major
WYV absorption lines in the UV and visible meant that its
contribution to SSR was found to be negligible.
Although WV absorption is important in the IR, its
impact on GS was also negligible due to the wider spec-
tral coverage. The WV effect is partially included in CC.

The atmospheric transmission (7) is defined as the ratio
of measured SSR (SSR,,) to reference SSR (SSR.). SSR.
here is defined as cloudless irradiance in the broadband
solar, total UV, and EUV spectral bands. Section 3.1
describes the calculation of a reference
Section 3.2 describes the atmospheric transmission, and
Section 3.3 describes the correction methodology.

value,

3.1. Reference value for clear-sky irradiance in
transmission

The estimates of the SSR, corresponding to the clear-sky
irradiance, with the smallest influence of CC, AOD and
with TCO values closest to the reference, are essential to
calculate 7. If the sun is directly overhead (Z=0), then
the SSR is equal to S, where S, are the direct and diffuse
irradiance under cloudless skies, respectively. If Z>0,
then a unit area normal to the sun’s rays is projected on
a horizontal surface. Thus, the SSR measured on a unit
horizontal area is given by

SSR = SycosZ 2

To estimate the reference values for the transmission,
a clear-sky model was constructed based on harmonic
analysis (e.g. Wilks, 2011), using a cosine function envel-
oping the maximum readings in the plot of daily SSR
data (Fig. 1). This is in contrast to previous studies that
used a radiative-transfer model (e.g. Schafer et al., 1996;
Sabburg and Parisi, 2006; Park et al., 2016). The model
can be expressed as:

- 2t
yi = y+dAcos (7" - ¢1)7 3

where y, is SSR.. at time ¢ (the day of year), y is the aver-
age value of y,, n =365, 4 is amplitude and ¢, is the phase
angle. Based on real SSR measurements, Equation (3) ena-
bles us to develop a reference SSR model showing the pos-
sible daily maximum SSR through the year. Then a
reference SSR value, SSR., can be acquired at each day
for EUV, TUYV, and GS broadband. Details of the har-
monic analysis for a clear-sky model in Equation (3) are
included in Table 1.

Figure 1 shows the annual cycles of daily mean SSR
values in the EUV-, TUV-, and GS-ranges observed in

Table 1. Results of the harmonic analysis for the clear-sky model
(Equation 3).

SSR Average (y) Amplitude (4) Phase angle (¢,)
Degrees Radian

EUV (mW m~2) 29.5 222 206 3.6

TUV (W m?) 11.8 6.6 183 3.2

GS (W m?) 248.5 118.6 172 3.0
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Annual cycles of the daily integrated SSR for the maximum possible clear-sky solar irradiance (reference value) and the all-sky

average irradiance for (a) EUV, (b) TUV, and (c) GS total spectrum from March 2004 to February 2013. The solid and dashed lines
show the envelope curves of the data maxima and the curves of the all-sky average values, respectively.

Seoul from March 2004 to February 2013. The envelope
cosine curve obtained from Equation (3) is superimposed
on each panel. This curve encompassing all daily data
points indicates the maximum possible clear-sky irradi-
ance to obtain the SSR.. The maximum irradiance
matches the upper envelope curve of the data (i.e. in the-
ory T should range from 0 to 1, although values may
exceed 1; see section 4.5), with a few data points above
the line that coincide with partly cloudy conditions and
relatively high solar elevation, where scattering and mul-
tiple reflections from the edges of the scattered clouds
cause enhancements over clear-sky values (e.g.
Madronich, 1993; Mims III and Frederick, 1994; Kim
et al., 2013; Nunez et al., 2016). The modelled clear-sky
(maximum possible) solar irradiance was used to calculate
the SSR.. for the atmospheric transmission.

