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ABSTRACT

Radiative transfer model simulations were used to investigate the erythemal ultraviolet (EUV) correction factors by
separating the UV-A and UV-B spectral ranges. The correction factor was defined as the ratio of EUV caused by changing
the amounts and characteristics of the extinction and scattering materials. The EUV correction factors (CFEUV) for UV-A
[CFEUV(A)] and UV-B [CFEUV(B)] were affected by changes in the total ozone, optical depths of aerosol and cloud, and
the solar zenith angle. The differences between CFEUV(A) and CFEUV(B) were also estimated as a function of solar zenith
angle, the optical depths of aerosol and cloud, and total ozone. The differences between CFEUV(A) and CFEUV(B) ranged
from−5.0% to 25.0% for aerosols, and from−9.5% to 2.0% for clouds in all simulations for different solar zenith angles and
optical depths of aerosol and cloud. The rate of decline of CFEUV per unit optical depth between UV-A and UV-B differed by
up to 20% for the same aerosol and cloud conditions. For totalozone, the variation in CFEUV(A) was negligible compared
with that in CFEUV(B) because of the effective spectral range of the ozone absorption band. In addition, the sensitivity of
the CFEUVs due to changes in surface conditions (i.e., surface albedo and surface altitude) was also estimated by using the
model in this study. For changes in surface albedo, the sensitivity of the CFEUVs was 2.9%–4.1% per 0.1 albedo change,
depending on the amount of aerosols or clouds. For changes insurface altitude, the sensitivity of CFEUV(B) was twice that
of CFEUV(A), because the Rayleigh optical depth increased significantly at shorter wavelengths.
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1. Introduction

Ultraviolet (UV) radiation is spectrally classified into UV-
C (100–280 nm), UV-B (280–320 nm) and UV-A (320–400
nm). Most shortwave UV (UV-C and UV-B) is blocked
by atmospheric extinction caused by Rayleigh scattering
and stratospheric ozone absorption (e.g., Smith et al., 1992;
Madronich et al., 1998). The remainder, UV-A and part of
UV-B, reaches the surface and affects biological tissue. Al-
though radiation in all UV spectral ranges causes biological
damage, the effects are different for respective wavelengths.
Several previous studies investigated erythema UV (EUV),
which the effects in terms of biological damage have been
spectrally considered (e.g., Setlow, 1974; Caldwell et al.,
1998; Madronich et al., 1998). In addition, McKinlay and
Diffey (1987) defined combined spectral weighting functions
pertaining to UV-A and UV-B in the context of erythema
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occurrence on skin. Because of the biological importance of
EUV, a global network of EUV observation stations has been
established by several organizations (e.g., the World Ozone
and UV Data Center). Instruments designed for broadband
observation (Seckmeyer et al., 2010a) as well as hyperspec-
tral observation, which refers to spectral sampling at the sub-
nanometer scale, are recommended for EUV observations
(Seckmeyer et al., 2010b). It is also recommended that, in
addition to EUV observations, monitoring sites also measure
total ozone, cloud amounts, and aerosol extinction, which all
affect the total EUV extinction. By using a combination of
observations and model simulations, the long-term trend and
variations of EUV radiation have been studied with consid-
eration of cloud, total ozone, and aerosol (e.g., Casale et al.,
2000; Kaurola et al., 2000; Fioletov et al., 2001; den Outer et
al., 2005; McKenzie et al., 2011).

The intensity of EUV attenuation caused by respective
extinction species is defined by the correction factors (or
modification factors) used to adjust EUV estimations under
specific conditions to their corresponding EUV values under
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reference conditions. Regarding the effects of ozone, McKen-
zie et al. (1991) reported that a 1% change in total ozone cor-
responds to a 1.25% change in UV dose. In addition, Kim
et al. (2013) showed that the intensity of EUV radiation in-
creases by 1.18% when the total ozone amount decreases by
1%. Related to EUV attenuation by aerosols and clouds,
Calbó et al. (2005) identified the effect of cloud on EUV ra-
diation by defining a cloud modification factor (CMF). Bur-
rows (1997) suggested that EUV reductions of 30%–50% and
20%–30% occurred, respectively, near fire source regions and
at greater distances from fire sources, compared to the EUV
under aerosol-free conditions. Kim et al. (2013) also revealed
that the radiation amplification factor of EUV for the aerosol
optical depth (AOD) at 320.1 nm is 0.82 under clear sky con-
ditions. To summarize, it is necessary to analyze the factors
of influence (i.e., total ozone, cloud, and aerosol) on the varia-
tion of surface EUV radiation, and furthermore estimate their
correction factors to predict and validate the true EUV radia-
tion on the ground (e.g., Lee et al., 2008; Antón et al., 2009;
Bilbao et al., 2014).

