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ABSTRACT

Radiative transfer model simulations were used to invattighe erythemal ultraviolet (EUV) correction factors by
separating the UV-A and UV-B spectral ranges. The corradtator was defined as the ratio of EUV caused by changing
the amounts and characteristics of the extinction andesoagt materials. The EUV correction factors (CFEUV) for BV-
[CFEUV(A)] and UV-B [CFEUV(B)] were &ected by changes in the total ozone, optical depths of aleaosiocloud, and
the solar zenith angle. Theftérences between CFEUV(A) and CFEUV(B) were also estimatedfanction of solar zenith
angle, the optical depths of aerosol and cloud, and totalez®he diferences between CFEUV(A) and CFEUV(B) ranged
from —5.0% to 25.0% for aerosols, and fron®.5% to 2.0% for clouds in all simulations forfEirent solar zenith angles and
optical depths of aerosol and cloud. The rate of decline &Q¥ per unit optical depth between UV-A and UV-Bidired by
up to 20% for the same aerosol and cloud conditions. For taiahe, the variation in CFEUV(A) was negligible compared
with that in CFEUV(B) because of thefective spectral range of the ozone absorption band. Iniaddihe sensitivity of
the CFEUVSs due to changes in surface conditions (i.e., seiditbedo and surface altitude) was also estimated by uséng t
model in this study. For changes in surface albedo, the tdétysof the CFEUVs was 2.9%—4.1% per 0.1 albedo change,
depending on the amount of aerosols or clouds. For changesferce altitude, the sensitivity of CFEUV(B) was twicettha
of CFEUV(A), because the Rayleigh optical depth increasguificantly at shorter wavelengths.
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1. Introduction occurrence on skin. Because of the biological importance of
Ultraviolet (UV) radiation is spectrally classified into UV EUV, a global network of EUV observation stations has been

C (100-260 nm), V-8 (280-320 o) and UV (320-40f S0 ) severl oganiatons (e the o enon
nm). Most shortwave UV (UV-C and UV-B) is blocked ' 9

. S : -observation (Seckmeyer et al., 2010a) as well as hyperspec-
by atmospheric extinction caused by Rayleigh scatteril | observation, which refers to spectral sampling at the s

and stratospheric ozone absorption (€.g., Smith et alz;lgr}é':mometer scale, are recommended for EUV observations
Madronich et al., 1998). The remainder, UV-A and part ’ : .
UV-B, reaches the surface anffexts biological tissue. AI-% eckmeyer et al., 2010b). It is also recommended that, in

though radiation in all UV spectral ranges causes bioldgi %dd|t|on to EUV observations, monitoring sites also measur

damage, thefects are dferent for respective Wavelengths.OtaI ozone, cloud amounts, and aerosol extinction, whiich a

Several previous studies investigated erythema UV (EU ect the total EUV extinction. By using a combination of

which the @ects in terms of biological damage have beFm[‘)servatlons and model simulations, the long-term tremd an

spectrally considered (e.g., Setlow, 1974: Caldwell et aYarlat|ons of EUV radiation have been studied with consid-

1998: Madronich et al., 1998). In addition, McKinlay an ration of cloud, total ozone, and aerosol (e.g., Casalk,et a

. : ; L . 2000; Kaurola et al., 2000; Fioletov et al., 2001; den Outer e
Diffey (1987) defined combined spectral weighting funcUor(;jﬁl’ 2005; McKenzie et al., 2011).

pertaining to UV-A and UV-B in the context of erythema ™ intensity of EUV attenuation caused by respective
extinction species is defined by the correction factors (or
* Corresponding author: Yun Gon LEE modification factors) used to adjust EUV estimations under