3.2. Atmospheric transmission

The atmospheric transmission (7) is normalised and
defined as the ratio of the measured SSR (SSR,,) under
the influence of specific meteorological parameters to the
corresponding radiation for a clear sky, following previ-
ous studies (e.g. Frederick and Steele, 1995; Schafer
et al., 1996; Kuchinke and Nunez, 1999; Josefsson and
Landelius, 2000):
s SSRy (i)

T'(i) = m 4)
where T is the atmospheric slant transmission. The i
index represents the selected broadband ranges such as
EUV, TUV, or GS of the SSR. Note that in other studies
cloud transmission has been examined with different defi-
nitions such as an attenuation factor (Frederick and

Erlick, 1997) or a cloud modification factor (Calbd and
Gonzilez, 2005).

In this study, we calculated the daily total transmission
using the 9-year time series of measurements. First, we
obtained a daily slant transmission (77) from daily repre-
sentative measurements. Second, we converted this slant-
column value to the total-column transmission using Z.
Local noon time, which corresponds to the highest solar
elevation Z,, is taken as the standard time for this con-
version process. The relation between the slant transmis-
sion (7") and the zenith transmission (7)) is

T = 1", )

where m refers to the relative optical air mass (= sec Zy),
and cos (Zy) can be expressed using various geometrical
factors as,

cos (Zy) = sindsind + cosdcosdcoso, (6)

where ®, ¢, and o are the hour angle, the latitude, and
the solar declination, respectively (e.g. Igbal, 1983). As a
result, the daily m is obtained at local noon (®=0) in
this study. Then finally, atmospheric transmission is rep-
resented in the zenith direction (i.e. T=T""") and, here-
after, we use this definition of atmospheric transmission.

3.3. SSR data corrections for cloud, aerosol, and
ozone transmissions

To calculate the individual transmissions of cloud, aero-
sol, and ozone, other factors should be identical to the
reference condition. As SSR. represents the climatological
maximum SSR with the highest solar elevation at each
day of the year, we can assume that the atmosphere is
not perturbed by clouds (CC) and aerosol (AOD), and
the total amount (TCO) is the

column ozone
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climatological mean. To calculate cloud (7¢c), aerosol
(Taop), and ozone (Ttco) transmission, the influence of
other factors (e.g. AOD and TCO in the Tcc calculation,
CC and TCO in the Thop calculation, and CC and AOD
in Trco calculation) should be removed. This is achieved
using the following procedure. Equation (7) is the expres-
sion for SSRy, ... (i), where ‘j indicates the associated
meteorological parameters to denote CC, AOD, or TCO,
and i is the wavelength range:

SSR,,.... (i, CC) =f(z,, CC,AOD,TCO) (7a)
SSRy,....,(i, AOD) =f(Z,, CC,AOD,TCO) (7b)
SSRy....., (i, TCO) =f(Z,, CC,AOD,TCO)  (7c)

where Z, is the solar zenith angle at local noon, and CC,
AOD, and TCO indicate the climatological average CC,
AOD and TCO values at each day of the year.

Apart from the factor of interest, the other factors are
considered to be subject to constant atmospheric condi-
tions, and we use climatological mean values at each day
of the year. As a result, all daily SSR data are corrected
as Equation (8).

SSRm.correctede CC) =
TCO-TCO

SSR,, x (1 + x TCORrAF

AOD-AOD
—————— x AOD 8a
=oD RAF) (3a)

SSRm_correcled (i, AOD) =

SSR,, x <1 +

CC-CC
I CC 8b
+ o X RAF) (8b)

SSRm_corrected (i, TOC) =

TCO-TCO

X TCORAF

SSRp x | 1+ CC;CC
CC

x CCrar+

AOD-AOD

x AOD 8c
20D RAF) (8c)

For the correction process, a radiation amplification
factor (RAF) (e.g. Madronich, 1993; Booth and
Madronich, 1994; Kim et al., 2014) is utilised to relate
the respective sensitivities of CC, AOD, and TCO to the
SSR variability. The RAFs (i.e. the sensitivity coeffi-
cients) are multiplied by the fractional difference between
the other factors on the relevant day and the climato-
logical value. The RAFs used in this study (Table 2) are
obtained from the previous study based on long-term
ground-based measurements (Kim et al, 2014). The
annual mean correction ratios of SSRy, .. to SSRy, for
EUV, TUV, and GS regions are presented in Table 3.

