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model from ground- and satellite-based data Thesis advisor : Assistant Professor Dr.
Sumaman Buntoung

This thesis presents the development of maps of monthly average
hourly vitamin D weighted solar ultraviolet radiation (DUV) for Thailand using an
empirical model from ground- and satellite-based data. Spectral solar ultraviolet
radiation measured by a spectrophotometer model DMc150 of Bentham Instruments
installed at a roof top of Science building at Silpakorn University, Nakhon Pathom
(13.82 °N, 100.04 °E) in years 2014 and 2016 were used to find a relationship between
DUV and erythemal solar ultraviolet radiation (EUV). Broadband radiometers model
501A of Solar Light company installed at four stations namely, Chiang Mai (18.78 °N,
98.98 °E), Ubon Ratchathani (15.25 °N, 104.87 °E), Nakhon Pathom (13.82 °N, 100.04
°E), and Songkhla (7.20 °N, 100.60 °E) were used to measure EUV and then
these values were converted to DUV using the relationship between DUV and EUV
producted from the data at Nakhon Pathom station. The DUV data obtained from the
radiometers at the four stations during 2014-2018 were used for modelling and
validation processes. Another ground-based -input data is visibility obtained from
observation at 125 meteorological -stations in' Thailand. The visibility data was
converted to aerosol optical depth. Satellite-based input data used in this thesis consist
of a satellite-derived cloud index from MTSAT-2 and Himawari-8 satellites, and total
ozone column from OMI/AURA satellite. In addition, solar zenith angle, air mass, and
extraterrestrial DUV irradiance were also calculated. These input data were collected
during 2012-2021, and were interpolated to obtain the data as grids covering the region
of Thailand. An empirical model for estimating monthly average hourly DUV
irradiance using the data from the four UV monitoring stations during 2014-2016 was
developed as a function of aerosol, cloud index, ozone, solar zenith angle, air mass,
and extraterrestrial DUV irradiance. The model was validated by calculating DUV
irradiance using the proposed model and compared the values obtained from this model
with those obtained from the ground-based measurement during 2017-2018. The
difference between DUV irradiances estimated from the proposed model and those
obtained from the measurement was presented in terms of root mean square difference
(RMSD) and mean bias difference (MBD). The RMSD and MBD were found to be
12.7% and -0.2%, respectively. Afterward, this model was used to estimate monthly
average hourly DUV irradiance covering the region of Thailand during 2012-2021. The
result was presented as maps and these maps show diurnal, seasonal and geographical
variations of DUV irradiance.
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Chapter 1

Introduction

1.1 Rationale

Solar ultraviolet (UV) radiation is an electromagnetic spectrum from the sun.
The band is 100-400 nm. This band can be divided into three parts namely ultraviolet-
C (UVC, 100-280 nm), ultraviolet-B (UVB, 280-315 nm), and ultraviolet-A (UVA,
315-400 nm) (Barbero et al., 2006). However, all UVC and most UVB are absorbed
by the earth’s atmosphere. Therefore, a small part of UVB and most part of UVA reach
the earth’s surface (Oh et al:, 2019). Solar UV radiation that reaches the surface is
changed by atmospheric components such as ozone, clouds, aerosols, and air
molecules. In addition, solar UV radiation also depends on altitudes of locations, and
solar zenith angle (Liu et al., 2017).

Solar UV radiation has both positive and negative effects on humans. For
positive effects, solar UV radiation can stimulate skin to produce vitamin D when the
human body receives sufficient solar UV radiation (Siani et al., 2013) and it can use
for treatment of psoriasis (Honigsmann, 2001). However, for negative effects, when
human body receives a large amount of solar UV radiation, it can cause sunburn, skin
cancer, and eye cataracts (Lui et al., 2017).

The information of solar UV radiation at the earth’s surface is important
because it helps people to estimate their exposure times to obtain enough solar UV
radiation and to protect their bodies from the sun. Therefore, researchers from many
countries have studied the effects of solar UV radiation such as in Spain, New Zealand,
and France (Barbero et al., 2006; Brogniez et al., 2021; McKenzie et al., 2003). For
Thailand, studying on solar erythemal ultraviolet radiation which affects redness of
skin and solar ultraviolet radiation for psoriasis treatment have been already reported
(Buntoung et al., 2014; Buntoung et al., 2022).