Park et al. (2015) considered the additional irradiance in
UV-A for UV-index estimation in order to correct spectral
limitations of EUV broadband instruments, which only ob-
serve in UV-B. In this case, the correction factor for EUV
attenuation is to be considered by dividing the two UV re-
gions, UV-A and UV-B. The EUV attenuation associated
with different extinction materials, i.e., cloud, aerosol, and
ozone, exhibits spectral dependences because of the optical
characteristics of the materials themselves. For example,the
EUV variation in UV-B is strongly dependent on the inten-
sity of ozone absorption (cf. Smith et al., 1992; Madronich
et al., 1998), whereas cloud exhibits weaker spectral sensi-
tivity to whole EUV extinction. Therefore, correction factors
for EUV attenuations, such as the modification or amplifica-
tion factors defined in previous studies, potentially also have
a spectral dependence. In addition, the EUV attenuation in-
tensities for specific materials change in complicated cases,
such as when the attenuation is caused by several extinction
materials and surface conditions, simultaneously (Nicholet
al., 2003). Therefore, it is necessary to define each of the
correction factors in UV-A and UV-B for accurate EUV esti-
mation.

In this study, simulations of EUV radiation based on a
radiative transfer model (RTM) were performed to both iden-
tify the spectral dependence of the atmospheric extinction,
and separately estimate the respective correction factorsfor
the extinction species in the UV-A and UV-B ranges.

2. Method

In this study, we define an EUV correction factor
(CFEUV) that identifies the irradiance differences in EUV
caused by changing the amounts and characteristics of the
extinction and scattering materials:

CFEUV(Θ, τa, τc,Ω,α)=EUVCase(Θ, τa, τc,Ω,α)/EUVref(Θ) ,
(1)

where EUVCase(Θ, τa, τc,Ω,α) is the EUV irradiance at the
solar zenith angle (SZA),Θ, under specific conditions in the
AOD of τa, cloud optical depth ofτc, total ozone amount of
Ω, and surface albedo ofα. EUVref(Θ) is the EUV irradiance
at the SZA,Θ, under the reference conditions; the total ozone
amount (TO3) of 325 DU, surface albedo of 0.1, and surface
altitude of 0.0 km with aerosol and cloud-free conditions. For
example, the EUV correction factor for cloud was calculated
by the ratio of EUV with a constant increment of cloud op-
tical depth (COD) to EUV with COD= 0. Other variables
(i.e., total ozone, aerosol, surface albedo, and surface alti-
tude) were assumed to be fixed control variables. Because
the SZA value is accurately known at any given time, identi-
cal SZA values were applied for both the reference and spe-
cific conditions to calculate CFEUV. As a result, the CFEUV
definition was determined solely from the intensity difference
caused by the atmospheric and surface conditions. In this
study, the EUV was divided into two spectral ranges: 280–
320 nm for UV-B and 320–400 nm for UV-A. Therefore, we
also estimated two different values for the CFEUV; namely,
CFEUV(A) and CFEUV(B), which pertain to the UV-A and
UV-B spectral ranges, respectively.

To calculate the CFEUV(A) and CFEUV(B) values from
the simulations, the simulated irradiance was calculated us-
ing the RTM, “UVSPEC”, which is contained in the radiation
model package, libRadtran (e.g., Mayer et al., 1997; Mayer
and Kylling, 2005). Because this model produces fast and
accurate irradiance calculations in the UV and visible spec-
tral ranges, it is suitable for calculations regarding EUV and
spectral UV. The spectral range used for the calculations was
250 to 400 nm, which covers the EUV spectral range of 280–
400 nm. In addition, the model enables the calculation of the
monochromatic spectral irradiance in steps of 0.1 nm, which
will minimize spectral sampling errors. To calculate Rayleigh
scattering by air molecules and consider the temperature vari-
ations associated with gas extinction cross sections, a refer-
ence dataset containing vertical profiles of the temperature,
pressure, and molecular densities of atmospheric gases was
used; specifically, the U.S. standard profile (Anderson et al.,
1986).