Table 2. RAFs used in Equation (8) (Kim et al. 2014).

SSR CC AOD TCO
EUV (290-325nm) -0.12 -0.21 -1.16
TUV (290-363 nm) -0.13 -0.21 -0.35
GS (305-2800nm) -0.25 -0.16 -0.23

Table 3. Annual mean correction ratios of the corrected SSR
(EUV, TUV, and GS) to the measured SSR.

AOD T Ozone T
1.014 (0.095) 0.998 (0.145)

1.012 (0.073)  0.999 (0.147)
1.022 (0.141)  1.013 (0.189)

SSR Cloud T

EUV (290-325nm) 0.992 (0.125)
TUV (290-363nm) 0.990 (0.101)
GS (305-2800nm)  0.992 (0.077)

Remarks: Figures in parentheses indicate standard deviation of
the correction ratio.

Therefore, cloud, aerosol, and ozone transmission (7cc,
Taop, and Ttcp) can be expressed as Equation (9) and
then converted to total-column atmospheric transmission
using Equation ().

Tce =SSR (. CC)/SSR, (9a)
Taop =SSRy, (i, AOD)/SSR, (9b)
Trco = SRy (i; TOC)/SSR, (%)

4. Results and discussion

4.1. Climatology of solar radiation and
associated parameters

Figure 2 illustrates the annual cycles of the climato-
logical monthly mean surface solar irradiance (SSI) for
the EUV, TUV, and GS regions together with the asso-
ciated meteorological parameters (CC, AOD at
320.1nm, and TCO) under all sky conditions in Seoul
from March 2004 to February 2013. In Fig. 2a, EUV
irradiance varied in the range from 5.8 +1.1 (December)
to 34.9+82mW m~? (July), with an annual average
value of 21.1*#4.6mW m™>. The TUV value varied
from 3.6%£0.6 (December) to 11.3+2.7W m~2 (June)
with an annual average of 7.7 1.6 W m~2, whereas the
GS irradiance varied from 85.9%19.1 (December) to
232.7+53.8W m~2 (May) with an annual average of
159.1+37.9W m~2. The seasonal variations are charac-
terised by maximum values in May for the GS irradi-
ance, in June for the TUV, and in July for EUV
irradiance, whereas minimum values for all three bands
are observed in December.

The monthly difference in the occurrence of the max-
imum GS, TUV, and EUYV radiation can be explained by
the increased atmospheric water vapor level during the
pre-rainy season characterised by relatively high CC and
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Fig. 2. Annual cycles of monthly mean (a) SSI (GS, TUV, and EUYV irradiances), number of data to the left vertical axis, and (b) CC,
AOD (at 320.1 nm), TCO, and RH, over the period from March 2004 through February 2013.
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RH (Fig. 2b). Water vapor significantly reduces the solar
longwave irradiance at the surface through radiative
absorption, but allows the shortwave (i.e. UV) irradiance
to reach the ground, resulting in a decrease of GS but an
increase of UV in summer. The contribution of the TUV
to the GS (TUV/GS) varied from 4.1 to 5.7% (annual
average 4.8%) on a monthly basis, while that of the EUV
(EUV/GS) ranged from 6.7x107% to 19.5x 1073%
(annual average 12.3 x 107°%).

The clear-sky model gives annual averages of possible
maximum irradiances (clear-sky irradiance) of 248.0 and
11.8W m~2 for GS and TUV, respectively, but 29.4mW
m~2 for the EUV. The annual ranges of EUV, TUV, and
GS irradiances from the minimum in December to the
maximum in June were between 8.0 and 51.1mW m 2,
5.3 and 18.2W m™2, and 132.4 and 364.4 W m™>, respect-
ively (Fig. 1). The difference between estimated clear-sky
irradiance and the daily maximum irradiance was very
small in general in the EUV, TUV, and GS regions
except in summer. GS had a lower correlation coefficient
and larger intercept than TUV and EUV, as GS includes
longer wavelengths and is thus more affected by relative
humidity or water vapor than other wavelength regions.
Therefore, irradiance was
smaller than expected in summer.