The stimulation of vitamin D production in Thailand has not been studied yet.
Therefore, to fill the research gap, this work is interested in studying the solar UV
radiation for vitamin D production. The work aims to develop and validate an

empirical model for calculating the solar UV radiation for vitamin D synthesis from



ground-based and satellite-based data. The solar UV radiation obtained from the

proposed model are provided as monthly average hourly maps.

1.2 Objectives

1) To develop an empirical model for estimating solar ultraviolet radiation for
vitamin D synthesis in Thailand from ground- and satellite-based data

2) To validate the empirical model for estimating solar ultraviolet radiation for
vitamin D synthesis

3) To present monthly average hourly maps of vitamin D weighted solar

ultraviolet radiation for Thailand using the empirical model

1.3 Organization of this thesis

This thesis consists of four chapters. Chapter 1 presents the rationale,
objectives and organization of the thesis. Chapter 2 describes the theory of solar UV
radiation and literature reviews. Chapter 3 explains the methodology, results and

discussion of the thesis work and Chapter 4 presents the conclusion of the thesis.



Chapter 2

Theory and Literature Reviews

This chapter presents the theory about solar ultraviolet radiation, parameters
affecting solar ultraviolet radiation, measurement of solar ultraviolet radiation, effects
of solar ultraviolet radiation on human health and literature reviews on solar ultraviolet

radiation. The details are as follows.

2.1 Solar ultraviolet radiation

Extraterrestrial solar radiation is the radiation at the top of the earth’s
atmosphere. It consists of gamma ray, X-ray, ultraviolet radiation, visible light,
infrared radiation, microwave, and radio wave (Waikato, 2018). When solar radiation
enters the earth’s atmosphere, it will be absorbed and scattered by compositions of the
atmosphere. Therefore, the solar radiation is attenuated and only some parts of solar
radiation can pass through the atmosphere to the earth’s surface. The solar radiation
that can reach the surface are ultraviolet radiation, visible light, and infrared radiation
(GrassrootsHealth, 2021) (Figure 1).

The shortest wavelength and the highest energy of solar radiation at the earth’s
surface is ultraviolet (UV) radiation (Waikato, 2007). Usually, solar UV radiation has
wavelength between 100 and 400 nm which can be divided into three ranges. These
are ultraviolet-C (UVC), ultraviolet-B (UVB) and ultraviolet-A (UVA). UVC is in
wavelength range of 100-280 nm, UVB is from 280-315 nm, and UVA ranges from
315-400 nm (Barbero et al., 2006). However, only some parts of UVB and most of
UVA reach the surface because UVC and most of UVB are absorbed by the earth’s
atmosphere (FDA, 2020).
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Figure 1 Solar radiation spectrum and absorption of gases in the atmosphere (adapted

from Wu, 2018).

2.2 Parameters affecting solar ultraviolet radiation
Parameters that mainly affect solar UV radiation are solar zenith angle, cloud,
ozone, aerosol, altitude, and air mass. The details of these parameters are described as

follows.

2.2.1 Solar zenith angle

Solar zenith angle (0,) is the angle between the direction of rays from the sun
and the vertical (zenith) direction (Figure 2). It affects solar path length and thus
causes different radiation attenuation. Solar zenith angle depends on latitude, the day

of the year, and time (Igbal, 1983).

Zenith

North (0° Azimuth)

West (270° Azimuth) South (180° Azimuth)

Figure 2 Schematic diagram of solar zenith angle (adapted from Zhang et al., 2021).



It can be calculated following Eq. (2.1).

cosB, = sindsind + cosdpcosdcosw (2.1)
where 0, = the solar zenith angle (degree)
¢ = the latitude (degree)
) = the solar declination (degree)
W = the hour angle (degree).

The solar declination has variation according to day angle (I') depending on

the day of the year (d,,), and it can be calculated following Eq. (2.2).