To explore the effects of different atmospheric conditions,
simulations were performed to calculate radiation by chang-
ing the SZA and TO3, which we used as proxies of changes
in the geometry and UV absorption by atmospheric gases,
respectively. Figure 1 shows a representative vertical distri-
bution of ozone for the RTM calculation. Although the TO3
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
and cloud, the AOD and COD were investigated as important
parameters in the context of EUV variations. Because the
optical depth value has a spectral dependence, we adopted a
reference wavelength of 550 nm for both optical depth values.
Furthermore, the basic physical properties of aerosol wereas-
sumed from Shettle (1989), and these values were basically
used as aerosol physical properties in UVSPEC (Mayer and
Kylling, 2005). For cloud, the cloud particle was assumed
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Fig. 1. Vertical distribution of total ozone for the RTM simulation.

Table 1. Input parameters of aerosol and cloud for UV simulation.

Fixed parameters for aerosol/cloud properties

Single Scattering Albedo (Aerosol) 0.85
Aerosol Asymmetry Factor 0.7
Cloud Asymmetry Factor 0.9

Variable parameters for aerosol/cloud properties

AOD at 550 nm 0.0–5.0 [Interval= 0.2]
COD at 550 nm 0.0, 0.5, 1.0, 2.0, 3.0, 4.0,

5.0, 6.0, 7.0, 8.5, 10.0,
15.0, 20.0, 30.0

to be a liquid water droplet with effective radius of 10.0µm.
To estimate the spectral dependence of CFEUVs due to AOD
and COD, the single scattering albedo (SSA) and the asym-
metry factors of both aerosol (gaer) and cloud (gcld) were fixed
as shown in Table 1. While the SSA and asymmetry factors
are also influential in the process of absorbing and scatter-
ing UV radiation, the spectral dependences due to AOD and
COD in two UV bands are the focus in this study. For the
vertical distribution of aerosol, we assumed that the altitude
of the top aerosol layer was 2 km with homogeneous concen-
tration, and the cloud vertical distribution was assumed tobe
a single layer at an altitude of 4 km with a thickness of 1 km.

In terms of the surface conditions, the surface altitude and
its albedo were considered in this study, as these aspects are
also among the major factors affecting the EUV and UV spec-
tral irradiance caused by changes in the intensity of Rayleigh
scattering at the surface. To explore various surface condi-
tions, we considered surface albedos from 0.0 to 0.5 in inter-
vals of 0.05, as well as surface altitudes from 0.0 to 4.0 km
in steps of 1 km. Although the inclination angle of the sur-
face affects the incidence of radiation onto a unit surface area
by the reflection angle of the radiation, we only considered
horizontal flat surfaces.

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, 40◦ for 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 radi-
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 (dCF/dτ)
is larger for UV-B [dCF(B)/dτ] than for UV-A [dCF(A)/dτ].
For AOD< 1.0, dCF(B)/dτ is 2%–9% larger than dCF(A)/dτ.
However, dCF(B)/dτ is 1%–20% smaller than dCF(A)/dτ for
AOD > 2.0. This AOD dependence of the rate of decline and
the differences between the two spectral ranges are caused
by the spectral dependence of the AOD. Because the spec-
tral 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

Fig. 2. CFEUV(A) and CFEUV(B) as a function of (a) AOD
and (b) COD, with 325 DU for total ozone, 40◦ for the SZA,
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-
A. As a result, dCF(B)/dτ is larger for small AOD, but smaller
for large AOD, compared with dCF(A)/dτ.

The rate of decline of the CFEUVs for cloud is similar
to those for aerosol. However CFEUV(A) is slightly smaller
than CFEUV(B) for the same COD, which differs from the
aerosol case. Because cloud particle sizes are larger than
those for aerosols, the spectral dependence of the COD is
weaker than the equivalent dependence of the AOD. For this
reason, the spectral dependence of the COD for UV-B is al-
most the same as that for UV-A, which is opposite to our
results for the AOD. However, the effects of Rayleigh scat-
tering are large for UV-B. For this reason, the CFEUV value
for UV-B is slightly larger than that for UV-A. For COD=
10.0, CFEUV(B) and CFEUV(A) are 0.637 and 0.628, re-
spectively. In addition, the dCF/dτ value for UV-A and UV-B
are almost the same for clouds. This means that the applica-
tion of a spectrally independent correction factor potentially
causes EUV estimation errors of up to a few percent. From
this simple analysis, the decrease in UV radiation caused by
particles depends on the optical path length, which is a func-
tion of both the amount of extinction particles and the ob-
servation geometry. For this reason, it is necessary for the
analysis of CFEUV to consider SZA information.