Email: yungonlee@gmail.com specific conditions to their corresponding EUV values under
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reference conditions. Regarding thEeets of ozone, McKen- where EUMt5sd®, 75, 7¢, Q, @) is the EUV irradiance at the
zie et al. (1991) reported that a 1% change in total ozone ceolar zenith angle (SZAW, under specific conditions in the
responds to a 1.25% change in UV dose. In addition, Ki&OD of 74, cloud optical depth of, total ozone amount of
et al. (2013) showed that the intensity of EUV radiation in®, and surface albedo af EUV,¢(®) is the EUV irradiance
creases by 1.18% when the total ozone amount decreaseatithe SZA®, under the reference conditions; the total ozone
1%. Related to EUV attenuation by aerosols and cloudsnount (TO3) of 325 DU, surface albedo of 0.1, and surface
Calbo et al. (2005) identified thetect of cloud on EUV ra- altitude of 0.0 km with aerosol and cloud-free conditionst F
diation by defining a cloud modification factor (CMF). Burexample, the EUV correction factor for cloud was calculated
rows (1997) suggested that EUV reductions of 30%—50% abg the ratio of EUV with a constant increment of cloud op-
20%—-30% occurred, respectively, near fire source regiaths dical depth (COD) to EUV with COD= 0. Other variables
at greater distances from fire sources, compared to the E(J¥., total ozone, aerosol, surface albedo, and surfdce al
under aerosol-free conditions. Kim et al. (2013) also rlacka tude) were assumed to be fixed control variables. Because
that the radiation amplification factor of EUV for the aerbsdhe SZA value is accurately known at any given time, identi-
optical depth (AOD) at 320.1 nmis 0.82 under clear sky conal SZA values were applied for both the reference and spe-
ditions. To summarize, it is necessary to analyze the factaific conditions to calculate CFEUV. As a result, the CFEUV
ofinfluence (i.e., total ozone, cloud, and aerosol) on thiava definition was determined solely from the intensitffelience
tion of surface EUV radiation, and furthermore estimatéthecaused by the atmospheric and surface conditions. In this
correction factors to predict and validate the true EUV aadistudy, the EUV was divided into two spectral ranges: 280—
tion on the ground (e.g., Lee et al., 2008; Anton et al., 200920 nm for UV-B and 320—-400 nm for UV-A. Therefore, we
Bilbao et al., 2014). also estimated two fierent values for the CFEUV; namely,
Park et al. (2015) considered the additional irradiance @FEUV(A) and CFEUV(B), which pertain to the UV-A and
UV-A for UV-index estimation in order to correct spectralUV-B spectral ranges, respectively.
limitations of EUV broadband instruments, which only ob- To calculate the CFEUV(A) and CFEUV(B) values from
serve in UV-B. In this case, the correction factor for EUVthe simulations, the simulated irradiance was calculated u
attenuation is to be considered by dividing the two UV reéng the RTM, “UVSPEC”, which is contained in the radiation
gions, UV-A and UV-B. The EUV attenuation associatethodel package, libRadtran (e.g., Mayer et al., 1997; Mayer
with different extinction materials, i.e., cloud, aerosol, arghd Kylling, 2005). Because this model produces fast and
ozone, exhibits spectral dependences because of the lopticaurate irradiance calculations in the UV and visible spec
characteristics of the materials themselves. For exartipe, tral ranges, it is suitable for calculations regarding EUM a
EUV variation in UV-B is strongly dependent on the intenspectral UV. The spectral range used for the calculatiorss wa
sity of ozone absorption (cf. Smith et al., 1992; Madronick50 to 400 nm, which covers the EUV spectral range of 280—
et al., 1998), whereas cloud exhibits weaker spectral ser®0 nm. In addition, the model enables the calculation of the
tivity to whole EUV extinction. Therefore, correction facs monochromatic spectral irradiance in steps of 0.1 nm, which
for EUV attenuations, such as the modification or amplificavill minimize spectral sampling errors. To calculate Régie
tion factors defined in previous studies, potentially alaeeh scattering by air molecules and consider the temperatuie va
a spectral dependence. In addition, the EUV attenuation ations associated with gas extinction cross sections,eg-ref
tensities for specific materials change in complicateds;asence dataset containing vertical profiles of the tempegatur
such as when the attenuation is caused by several extincfiwessure, and molecular densities of atmospheric gases was
materials and surface conditions, simultaneously (Ni@tol used; specifically, the U.S. standard profile (Anderson.et al
al., 2003). Therefore, it is necessary to define each of th886).
correction factors in UV-A and UV-B for accurate EUV esti-  To explore the ffects of diferent atmospheric conditions,
mation. simulations were performed to calculate radiation by chang
In this study, simulations of EUV radiation based on ing the SZA and TO3, which we used as proxies of changes
radiative transfer model (RTM) were performed to both idefn the geometry and UV absorption by atmospheric gases,
tify the spectral dependence of the atmospheric extinctiaespectively. Figure 1 shows a representative verticalidis
and separately estimate the respective correction faftiors bution of ozone for the RTM calculation. Although the TO3
the extinction species in the UV-A and UV-B ranges. value changes as an input parameter of the simulation, the
normalized vertical profile of ozone is fixed, as shown in Fig.
1. In order to examine the extinction properties of aerosol
2. Method and cloud, the AOD and COD were investigated as important
In this study, we define an EUV correction factoparameters in the context of EUV variations. Because the