6 = (0.006918 — 0.399912cosT" + 0.070257sinI' — 0.006758cos2T +
180

0.000907sin2I' — 0.002697cos3I" + 0.001485in31“)(7) (2.2)
where I = day angle (radian).
The day angle can be calculated from Eq. (2.3).
['=2n(d, —1)/365 (2.3)

where d,, = day of the year (-).

The hour angle can be calculated from solar time (ST) following Eq. (2.4).

w = 15(12 — ST) (2.4)

where ST = solar time (hour).



The solar time can be calculated from Eq. (2.5).

ST = LST + 4(Lg — Lyyc) /60 + E,/60 2.5)

where LST = the local standard time (hour)
Lg = the standard longitude (degree)
Lioc = the local longitude (degree)
E; = the equation of time (minute) which is the difference between solar

time and mean solar time, that can be calculated from Eq. (2.6).

E, = 229.18(0.000075 + 0.001868cosT" — 0.032077sinl’ — 0.014615cos2T —
0.04089sin2T) (2.6)

2.2.2 Cloud

Cloud is droplet in the atmosphere that can be in forms of water droplets, ice
crystals, and semi solid and liquid (Costa et al., 2017). Its spatial distribution and
vertical extent are different in different locations (Garcia et al., 2008). Cloud can
attenuate solar radiation by reflection, refraction, absorption, and scattering processes
(Lightle, 2008; Stopelli et al., 2015; Tzoumanikas et al., 2016). It can both enhance
and deplete solar radiation (Feister et al., 2015; NOAA, 2023). Most of the ability to
attenuation is expressed in terms of cloud optical thickness (COT) that depends on
types of cloud that the solar radiation passes (Dissanayake et al., 2001). Generally,
cloud in liquid water form can reflect the solar radiation more than cloud in solid form
(CarbonBrief, 2020), and the solar radiation will decrease when cloud increases
(Matuszko, 2012). In addition, solar radiation also inversely varies with size of droplet
and crystals in cloud (Ewald et al., 2019). Moreover, cloud can attenuate and transmit

differently radiation in different wavelengths (Schlundt et al., 2011).

2.2.3 Ozone
Ozone (03) is combination of oxygen molecule (0,) and atom of oxygen (O)
that are quite a few but ozone has advantages as it helps maintain balance in the

atmosphere (eia, 2022). Ozone is mainly in the stratosphere which has an influence



obviously on absorption of solar ultraviolet radiation especially all UVC and parts of
UVB that affect human health (EPA, 2021). For ozone formation, when oxygen
molecule receives the solar ultraviolet radiation, oxygen molecule can be divided into
two atoms of oxygen and the atom of oxygen can interact with other oxygen molecule
to form ozone molecule in the atmosphere. For ozone depletion, the solar ultraviolet
radiation will break up bonds of ozone into atoms of oxygen and oxygen molecule

(Chapman, 1930). These processes are shown in Figure 3.

UV (<242 nm)
0, ———5 040

UV (<242 nm)
0+0, ——— 04

UV (>320 nm)
Oy ——— 0+0,

Figure 3 The formation and the depletion of ozone.

2.2.4 Aerosol

Aerosol is solid or liquid particles in the atmosphere such as dust, smoke and
pollution (Kumar et al., 2007). Aerosol is an atmospheric factor affecting the solar
radiation by absorption and scattering (L1 et al.; 2022). This depends on types of
aerosols resulting from its source (Kolhe et al., 2022). Effects of aerosol can indicate
with aerosol optical depth (AOD) which is a function of Angstrom’s turbidity
coefficient (3, unless unit) representing amount of aerosol, and Angstrom’s wavelength
exponent («, unless unit) representing magnitude or density of aerosol (Igbal, 1983).
Aerosol optical depth can be calculated using Eq. (2.7) which depends on wavelength
(Kaskaoutis & Kambezidis, 2006).

AOD = BA~ (2.7)

where AOD = the aerosol optical depth (-)
A = the wavelength (um)
B = Angstrom’s turbidity coefficient (-)

a = Angstrom’s wavelength exponent (-).