Figure 3 and Table 2 show the sensitivity of CFEUV(A)
and CFEUV(B) to the AOD and COD as a function of the
SZA. The EUV irradiance and its correction factors are sen-
sitive to the observation geometries, especially the SZA (e.g.,
Nichol et al., 2003, Lee et al., 2015). The reference condi-
tions for the CFEUV calculation were 325 DU for TO3, 0.1
for the surface albedo, and sea level for each value of the
SZA. Because the optical path length for direct radiation be-
comes longer according to the SZA increases, the rates of
decline of the CFEUVs per unit AOD and COD increase as
the SZA increases. However, the CFEUVs reverse from a de-

creasing to an increasing trend for SZAs between 60◦ and 80◦

in all cases, except for low AODs and CODs. A major reason
for this CFEUV reduction is the extinction of the downward
direct intensity caused by atmospheric scattering. However,
direct radiation at large SZAs is weak because of the long op-
tical path length with large Rayleigh scattering in clear-sky
cases. Although the absolute intensity of the UV radiation is
reduced when the SZA increases, the CFEUVs increase for
large SZAs, in particular because of the small contribution
from direct radiation with diffuse radiation dominance.

Figure 4 shows a contour plot of the CFEUV differences
between UV-A and UV-B [CFEUV(A/B)] as a function of the
SZA. CFEUV(A/B) is defined as

CFEUV(A/B) = [CFEUV(A)−CFEUV(B)]/CFEUV(B) ,
(2)

which highlights the spectral sensitivity of the CFEUV under
atmospheric conditions. Because the spectral dependence of
the AOD is stronger than that of the COD, most cases show
positive values for CFEUV(A/B) in the aerosol simulations,
except for large SZAs and small AODs. On the other hand,
negative CFEUV(A/B) values are estimated for SZA> 40◦

in the cloud simulations. The values of CFEUV(A/B) tend to
be negative because of the large optical path length, but the
spectral dependence of the atmospheric optical depth causes
a positive value of CFEUV(A/B). These two opposite effects
make the final value of the CFEUV different between UV-A
and UV-B. From Fig. 4, CFEUV(A/B) is seen to range from
−5.0% to 25.0% in the aerosol simulations, and from−9.5%
to 2.0% in the cloud simulations. In addition, CFEUV(A/B)
decreases as the SZA increases.

Because of changes in the optical path length, the cor-
rection factor is sensitive to the SZA and the TO3. Figure
5 shows the sensitivity of CFEUV(A) and CFEUV(B) for
TO3 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 total ozone of 325 DU and surface albedo of 0.1 with changing (a)
AOD, and (b) COD.

(a) AOD

AOD = 0.4 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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Fig. 3. SZA dependence of (a) CFEUV(A) and (b) CFEUV(B)
as a function of AOD, and the dependence of (c) CFEUV(A)
and (d) CFEUV(B) as a function of COD.

Fig. 4. Relative difference of CFEUV(A) and (B)
[CFEUV(A/B)] for (a) SZA and AOD dependence and
(b) for SZA and COD dependence.

SZA of 40◦. 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(B)/dTO3] is
0.019–0.069 per 10 DU for AOD= 0.0, and 0.011–0.040 per
10 DU in AOD = 1.0. This range of rates of decline means
that 1%–7% of UV-B would change if the TO3 varies by 10
DU. Although the absolute value of dCF(B)/dTO3 decreases
as the AOD increases, the relative variation of CFEUV(B)
as a function of the TO3 (for values between 250 and 500
DU) is approximately 48% for all AODs. However, the
rate of decline of CFEUV(A) per unit TO3 [dCF(A)/dTO3]
is 0.001–0.002 per 10 DU, which is 10 times smaller than
dCF(B)/dTO3. Although ozone absorption in the Huggins
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Fig. 5. Sensitivity of (a) CFEUV(A) and (b) CFEUV(B) as a
function of total ozone and AOD, and (c) CFEUV(A/B).