(CFEUV) that identifies the irradianceftéirences in EUV optical depth value has a spectral dependence, we adopted a

caused by changing the amounts and characteristics of fjierence wavelength of 550 nm for both optical depth values
extinction and scattering materials: Furthermore, the basic physical properties of aerosol agre

sumed from Shettle (1989), and these values were basically
CFEUV(®,73,7¢,Q, @) =EUVcasd ©, 72, 7¢, Q, @)/ EUV,(®), used as aerosol physical properties in UVYSPEC (Mayer and
(1) Kylling, 2005). For cloud, the cloud particle was assumed
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3. Results

3.1. Spectral dependence of the CFEUVs

Figure 2 shows CFEUV(A) and CFEUV(B) as a function
of AOD and COD, assuming 325 DU for TO3, 4r the
SZA, and 0.10 for the surface albedo at sea level. From Fig.
2a, it is clear that both CFEUVs decrease continuously as the
AOD increases because of the extinction for direct solar rad
ation. For AOD= 1.0, CFEUV(A) and CFEUV(B) are esti-
mated at 0.607 and 0.583, respectively, which means that the
rate of decline of CFEUV with respect to the AOD (d@F)
is larger for UV-B [dCF(B)dr] than for UV-A [dCF(AYdr].
' ‘ ' ' For AOD< 1.0, dCF(B)dr is 2%—9% larger than dCF(AJr.
0 1 2 3 4 5 However, dCF(B)r is 1%—-20% smaller than dCF (Al for
12 3 AOD > 2.0. This AOD dependence of the rate of decline and
Ozone (x 10~ molecule cm™) the diferences between the two spectral ranges are caused
) ] o ) . by the spectral dependence of the AOD. Because the spec-
Fig. 1. Vertical distribution of total ozone for the RTM smulatuontral AOD in the UV-B range is basically larger than that in
UV-A, attenuation of the UV irradiance caused by aerosol is
more sensitive for UV-B than for UV-A for small AOD. In
other words, the AOD threshold of the saturation level for UV
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Table 1. Input parameters of aerosol and cloud for UV simulation.

Fixed parameters for aerogdbud properties

Single Scattering Albedo (Aerosol) 0.85 (a) 1.2
Aerosol Asymmetry Factor 0.7 Aerosol Optical Depth
Cloud Asymmetry Factor 0.9 1.0 1 UV-B
— -
Variable parameters for aerognbud properties 0.8 | —~— UV-A

AOD at 550 nm 0.0-5.0 [Intervat 0.2] %
COD at 550 nm 0.0, 0.5, 1.0, 2.0, 3.0, 40, = 0.6

50, 60, 7.0, 85,100, O |

15.0, 20.0, 30.0 :

0.2 1

to be a liquid water droplet withfeective radius of 10.@um. 0.0 , , , , ' .
To estimate the §pectral dep_endence of CFEUVs due to AOI 00 05 10 15 20 25 3.0
and COD, the single scattering albedo (SSA) and the asyn
metry factors of both aerosaide;) and cloud ¢ q) were fixed AOD (550 nm)

as shown in Table 1. While the SSA and asymmetry factor: (b)

are also influential in the process of absorbing and scatte 1 .

ing UV radiation, the spectral dependences due to AOD an 1.0 1 Cloud Optical Depth

COD in two UV bands are the focus in this study. For the 09 - —e— UV-B

vertical distribution of aerosol, we assumed that theualtit ’ ——~— UV-A

of the top aerosol layer was 2 km with homogeneous concer > 0.8 1

tration, and the cloud vertical distribution was assumelgeto 5 0.7 1

a single layer at an altitude of 4 km with a thickness of 1 km. E; 06 -
In terms of the surface conditions, the surface altitude an ’

its albedo were considered in this study, as these aspects ¢ 0.5 1

also among the major factorfiecting the EUV and UV spec- 0.4 1

tral irradiance caused by changes in the intensity of Rghlei 03 L . . ' ‘ ' .