2.2.5 Altitude and air mass

Altitude (z) is the height of a point in the atmosphere above mean sea level.

Higher altitude will have lower pressure than lower altitude because air pressure or

number of air molecules decreases as altitude increases (Figure 4). When the solar

radiation passes gas molecules and air molecules known as air mass (m,, unitless) in

the atmosphere, it can reduce depending on quantity of air molecules and path length.

500
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Figure 4 The relation between altitude and pressure (adapted from Lalic et al., 2018).

To indicate air column, relative air mass (m,, unitless) is generally used, which

can consider as a ratio between path length when the sun is at the zenith (m,,) and

path length when the sun is at the actual position (m,¢s) as shown in Figure 5.



Figure 5 The path length when the sun is at the zenith (Z) and path length when the
sun is at the actual position (S) (adapted from Igbal, 1983).

Due to the relative air mass indicates air mass at mean sea level (101.325 kPa),
the air mass (m,) at a height above mean sea level can be calculated using the

following equation of Igbal (1983).

P
m, =my( 50 (2.8)
where m, = the air mass (-)
m, = the relative air mass (-)
P = the atmospheric pressure (kPa).

The relative air mass can be calculated from an equation presented by Kasten
(1965).
m, = [cos6, + 0.15(93.885 — 9,)"1253]~1 (2.9)

where 0, = the solar zenith angle (degree).



10

The atmospheric pressure can be obtained from an equation presented by

Lunde (1980).

— = exp(—0.00011847) (2.10)
0
where P = the atmospheric pressure (kPa)

Py = the standard pressure (101.325 kPa)

z = the altitude (m).

2.3 Measurement of ultraviolet radiation
UV measurements can be performed directly using ground-based instruments
and can be measured indirectly using satellite-based instruments as the following

details.

2.3.1 Ground-based measurement
There are three main types of ground-based measurements. These instruments
are installed in the fields to continuously measure solar ultraviolet radiation. The

details of these instruments are described as follows.

1) UV spectroradiometer

It measures UV radiation at each wavelength. The operating principles are as
follows. The solar radiation is received by sensor. Afterward, monochromator will
select the ray into narrow bands of wavelengths and these wavelengths are controlled

by a controller. An example of the spectroradiometer is shown in Figure 6.
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Figure 6 The UV spectroradiometer model DMc150 of Bentham Instruments Ltd. at
Silpakorn University, Nakhon Pathom a) input optics of the UV

spectroradiometer and b) spectroradiometer.

2) Broadband UV radiometer

It measures broadband UV radiation and it consists of quartz dome, receiver,
filter, detector, and amplifier. The solar radiation passes through the glass dome into
the receiver and the filter that responses the UV radiation. The detector will measure
the UV radiation and the amplifier will amplify the signal to voltage value. An

example of broadband UV radiometer is presented in Figure 7.

——— Quartz dome

Black glass
Green glass+phospho

GaAs diode

Diode insulator " X
op cover

i Heat insulator
Filter element

7
AN 7 7

Diode capsule

level

\ " = Bottom cover

Desiccator plug hole

Figure 7 The broadband UV radiometer model 501A of Solar Light company at
Silpakorn University, Nakhon Pathom.
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3) Multi-channel filter UV radiometer

It measures some wavelengths in UV radiation such as 305, 313, 320, 340, 380
and 395 nm with the band width of about 10 nm. The instrument consists of diffuser,
filter, detector, and controller. Data from this instrument can be also used to calculate
UVA, UVB, erythemal irradiance, UV Index, and total ozone. An example of multi-

channel filter UV radiometer is shown in Figure 8.

l UV radiation

_|— Diffuser

_— UV filter

/< —— Aperture

—+— Photodiode

\ Signal output

Figure 8 The multi-channel filter UV radiometer model GUV-2511 of Biospherical

Instruments company at Silpakorn University, Nakhon Pathom.

2.3.2 Satellite-based measurement
There are two types of satellites that can be used to measure or estimate UV
radiation, which are polar orbiting satellites and geostationary satellites. The details of

these satellites are as follows.