The annual cycles of the monthly average CC, AOD
(320.1 nm), and TCO are presented in Fig. 2b. The CC
varied between 3.1+2.2 (November) and 6.4 £ 1.8 tenths
(July) with an average annual value of 4.2+2.2 tenths
CC, and similarly the AOD pattern varied in the range
from 0.8+0.4 (December) to 1.6£0.6 (June) with an
annual average of 1.2+0.6. The TCO varied from
287.4+15.8 (October) to 371.4+30.3 DU (March) with
an annual average value of 329.5 DU.

daily maximum clear-sky

4.2. Total, cloud, aerosol, and ozone transmissions

The ratio of all-sky measurements (SSR,,) to the corre-
sponding values calculated from the clear-sky model
(Equation 3) (SSR.) provides estimates of the daily
transmission in the EUV, TUV, and GS regions based
on Equation (4). The annual cycles of the total, cloud,
aerosol, and ozone transmissions are presented in Fig. 3.
The transmission is expressed as a fraction of the clear-
sky irradiance. As shown in Fig. 3a for the total trans-
mission, the EUV transmission ranged between 68.0%
(June) and 86.3% (February) with an annual average of
77.6%, the TUV transmission ranged from 57.6% (July)
to 84.1% (February) with an annual average value of
73.6%, and the GS transmission spanned the range from
51.4% (July) to 85.3% (February) with an annual aver-
age of 72.0%.

To calculate the individual cloud, aerosol, and ozone
transmissions, the SSR (EUV, TUV, and GS) values were
corrected for one factor while the other two were kept
constant. Thus cloud transmission was calculated under
constant AOD and TCO atmospheric conditions, using
Equation (8), and a similar procedure applied for aerosol
transmission under constant CC and TCO atmospheric
conditions, and for ozone transmission under constant
CC and AOD atmospheric conditions. Then, from the
corrected SSR wvalues, the individual transmission of
clouds, aerosols, and ozone was also calculated, and the
results obtained are shown in Fig. 3b—d, respectively. The
annual patterns of monthly average cloud transmission
for the EUV, TUV, and GS regions (Fig. 3b) reached
their minimum of 69.9%, 58.0%, and 50.8% in July with
an annual average of 78.4%, 73.9%, and 71.7%, respect-
ively, with the maximum CC during the rainy season.
The corresponding maximum cloud transmissions of
86.8%, 84.5%, and 82.6% were in January in all three
spectral regions. As shown in Fig. 3c, the aerosol trans-
mission ranged from 70.1% (June) to 87.2% (January)
with an annual average of 79.4% in the EUV, from
59.1% (July) to 84.9% (January) with an annual average
of 75.1% in the TUV, and from 52.7% (July) to 85.4%
(February) with an annual average of 74.1% in the GS.
This represents increased scattering at shorter UV wave-
lengths than at longer wavelengths. Cho and Kang (1984)
investigated aerosol characteristics using the WMO/
National Oceanic and Atmospheric Administration/
Environmental Protection Agency (NOAA/EPA) atmos-
pheric turbidity data (1972-8) measured at 57 WMO air-
pollution network stations, including Seoul. Their results
showed that over this period the monthly average and
minimum AOD at 500nm at sea level in the Northern
Hemisphere are 0.18 and 0.01, respectively, corresponding
to AOD transmissions of 66.0% and 80.0%. The annual
values of the monthly average and minimum AOD in
Seoul are 0.19 and 0.103, corresponding to aerosol trans-
missions of 65% and 79%, respectively. Therefore, the
transmissions in Seoul are quite close to the northern
Northern Hemispheric sea-level averages, even though the
Seoul values are higher than the equivalent values at over
the 57 stations. As shown in Fig. 3d, the ozone transmis-
sion ranged from 69.8% (July) to 87.6% (January) with
an annual average of 78.9% in the EUV, from 58.8%
(July) to 85.5% (January) with an annual average of
74.9% in the TUV, and a range of 52.5% (July) to 85.4%
(February) with an annual average of 74.1% in the GS
region. Consequently, the annual averages of atmospheric
transmission have similar values in the different spectral
regions. It is comparable results as expected from Table 3
with the range of the correction ratio between 1.02
and 0.99.
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4.3. Transmission grouped by CC, AOD, and
TCO values