scattering at the surface. To explore various surface eond ’

tions, we considered surface albedos from 0.0 to 0.5 in-inter 0 5 10 1520 25 30

vals of 0.05, as well as surface altitudes from 0.0 to 4.0 kir COD (550 nm)

in steps of 1 km. Although the inclination angle of the sur-

face afects the incidence of radiation onto a unit surface areasjg. 2. CFEUV(A) and CFEUV(B) as a function of (a) AOD

by the reflection angle of the radiation, we only consideredand (b) COD, with 325 DU for total ozone, 24@or the SZA,

horizontal flat surfaces. and 0.1 for surface albedo at sea surface altitude.
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radiation dimming is relatively lower for UV-B than for UV- creasing to an increasing trend for SZAs betweehetal 80
A. As aresult, dCF(BYr is larger for small AOD, but smaller in all cases, except for low AODs and CODs. A major reason
for large AOD, compared with dCF(AJr. for this CFEUV reduction is the extinction of the downward
The rate of decline of the CFEUVs for cloud is similadirect intensity caused by atmospheric scattering. Howeve
to those for aerosol. However CFEUV(A) is slightly smalledirect radiation at large SZAs is weak because of the long op-
than CFEUV(B) for the same COD, whichffdirs from the tical path length with large Rayleigh scattering in clelay-s
aerosol case. Because cloud particle sizes are larger thases. Although the absolute intensity of the UV radiaton i
those for aerosols, the spectral dependence of the CODa@duced when the SZA increases, the CFEUVs increase for
weaker than the equivalent dependence of the AOD. For thasge SZAs, in particular because of the small contribution
reason, the spectral dependence of the COD for UV-B is &lem direct radiation with dfuse radiation dominance.
most the same as that for UV-A, which is opposite to our Figure 4 shows a contour plot of the CFEUMtdrences
results for the AOD. However, thefects of Rayleigh scat- between UV-A and UV-B [CFEUV(MB)] as a function of the
tering are large for UV-B. For this reason, the CFEUV valu8ZA. CFEUV(AB) is defined as
for UV-B is slightly larger than that for UV-A. For COB
10.0, CFEUV(B) and CFEUV(A) are 0.637 and 0.628, re-CFEUV/(A/B) = [CFEUV(A) — CFEUV(B)]/CFEUV(B),
spectively. In addition, the dQér value for UV-A and UV-B 2)
are almost the same for clouds. This means that the appligarich highlights the spectral sensitivity of the CFEUV unde
tion of a spectrally independent correction factor powhti atmospheric conditions. Because the spectral dependénce o
causes EUV estimation errors of up to a few percent. Frafle AOD is stronger than that of the COD, most cases show
this simple analysis, the decrease in UV radiation caused &ysitive values for CFEUV() in the aerosol simulations,
particles depends on the optical path length, which is a-fungccept for large SZAs and small AODs. On the other hand,
tion of both the amount of extinction particles and the Obregative CFEUV(#B) values are estimated for SZA40°
servation geometry. For this reason, it is necessary for §pghe cloud simulations. The values of CFEUVB) tend to
analysis of CFEUV to consider SZA information. be negative because of the large optical path length, but the
Figure 3 and Table 2 show the sensitivity of CFEUV(A}pectral dependence of the atmospheric optical depth sause
and CFEUV(B) to the AOD and COD as a function of thg positive value of CFEUV(). These two oppositeffects
SZA. The EUV irradiance and its correction factors are sefrake the final value of the CEEUV fierent between UV-A

sitive to the observation geometries, especially the SZé\ (e and UV-B. From Fig. 4, CFEUV(/B) is seen to range from
Nichol et al., 2003, Lee et al., 2015) The reference Cond.i.‘S_O% to 25.0% in the aerosol Simu'ationS, and freé5%

tions for the CFEUV calculation were 325 DU for TO3, 0.1 2.0% in the cloud simulations. In addition, CFEUVB}

for the surface albedo, and sea level for each value of th8creases as the SZA increases.

SZA. Because the Optical path |ength for direct radiation be Because of Changes in the 0ptica| path |ength’ the cor-
comes longer according to the SZA increases, the ratesygftion factor is sensitive to the SZA and the TO3. Figure
decline of the CFEUVs per unit AOD and COD increase a&s shows the sensitivity of CFEUV(A) and CFEUV(B) for
the SZA increases. However, the CFEUVs reverse from a d&93 and AOD in the case for a surface albedo of 0.1 and

Table 2. The CFEUV(A) and CFEUV(B) at respective SZAs under totalrezof 325 DU and surface albedo of 0.1 with changing (a)
AOD, and (b) COD.