1) Polar orbiting satellite

Polar orbiting satellite is kind of polar orbits. It orbits the earth from the north
to the south and the satellite is at low altitudes between 600—800 km (Figure 9).
Generally, this type of satellite has velocity at about 7.8 km/s. From its orbit and
velocity around the earth, it can provide data at a location on the earth’s surface about

1-2 datasets per day.
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Figure 9 The polar orbiting satellite (adapted from Panwar, 2021).

There are some UV data available from this satellite. The useful and well
known satellite UV data covering the global region such as TROPOMI/Sentinel-5,
OMI/AURA, and TOMS/Earth Probe (Lindfors et al., 2018; Meerkotter et al., 2006;
Tanskanen et al., 2006). In case of OMI/AURA, it provides surface UVB irradiance
and erythemal dose rate with a resolution of 1.0 degree x 1.0 degree as shown in

Figure 10.

Latitutional Grid Index

30

0 60 120 180 240 300 360
Longitutional Grid Index

Local Noon Time Erythemal Dose Rate (mW/m?2)

<4

10.0 75.0 140.0 205.0 270.0 335.0 400.0
Data Min = 1.3, Max = 4023

Figure 10 An example of erythemal dose rate from AURA satellite (adapted from
Earthdata, 2006).
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2) Geostationary satellite

The orbit of this satellite is about 35,786 km (Figure 11) above the equator, and
velocity of the satellite is equal to the velocity of the earth's rotation. Images from this
satellite can vision half of the world. This satellite is usually used in meteorology and

communication.

Figure 11 The geostationary satellite (adapted from Panwar, 2021).

There are several geostationary satellites providing atmospheric data, which

are located over some regions of the earth as shown in Figure 12.

GOES-East
5.2 ¢

Figure 12 Coverage areas for geostationary satellites (adapted from Ceamanos et al.,

2021).
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An example of UV data obtained from this type of satellite is cloud free UV
dose for vitamin D production in the skin from Meteosat satellite as shown in Figure

13.

kd/m?

0 2 4 6 8 10 12 14 16 18

Figure 13 An example cloud free vitamin D UV dose from Meteosat satellite (adapted

from TEMIS, 2023).

2.4 Effects of solar ultraviolet radiation on human health

Solar ultraviolet radiation affects human health both harmful and beneficial.
Harmful effects are erythema, skin cancer, and cataract. Beneficial effects are
production of previtamin D3, and therapy of psoriasis. These harmful and beneficial
effects are related to the exposure time, the dose of solar ultraviolet radiation, and the
physical characteristics of the body human. Examples of a harmful effect and two

beneficial effects are described as follows.

- Erythema

When skin body overexposure solar ultraviolet radiation, UVA can stimulate
skin body to create melanin to protect skin (Maddodi et al., 2012) that can cause
tanning and wrinkles, whereas UVB is more efficient to erythema (Brenner & Hearing,
2008). UVB is lower penetrated through skin layers than UVA due to UVB is more
absorbed by cellular biochromes at the epidermis. Therefore, UVB affects mainly on
constrain to the epidermis and UVA affects cellular and extracellular structures in the

dermis (Solano, 2020).
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Figure 14 The ultraviolet radiation can cause erythema (adapted from Barber, 2011).

Shorter wavelength (i.e. UVB) can cause erythema of human skin as it has

higher response than longer wavelength (i.e. UVA). Response of human skin for

erythema can compute as Eq. (2.11) and is shown in Figure 15.

1.0 ;250 <A <298 nm
Rery = 10[0:094(298-4] ;298 < A <328 nm
1010-015(140-4] ;328 <A <400 nm

where Rgp, = the erythemal response (-)

A = the wavelength (nm).

Erythemal

0.0 f f f ¥ f f f
240 260 280 300 320 340 360 380 400

wavelength (nm)

2.11)

Figure 15 Action spectrum for erythema in human skin (adapted from McKinlay &

Diffey, 1987).