To evaluate cloud transmission grouped by CC values,
the corrected SSR wusing the AOD and TCO from
Equation (8a) is grouped into six categories, ‘clear sky’ (0
tenths), 1-2, 3-4, 5-6, 7-8 tenths, and overcast (9-10
tenths) in the EUV, TUV, and GS regions. The cloud
transmissions in the EUV, TUV, and GS regions were
analysed for all groups. Similarly, for the aerosol trans-
missions, the corrected SSR using the CC and TCO are
grouped into seven categories defined by AODs of 0-0.4
for clean and 2.5-4.0 for high aerosol loadings with inter-
vals of 0.4. For ozone transmission, the corrected SSR
using the CC and AOD are assigned to eight groups
between 310 DU and 400 DU for TCO with intervals of
15 DU.

J J A S o] N D
Month

Annual cycles of (a) total, (b) cloud, (c) aerosol, and (d) ozone transmission in the EUV, TUV, and GS irradiances.

As listed in Table 4, the cloud transmission decreases
with increasing CC such that the transmission for over-
cast-sky conditions (9-10 tenths CC) resulted in 54.1%,
49.8%, and 43.4% for the EUV, TUV, and GS regions,
respectively. Typical transmissions in the EUV, TUV,
and GS regions were 69.2%, 61.6%, and 56.0% for 7-8
tenths CC, 74.9%, 69.2%, and 64.5% for 5-6 tenths CC,
and 79.3%, 75.5%, and 73.8% for 34 tenths CC, respect-
ively. Under clear-sky conditions, CC <1.0, the transmis-
sion shows the opposite spectral dependence with 87.4%,
86.8%, and 89.6% in the three spectral regions, respect-
ively. The wavelength dependence of transmission caused
by clouds reflects the fact that the dependency tends to
be larger with overcast-clouds. The results of this study
are similar to those of Schafer et al. (1996), who reported
the dependence of cloud transmission at Z=150° at Black
Mt.,, NC, USA (35.66°N, 82.38°W; 951m a.s.l.). The
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Table 4. EUV, TUV, and GS transmissions (%) grouped by CC amount, AOD, and TCO.

Group CC (tenths)

SSR <1 1-2 34 5-6 7-8 9-10
Number of data points 231 318 367 314 177 33
EUV (87.4) 86.1 79.3 74.9 69.2 54.1
TUV (86.8) 83.5 75.5 69.2 61.6 49.8
GS (89.6) 83.7 73.8 64.5 56.0 434
Group AOD (320.1 nm)
SSR <0.5 0.5-0.8 0.9-1.2 1.3-1.6 1.7-2.0 2.1-2.4 2.5-4.0
Number of data points 184 371 342 259 149 67 62
EUV (91.3) 87.6 75.9 68.4 66.7 56.7
TUV (89.0) 84.2 71.0 65.1 63.2 53.6
GS (91.6) 84.2 70.4 62.6 61.8 51.7
Group TCO (DU)
SSR <310 310-324 325-339 340-354 355-369 370-384 385-399 400 <
Number of data points 482 215 186 184 138 121 60 54
EUV 82.0 82.2 80.4 (80.8) (78.5) 76.3 69.5 70.2
TUV 75.0 71.4 76.3 (77.8) (77.8) 79.7 73.8 79.0
GS 71.7 75.9 75.9 (80.3) (80.8) 83.4 75.3 82.5

Remarks: Figures in parentheses indicate nonsystematic wavelength dependence in atmospheric transmission.

average transmissions in the TUV irradiance were 29.6%
for overcast skies, 61.4% for 89 tenths CC, 74.7% for
6-7 tenths CC, and 78.8% for scans measured during 4-5
tenths CC.