(a) AOD
AOD =04 AOD=1.0 AOD= 3.0
SZA CFEUV(A) CFEUV(B) CFEUV(A) CFEUV(B) CFEUV(A) CFEUV(B)
0 0.858 0.840 0.671 0.638 0.269 0.234
20 0.850 0.832 0.655 0.624 0.255 0.223
40 0.821 0.806 0.607 0.583 0.222 0.199
60 0.768 0.769 0.539 0.539 0.191 0.181
80 0.755 0.794 0.543 0.571 0.198 0.197
(b) COD
COD=5.0 COD=10.0 COD= 20.0
SZA CFEUV(A) CFEUV(B) CFEUV(A) CFEUV(B) CFEUV(A) CFEUV(B)
0 0.825 0.809 0.679 0.665 0.496 0.488
20 0.811 0.800 0.665 0.657 0.486 0.483
40 0.772 0.777 0.628 0.637 0.458 0.469
60 0.720 0.756 0.584 0.621 0.426 0.458

80 0.725 0.773 0.588 0.636 0.429 0.469
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0 5 10 15 20 25 30
COD (550 nm) Fig. 4. Relative diference of CFEUV(A) and (B)
(d) CFEUV(B) [CFEUV(A/B)] for (a) SZA and AOD dependence and
1.2 (b) for SZA and COD dependence.
SZA [degree] —— 0.0
20.0 SZA of 4¢°. The strong ozone absorption band, the Hartley
> band, in the wavelength range of 280 to 320 nm, results in
) CFEUV(B) depending predominantly on the TO3. The rate
= of decline of CFEUV(B) per unit TO3 [dCF(BRJTO3] is
© 0.019-0.069 per 10 DU for AOE 0.0, and 0.011-0.040 per
10 DU in AOD = 1.0. This range of rates of decline means
0.2 that 1%—7% of UV-B would change if the TO3 varies by 10
0.0 : : : : : DU. Although the absolute value of dCF(BYO3 decreases
0 5 10 15 20 25 30 as the AOD increases, the relative variation of CFEUV(B)
COD (550 nm) as a function of the TO3 (for values between 250 and 500

DU) is approximately 48% for all AODs. However, the
Fig. 3. SZA dependence of (a) CFEUV(A) and (b) CFEUV(B) rate of decline of CFEUV(A) per unit TO3 [dCF(AJTO3]
as a function of AOD, and the dependence of (c) CFEUV(A) is 0.001-0.002 per 10 DU, which is 10 times smaller than
and (d) CFEUV(B) as a function of COD. dCF(BYdTO3. Although ozone absorption in the Huggins
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ble absorption compared with that in the UV-B range (e.g.,
Molina and Molina, 1986). Because the relativéfglience

in CFEUV(A) for the TO3 variation from 250 to 500 DU

is only about 2%, CFEUV(A) can be assumed to be insen-
sitive to variations in the TO3. The characteristics of the
ozone absorption cross section lead to a strong dependence
of CFEUV(A/B) on the TO3, as shown in Fig. 5c.

Figure 5¢ shows that the contour lines of CFEUYBA
run almost parallel to the AOD axis. CFEUV(®) changes
by 5% if either the TO3 changes by 10 DU or the AOD
changes by 0.7-1.5. This result means that the spectral de-
pendence of the TO3 for variations of 10 DU is equivalent
to that seen for changes of 0.7-1.5 in AOD. However, the
CFEUV(A/B) value is mostly dependent on the TO3 value,
because the TO3 mostly absorbed UV-B before arriving at
the aerosol layer in the troposphere.

Figure 6 shows the sensitivity of CFEUV(B) and
CFEUV(A) to the TO3 and the COD under the same condi-
tions as those in Fig. 5. For cloud-free conditions, the dBJ/F(
dTO3 is 0.019-0.069 per 10 DU, which is the same value as
for AOD = 0.0. For cloudy conditions, dCF(R)TO3 ranges
from 0.012 to 0.045 per 10 DU for COPB 10.0, which is a
similar range as for AOB 1.0 in Fig. 5. Similarly, the range
for dCF(AYdTO3 is also the same as for the AOD sensitivity
in Fig. 5. From these sensitivity results, the conditions be
tween AOD= 1.0 and COD= 10.0 lead to almost the same
effect in terms of the spectral sensitivity of CFEUV(B) on
the TO3. Because the rate of forward scattering for clouds is
higher than the equivalent rate for aerosols, the sertgitfi
the CFEUVs to the TO3 value is the same for large COD and
small AOD. Figure 6¢ shows the same contour plot as Figure
5c, but for the COD. Compared with the results for aerosol in
Fig. 5c, the contours in Fig. 6¢ run more closely parallel to
the COD axis than those in Fig. 5¢c. Because cloud particles
are larger than aerosol particles, the spectral dependgnce
the optical depth for clouds is smaller than the dependence
for aerosols. Therefore, the sensitivity of CFEUYBA to
clouds is much smaller than that to aerosols.