band partially overlaps with the UV-A wavelength range, the
cross section of the Huggins band in the UV-A is in the order
of 1.0× 10−21 cm−2 molecules−1, which results in negligi-

ble absorption compared with that in the UV-B range (e.g.,
Molina and Molina, 1986). Because the relative difference
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 5c shows that the contour lines of CFEUV(A/B)
run almost parallel to the AOD axis. CFEUV(A/B) 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 dCF(B)/
dTO3 is 0.019–0.069 per 10 DU, which is the same value as
for AOD = 0.0. For cloudy conditions, dCF(B)/dTO3 ranges
from 0.012 to 0.045 per 10 DU for COD= 10.0, which is a
similar range as for AOD= 1.0 in Fig. 5. Similarly, the range
for dCF(A)/dTO3 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 sensitivity of
the CFEUVs to the TO3 value is the same for large COD and
small AOD. Figure 6c 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. 6c run more closely parallel to
the COD axis than those in Fig. 5c. Because cloud particles
are larger than aerosol particles, the spectral dependenceof
the optical depth for clouds is smaller than the dependence
for aerosols. Therefore, the sensitivity of CFEUV(A/B) 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) carried
out an investigation of EUV irradiance attenuation on Malta
in the central Mediterranean Sea. It was found that total ozone
reduced EUV irradiance levels in the range of−0.24% to
−0.33% DU−1, 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 overcast
and high solar elevation conditions present a high attenuation
of EUV by the interaction between the diffuse component and
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
clear-sky conditions. It was assumed that the surface albedo
was spectrally independent in this simulation. From Table
3, it follows that the EUV intensity increases by 4%–5% if
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Fig. 6. Sensitivity of (a) CFEUV(A) and (b) CFEUV(B) as a
function of total ozone and COD, and (c) CFEUV(A/B).

the surface albedo is changed by 0.1, and these rates of in-
crease of the CFEUVs are enhanced in high surface albedo
conditions. This enhancement is caused by the increasing

Table 3.Dependence of CFEUV(A), CFEUV(B) and CFEUV(A/B)
on surface albedo, with 325 DU for total ozone, 40◦ for the SZA, and
a cloud and aerosol free atmosphere at sea surface altitude.(Refer-
ence surface albedo= 0.1)

Surface Albedo CFEUV(A) CFEUV(B) CFEUV(A/B)

0.0 0.964 0.962 0.21%
0.1 1.000 1.000 0.00%
0.2 1.039 1.041 −0.22%
0.3 1.081 1.086 −0.45%
0.4 1.127 1.134 −0.70%
0.5 1.176 1.188 −0.95%

interaction between surface reflection and downward scatter-
ing from the atmosphere. CFEUV(A/B) ranges from−0.95%
(surface albedo= 0.5) to 0.21% (surface albedo= 0.0), 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 asλ4. 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 AOD= 5.0. 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 COD= 30.0, which means an
increasing sensitivity with increasing cloud cover, as shown
in Table 4b. Because clouds are located in the free atmo-
sphere, cloud cover only affects dimming in the context of di-
rect radiation. However, multiple scattering near the surface
is rarely affected 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, they affect both the
dimming of direct radiation and multiple scattering between
the surface and the atmosphere. For this reason, the sensitiv-
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, increasing the sur-
face altitude has the opposite effect. The surface altitude cor-
relates linearly with the surface pressure, i.e., it is alsolin-
early related to the intensity of the Rayleigh scattering. By
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 a result
of decreasing Rayleigh scattering, the UV irradiance at the
surface is expected to be enhanced as altitude increases. For
this reason, CFEUV(A) and CFEUV(B) are always greater



872 SPECTRAL DEPENDENCE ON CORRECTION FACTOR OF EUV VOLUME 33

Table 4. Sensitivity of CFEUVs to surface albedo with changing (a) AOD and (b) COD [albedo (a–b): relative difference of CFEUV
sensitivity between albedo value a and b].