The aerosol transmissions in the EUV, TUV, and GS
regions in cloudy atmospheres were studied based on the
SSR values corrected using the CC and TCO as listed in
Table 4. The aerosol transmissions were 91.3%, 89.0%,
and 91.6% for AOD <0.5 conditions, and 56.7%, 53.6%,
and 51.7% for high aerosol loadings (2.5-4.0), in the three
spectral regions, respectively. Therefore, high aerosol
loadings reduced the transmission by 43.3%, 46.4%, and
48.3%, respectively, compared with the clear-sky atmos-
phere in the three spectral regions.

The ozone transmissions in the EUV, TUV, and GS
regions were 82.0%, 75.0%, and 71.7% for TCO < 310
DU and 70.2%, 79.0%, and 82.5% for TCO > 400 DU,
respectively. Unlike the cloud and aerosol transmissions,
it can be confirmed that the spectral dependence of ozone
transmission depending on  the

varies ozone

amount group.

4.4. Wavelength dependence of the atmospheric
transmission

The annual and monthly atmospheric transmissions in
the EUV, TUV, and GS regions with the associated

meteorological parameters are presented in Table 5. It is
clear that the annual average total, cloud, aerosol, and
ozone transmissions decrease effectively with increasing
wavelength from EUV through the TUV and GS regions
of the solar spectrum. These results are consistent with
those of previous studies (e.g. Seckmeyer et al., 1996;
Frederick and Erlick, 1997). However, the monthly spec-
tral dependency of atmospheric transmission in March
shows opposite patterns to those of the annual average
and the monthly averages from July to January. The
wavelength dependence of atmospheric transmission is
relatively weaker in March while stronger from July to
January and in August in particular. It can be inferred
that, of the three meteorological parameters considered
here, the high monthly TCO of 371 DU is responsible.
This spectral dependence of transmission can be seen in
Fig. 3. Similar results of wavelength-dependent transmis-
sion are reported in several previous studies. Krotkov
et al. (1996) and Frederick and Erlick (1997) attributed
this wavelength-dependent effect on cloud transmission to
the interaction between scattering by cloud drops and
molecular scattering in their vicinity. Seckmeyer et al.
(1996) also showed that the wavelength dependence of
the cloud transmission is attributed to both wavelength-
dependent scattering and re-distribution of the radiation
within the clouds, or more likely by a combination of
both mechanisms. They also explained that clouds have
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Table 5. Annual averages and seasonal wavelength dependences
in total, cloud, aerosol, and ozone transmission (%) increase and
decrease with wavelength from EUV through the TUV and GS
regions of the solar spectrum.

Decrease

Increase
March July-January (August) Annual

Total transmission (%)

EUV 69.5 80.4 (74.4) 77.6
TUV 72.6 74.7 (65.0) 73.6
GS 73.6 71.0 (57.0) 72.0
Cloud transmission (%)

EUV 72.5 81.3 (78.3) 78.4
TUV 72.8 75.6 (68.6) 73.9
GS 73.6 71.2 (58.8) 71.7
Aerosol transmission (%)

EUV 72.6 82.6 (80.8) 79.4
TUV 73.1 76.9 (71.0) 75.1
GS 74.2 73.6 (62.5) 74.1
Ozone transmission (%)

EUV 71.3 81.9 (79.3) 78.9
TUV 72.8 76.6 (70.1) 74.9
GS 74.1 73.4 (61.8) 74.1
Associated meteorological parameters

Cloud Cover (tenths) 4.7 4.2 (5.3) 4.2
Relative Humidity (%)  57.8 67.2 (75.6) 64.4
AOD (320.1 nm) 1.3 1.1 (1.3) 1.2

Total Ozone (DU) 371.4 311.1 (298.8) 329.5

Remarks: Transmissions in February, April, May, and June did
not show systematic wavelength dependences except for the
cloud transmission in February and June. Transmission in
August is shown in parentheses.

smaller effects on spectral dependence than ozone, which
is consistent with the results of this study.