The sensitivity study of CFEUV shows similar results to
the results from previous studies. Bilbao et al. (2014)iedrr
out an investigation of EUV irradiance attenuation on Malta
in the central Mediterranean Sea. It was found that totahezo
reduced EUV irradiance levels in the range-3.24% to
-0.33% DU, and AOD at 550 nm reduced EUV irradiance
from —28% to 50% per unit AOD (Bilbao et al., 2014). Fur-
thermore, Mateos et al. (2010) observed that cloudy overcas
and high solar elevation conditions present a high attémuat
of EUV by the interaction between thefilise componentand
atmospheric components, like ozone.

3.2. Correction factor variation as a function of surface
properties

Table 3 shows the variations in the CFEUVs as a func-
tion of surface albedo for SZA 40° and TO3= 325 DU in

band partially overlaps with the UV-A wavelength range, thelear-sky conditions. It was assumed that the surface albed
cross section of the Huggins band in the UV-Ais in the ordevas spectrally independent in this simulation. From Table

of 1.0x 10?1 cm™2 molecules?, which results in negligi- 3

, it follows that the EUV intensity increases by 4%-5% if
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Table 3.Dependence of CFEUV(A), CFEUV(B) and CFEUV&)

on surface albedo, with 325 DU for total ozone$ 4@r the SZA, and
a cloud and aerosol free atmosphere at sea surface alt{fedéer-
ence surface albede0.1)

Surface Albedo CFEUV(A)

0.0 0.964 0.962
0.1 1.000 1.000
0.2 1.039 1.041
0.3 1.081 1.086
0.4 1.127 1.134
0.5 1.176 1.188

CFEUV(B) CFEUV(B)

0.21%

0.00%
-0.22%
-0.45%
-0.70%
-0.95%

interaction between surface reflection and downward geatte
ing from the atmosphere. CFEUV/(B) ranges from-0.95%
(surface albede- 0.5) to 0.21% (surface albedo0.0), and
CFEUV(A/B) decreases as the surface albedo increases. This
means that the rate of increase caused by changes in the sur-
face albedo for UV-B is slightly larger than that for UV-A.
A major reason for this CFEUV increase, caused by changes
in the surface albedo, is downward scattering from the at-
mosphere above the surface. The optical depth for Rayleigh
scattering has a strong spectral dependence, which is a func
tion of wavelength ag*. Due to strong Rayleigh scattering
in UV-B, the proportion of downward scattered radiation by
reflection from the surface is higher for UV-B than for UV-A.
Table 4 shows the sensitivity of the CFEUVs to the sur-
face albedo. From Table 4a, the sensitivity of the CFEUVs to
a surface albedo of 0.1 is estimated at 3.6%—-4.1% for AOD
= 0.0, whereas it is 2.9%-3.1% for AOB5.0. The sensi-
tivity to surface albedo decreases as AOD increases for both
CFEUV(A) and CFEUV(B). The sensitivity of the CFEUVs
is estimated at 7.0%-9.2% for CGP30.0, which means an
increasing sensitivity with increasing cloud cover, asvahno
in Table 4b. Because clouds are located in the free atmo-
sphere, cloud cover onhffects dimming in the context of di-
rect radiation. However, multiple scattering near the aef
is rarely dfected by clouds. Therefore, the surface albedo ef-
fects under cloud cases are more important than those under
aerosol cases. However, the aerosol layer is homogeneously
located below an altitude of 2 km, as explained in section 2.
Because aerosols exist near the surface, tlffegtaboth the
dimming of direct radiation and multiple scattering betwee
the surface and the atmosphere. For this reason, the gensiti
ity change of the CFEUVs related to changes in the surface
albedo shows opposite trends for aerosols and clouds.
Whereas increasing the surface albedo enhances the UV
irradiance caused by Rayleigh scattering, increasinguhe s
face altitude has the oppositffect. The surface altitude cor-
relates linearly with the surface pressure, i.e., it is dils0
early related to the intensity of the Rayleigh scattering. B
changing the surface altitude from 0 km to 1 km, the surface
pressure decreases by 15%, which means that the column in-
tegrated air parcel amount changes by about 15%. As aresult