(a)

AOD
CFEUV(A)

[Albedo (0.1–0.0)]
CFEUV(B)

[Albedo (0.1–0.0)]
CFEUV(A)

[Albedo (0.2–0.1)]
CFEUV(B)

[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)

COD
CFEUV(A)

[Albedo (0.1–0.0)]
CFEUV(B)

[Albedo (0.1–0.0)]
CFEUV(A)

[Albedo (0.2–0.1)]
CFEUV(B)

[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
by 1 km causes a CFEUV change of approximately 0.03–
0.05. Furthermore, the spectral difference effect caused by
changes in the surface altitude is stronger than that from the
surface albedo changes. The rate of increase of CFEUV(B)
is twice that of CFEUV(A), i.e., 0.04 km−1 and 0.02 km−1

for CFEUV(B) and CFEUV(A), respectively. The effects of
changes in the surface altitude are directly related to the in-
tensity of Rayleigh scattering, whereas the surface albedoef-
fect is caused by multiple scattering, which is a secondary
effect of Rayleigh scattering. For this reason, the spectral
dependence of CFEUVs is much stronger than that for the
surface albedo effect.

Fig. 7.CFEUV(A) and CFEUV(B) as a function of surface alti-
tude, with 325 DU for total ozone, 40◦ for the SZA, and a cloud
and aerosol free atmosphere at sea surface altitude.

4. Conclusions and discussion

Based on radiative transfer model simulations, this study
has estimated the spectral dependence of the EUV correc-
tion factors for different atmospheric compositions and sur-
face information. Because of characteristic changes in scat-
tering properties, the sensitivity of CFEUVs to aerosols and
clouds shows different trends. CFEUV(A) is larger than
CFEUV(B) for most aerosol cases, whereas CFEUV(A) is
smaller than CFEUV(B) for most cloud cases. Further-
more, the spectral dependence of the optical characteristics of
aerosols and clouds causes differences between CFEUV(A)
and CFEUV(B). By considering changes in both the ge-
ometry and aerosol or cloud amounts in the simulations,
CFEUV(A/B) is found to range from−5.0% to 25.0% for
aerosols, and from−9.5% to 2.0% for clouds.

Because a strong ozone absorption band exists in the
UV-B region, the characteristic variation in CFEUV(B) is
10 times greater than that in CFEUV(A). dCF(B)/dTO3 is
0.019–0.069 per 10 DU for AOD= 0.0, and 0.011–0.040 per
10 DU for AOD = 1.0. For this reason, 1%–7% of UV-B
is affected by the TO3 change of 10 DU. If the TO3 changes
from 250 to 500 DU, the CFEUV(B) varies by approximately
48% for all AODs. However, dCF(A)/dTO3 is 0.001–0.002
per 10 DU, which has a negligible effect. The spectral sensi-
tivity of CFEUV(A/B) to the AOD is partially dependent on
the TO3, because the TO3 is mostly absorbed in the UV-B
range before arriving at the aerosol layer in the troposphere.

For surface conditions, we simulated the dependence on
variations in surface albedo and altitude. From the simu-
lations, the sensitivity of the CFEUVs to a surface albedo
change of 0.1 was estimated to be 2.9%–4.1%. The sen-
sitivity to changes in the surface albedo decreases as the
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AOD increases for both CFEUV(A) and CFEUV(B). How-
ever, the sensitivity of the CFEUVs was estimated to be 9.2%
at most, for large CODs. The sensitivity difference is mainly
caused by differences in the vertical distributions of clouds
and aerosols.

Proceeding to the sensitivity to variations in surface al-
titude, the CFEUVs increase by about 0.03–0.05 km−1. In
addition, the rate of increase of CFEUV(B) is twice that of
CFEUV(A), i.e., 0.04 km−1 and 0.02 km−1 for UV-B and UV-
A, respectively. As the surface altitude causes changes in sur-
face pressure that affects the intensity of the Rayleigh scatter-
ing, the spectral difference between the CFEUVs for different
surface altitudes is more significant than that for changes in
surface albedo.

Based on this study, it is noted that the spectral depen-
dence of the correction factor could cause potential error in
correction factor application, commonly used to estimate or
forecast the true EUV from ground-based or model-based
clear-sky EUV. Therefore, it will be necessary to perform an
error budget study of EUV correction factors by comparing
the results with and without consideration of spectral depen-
dences. Furthermore, CFEUVs potentially change with re-
spect to the variations of aerosol and cloud optical properties,
scattering phase function, vertical distribution, and spectral
SSA. Through further study, it will be necessary to develop a
CFEUVs database with detailed consideration.
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