As listed in Table 4, the cloud and aerosol transmis-
sions decrease with increasing wavelength from the EUV
through the TUV and GS regions for groups except for
CC <1 and AOD <0.5 conditions. Under clear-sky
atmospheric conditions, there is no systematic wavelength
dependence of cloud and aerosol transmission. We also
found that ozone transmission decreases with increasing
wavelength for TCO <340 DU as well as average annual
transmission. However, the wavelength dependence of
ozone transmission is the opposite for groups character-
ised by TCO >370 DU, resulting in a critical TCO of 370
DU. In this study, we found that the wavelength depend-
ence of atmospheric transmission is dominantly attributed
to the amount of TCO.

4.5. Enhancement effects on clouds and aerosols

In this study, enhancements higher than 100% in cloud
transmission, expressed as a fraction of the clear-sky

value, have been observed; these correspond to values
above the curves of the all-sky average values, as shown
in Fig. 1. The enhancements occur in 5.6% (85/1525),
1.9% (28/1468), and 1.4% (21/1461) of all scans in the
EUV, TUYV, and GS regions, respectively, with more sig-
nificant numbers of enhanced scans occurring at shorter
wavelengths of the EUV irradiance. The results can be
interpreted in terms of the accumulation of the strong
direct beam and more significant reflections from the
edges of partial cloud cover (e.g. Lubin and Frederick,
1991; Mims III and Frederick, 1994; Jung et al., 2011).
The cloud enhancements can be explained by the spectral
dependence of the scattering. Molecular scattering is
more efficient at shorter wavelengths, resulting in a
greater diffuse component in the UV than in
GS irradiance.

5. Summary and conclusions

In this study, the atmospheric broadband transmission of
the EUV (290-320nm), TUV (290-363 nm), and total GS
(305-2800 nm) irradiances was investigated using meas-
urements made in Seoul, Korea, for 9years from March
2004 to January 2013. In terms of annual average, the
total transmissions expressed as a fraction of the clear-
sky irradiance were 77.6%, 73.6%, and 72.0%, respect-
ively, in the EUV, TUV, and GS irradiance under all-sky
conditions. The cloud transmission under constant aero-
sol and ozone atmospheric conditions was 78.4%, 73.9%,
and 71.7% in the EUV, TUV, and GS spectral regions.
In particular, overcast clouds substantially reduced the
transmission, by 45.9%, 50.2%, and 56.6% in the three
spectral regions, respectively. The annual aerosol trans-
mission under reference cloud and ozone atmospheric
conditions was 79.4%, 75.1%, and 74.1%, in the EUYV,
TUV, and GS regions, respectively. Particularly high
aerosol loadings with AOD of 2.5-4.0 can reduce the
transmission by 43.3%, 46.4%, and 48.3% in the spectral
regions, respectively. The ozone transmissions in the
EUV, TUV, and GS regions had almost the same annual
values as aerosol transmissions, under constant cloud and
aerosol atmospheric conditions. As a result, the annual
average total, cloud, aerosol, and ozone transmissions are
comparable under all-sky conditions. The annual average
transmissions decrease effectively with increasing wave-
length from EUV through the TUV, to the GS region.
However, on a monthly scale, the wavelength dependence
of transmission in March, which shows an increase with
wavelength, is opposite to that of annual average and
monthly transmissions during the period July to January
due to the high TCO of more than 370 DU. It is noticed
that there is nonsystematic wavelength dependence under
clear-sky atmospheric conditions and a critical TCO value
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of 370 DU, causing the wavelength dependence of atmos-
pheric transmission. Consequently, the wavelength
dependence is caused by different climatological charac-
teristics mainly in relatively dry, high aerosols and espe-
cially in high TCO. Further study is required using
radiative transfer models to clarify these experimental

results obtained for spectral aerosol and ozone
transmissions.
Also, enhanced occurrences of cloud transmission

greater than 100% were observed in 5.6%, 1.9%, and
1.4% of about 1500 scans in the EUV, TUV, and GS
regions, respectively, with enhanced scans occurring more
frequently for the shorter wavelengths of the
EUV irradiance.
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