the surface albedo is changed by 0.1, and these rates ofdndecreasing Rayleigh scattering, the UV irradiance at the
crease of the CFEUVs are enhanced in high surface albegigface is expected to be enhanced as altitude increases. Fo
conditions. This enhancement is caused by the increasifg reason, CFEUV(A) and CFEUV(B) are always greater
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Table 4. Sensitivity of CFEUVs to surface albedo with changing (a)DA@nd (b) COD [albedo (a—b): relativeftirence of CFEUV
sensitivity between albedo value a and b].

()
CFEUV(A) CFEUV(B) CFEUV(A) CFEUV(B)
AOD [Albedo (0.1-0.0)] [Albedo (0.1-0.0)] [Albedo (0.2-0.1)] [Albedo (0.2-0.1)]
0 3.60% 3.80% 3.88% 4.11%
1 3.19% 3.28% 3.39% 3.52%
2 3.03% 3.03% 3.19% 3.27%
3 2.93% 2.97% 3.11% 3.12%
4 2.88% 2.91% 3.03% 3.08%
5 2.91% 2.92% 3.03% 3.06%
(b)
CFEUV(A) CFEUV(B) CFEUV(A) CFEUV(B)
coD [Albedo (0.1-0.0)] [Albedo (0.1-0.0)] [Albedo (0.2-0.1)] [Albedo (0.2-0.1)]
0 3.60% 3.80% 3.88% 4.11%
1 4.00% 4.07% 4.36% 4.44%
5 5.17% 4.92% 5.78% 5.46%
10 6.10% 5.62% 6.93% 6.36%
20 7.16% 6.47% 8.36% 7.43%
30 7.76% 6.97% 9.20% 8.08%

than 1.0, as shown in Fig. 7. An increase in surface altitude Conclusions and discussion
by 1 km causes a CFEUV change of approximately 0.03—
0.05. Furthermore, the spectralfdrence &ect caused by ha
changes in the surface altitude is stronger than that fr@m th
surface albedo changes. The rate of increase of CFEUV
is twice that of CFEUV/(A), i.e., 0.04 knt and 0.02 km?
for CFEUV(B) and CFEUV(A), respectively. Thetects of

Based on radiative transfer model simulations, this study
s estimated the spectral dependence of the EUV correc-
n factors for diferent atmospheric compositions and sur-
ace information. Because of characteristic changes if: sca
tering properties, the sensitivity of CFEUVs to aerosold an

clouds shows dierent trends. CFEUV(A) is larger than

e e o CFEUV(E) formos aroso cases, whreas CEEUV(A) i
y y'el9 9, smaller than CFEUV(B) for most cloud cases. Further-

fect is caused by multiple scattering, which is a secondar : L
effect of Rayleigh scattering. For this reason, the spectraPre’ the spectral dependence of the optical charactaris

dependence of CFEUVs is much stronger than that for tﬁgrosols and clouds caus_eﬁ@ences betwegn CFEUV(A)
and CFEUV(B). By considering changes in both the ge-
surface albedoftect.

ometry and aerosol or cloud amounts in the simulations,
CFEUV(A/B) is found to range from+5.0% to 25.0% for

1.6 Surface Heigh aerosols, and from9.5% to 2.0% for clouds.
15 urface Height Because a strong ozone absorption band exists in the
—e— UV-B UV-B region, the characteristic variation in CFEUV(B) is
1.4 1 ——~— UV-A 10 times greater than that in CFEUV(A). dCFH(@)O3 is
> 0.019-0.069 per 10 DU for AOE 0.0, and 0.011-0.040 per
=2 13 10 DU for AOD = 1.0. For this reason, 1%—-7% of UV-B
(”_3 12 1 is affected by the TO3 change of 10 DU. If the TO3 changes
from 250 to 500 DU, the CFEUV(B) varies by approximately
1.1 1 48% for all AODs. However, dCF(AITO3 is 0.001-0.002
per 10 DU, which has a negligibléfect. The spectral sensi-
1.0 tivity of CFEUV(A/B) to the AOD is partially dependent on

6 1 2 3 4 the TO3, because the TO3 is mostly absorbed in the UV-B
range before arriving at the aerosol layer in the troposmher
Surface Height [km] For surface conditions, we simulated the dependence on
variations in surface albedo and altitude. From the simu-
Fig. 7.CFEUV(A) and CFEUV(B) as a function of surface alti- lations, the sensitivity of the CFEUVs to a surface albedo
tude, with 325 DU for total ozone, 4@or the SZA, and acloud change of 0.1 was estimated to be 2.9%—4.1%. The sen-
and aerosol free atmosphere at sea surface altitude. sitivity to changes in the surface albedo decreases as the



JULY 2016 PARK ET AL. 873

AOD increases for both CFEUV(A) and CFEUV(B). How- den Outer, P. N., H. Slaper, and R. B. Tax, 2005: UV radiation i

ever, the sensitivity of the CFEUVs was estimated to be 9.2%  the Netherlands: Assessing long-term variability anddssn

at most, for large CODs. The sensitivityfidirence is mainly relation to ozone and cloud3. Geophys. Resl10, D02203,

caused by dferences in the vertical distributions of clouds doi: 10.102%2004JD004824.

and aerosols. Fioletov, V. E., L. J. B. McArthur, J. B. Kerr, and D. |. Wardle
Proceeding to the sensitivity to variations in surface al- 2001: Long-term variations of UV-B irradiance over Canada

titude, the CFEUVs increase by about 0.03—-0.05kmin esgmated from Brewer observgtgns ar? d denveg fromgozone

addition, the rate of increase of CFEUV(B) is twice that of ggoopg_rgggge.ter measuremenisGeophys. ReslOgD19),

CFEUV(A), i.e., 0.04 km' and 0.02 km* for UV-B and UV- Kaurola, J., P. Taalas, T. Koskela, J. Borkowski, and W.f3ssa,

A, respectively. As the surface altitude causes changesin s 2000: Long-term variations of UV-B doses at three stations i

face pressure thaffacts the intensity of the Rayleigh scatter- northern Europel. Geophys. Resl05D16), 20813—20820.

ing, the spectral dierence between the CFEUVs fofférent  Kim, J., H. K. Cho, J. Mok, H. D. Yoo., and N. Cho, 2013: Ef-

surface altitudes is more significant than that for changesi  fects of ozone and aerosol on surface UV radiation variabil-

surface albedo. ity. Journal of Photochemistry and Photobiology B: Biolpgy
Based on this study, it is noted that the spectral depen- 119 46-51. o

dence of the correction factor could cause potential eror j-€€ Y- G, J. Kim, H.-K. Cho, B. C. Choi, J. Kim, S. R. Chung,

correction factor application, commonly used to estimate o gnd l. S. Park, 2008: Fort_acgst of UV-index over Korea with

forecast the true EUV from ground-based or model-based improved total ozone prediction anffects of aerosol, clouds

L3 and surface albeddsia-Pacific J. Atmos. Sci44(4), 381—
clear-sky EUV. Therefore, it will be necessary to performan 5, e

error budget study of EUV correction factors by comparing ee, v. G., J.-H. Koo, and J. Kim, 2015 Influence of cloud frac
the results with and without consideration of spectral depe tion and snow cover to the variation of surface UV radiation
dences. Furthermore, CFEUVs potentially change with re-  atKing Sejong station, AntarcticAtmos. Res164—165 99—
spect to the variations of aerosol and cloud optical progsrt 109.

scattering phase function, vertical distribution, andcsg@@  Madronich, S., R. L. McKenzie, L. O. Bjorn, and M. M. Cald-
SSA. Through further study, it will be necessary to developa  Well, 1998: Changes in biologically active ultraviolet iad

CFEEUVs database with detailed consideration. tion reaching the Earth’s surfacéournal of Photochemistry
and Photobiology B: Biologyt6(1-3), 5-19.

Mateos, D., J. Bilbao, A. de Miguel, and A. Pérez-Burgosl®0
Dependence of ultraviolet (erythemal and total) radiatiod
CMF values on total and low cloud covers in Central Spain.

(Grant No. KMIPA 2015-5170). Atmospheric ResearcB8(1), 21-27.

Mayer, B., and A. Kylling, 2005: Technical note: The libRad-
tran software package for radiative transfer calculatiens
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