17

- Production of vitamin D

When sufficient UV radiation penetrate into human skin layer, 7-
dehydrocholesterol in the epidermis layer is converted to vitamin D and it is converted
to a calcidiol (25(OH)D) in liver, which is then converted to a calcitriol hormone
(1,25(OH)2D) in the kidneys (Figure 16). Vitamin D is essential for absorption of
calcium and phosphorous for healthy bones (Mostafa & Hegazy, 2015).

B (o

| 25-hydroxylase

25(0H)D 2 weeks blood half life

1,25(0H).D 5.8 hours blood half life

| vDR-mediateq effects |

/ N\

| Systemiceffects | | Localeffects |

| 1ahydroxylase | Encoded by CYP2781

Figure 16 The vitamin D synthesis from sun exposure (adapted from Lucas et al.,

2014).

Human skin can respond to each wavelength differently. UVB can help vitamin
D production of skin. Figure 17 shows an action spectrum for the production of

previtamin D3 in human skin (Ry;; p).
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Figure 17 Action spectrum for the production of previtamin D3 in human skin (adapted

from Terenetskaya et al., 2006).

- Psoriasis

UV, especially UVB, works best for psoriasis treatment. An example of
psoriasis on human body is shown in Figure 18. The spectral response for phototherapy
of psoriasis can calculate following Eq. (2.12) and is shown in Figure 19. The

maximum of its response is at 300 nm approximately.

Figure 18 The phototherapy of psoriasis.
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0.6504 x 1070:6304(296-2) ) < 296 nm
1.0000 x 1070-0467(300-%) 296 < ) < 300 nm
Rpe, = | 1:0000 % 1070-1067(+=300) 300 <A < 304 nm 2.12)
0.3743 x 1070-1571(A=304) 304 < ) < 313 nm
0.0144 x 10008233(313-1) 313 <) < 330 nm
0.0057 x 100:00937(330-%) 330 < ) < 400 nm

where Rpg, = the phototherapy of psoriasis response (-)

A = the wavelength (nm).

=
[N

Psoriasis

response (-)
c o o »
SN D [o0] o

o
N
I
T

0.0 L S —

L— T T

260 280 300 320 340 360 380 400
wavelength (nm)

Figure 19 Action spectrum for phototherapy of psoriasis (adapted from Krzyscin et al.,

2012).

2.5 Literature reviews on the UV from the measurement and UV mapping from

satellite data

There are many research works that focus on surface UV radiation. Examples
of the works are described as follows.

Eck et al. (1995) presented a method for estimated spectral UVB irradiance in
Canada from satellite data i.e. reflectivity (R). In their research, the solar flux at the

ground for clear sky condition can be written as:

Fop = Fa(1+1)/(1 — RSp) (2.13)
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where Fg, = the solar flux at the ground for clear sky condition (W/m?)
Fq = the direct solar flux reaching the surface (W/m?)
r = the ratio of diffuse to direct radiation (-)
R = the surface reflectivity (-)
Sp = the fraction of reflected radiation backscattered to the surface by the

atmosphere (-).
The solar flux at the ground for all sky condition in this work is as follows:
Fq = F,cos@ exp(—sece(aﬂ + Bp)) /d? (2.14)

where Fgy = the solar flux at the ground for all sky condition (W/m?)
Fo = the extraterrestrial solar flux at 1 AU (W/m?)
= the sun-earth distance (AU)
= the ozone absorption coefficient per unit ozone amount (1/DU)
= the Rayleigh scattering coefficient per unit pressure (1/atm)

d

a

B

p = the surface pressure (atm)

0 = the solar zenith angle (degree)
Q

= the total column ozone (DU).

Verdebout (2000) presented a method for estimating surface UV radiation
maps over Europe using satellite data and ancillary geophysical data. Parameters of
solar zenith angle, total column ozone amount, cloud liquid water thickness, near-
surface horizontal visibility, surface elevation, and UV albedo were used to generate a
look-up table to obtain the UV irradiance. In his work, cloud properties were processed
from satellite data.

Li et al. (2000) developed a simple method for retrieving surface UV radiation
dose rate from satellite data in Canada. Surface UV radiation determined by the
transmittance of the ozone layer, which can be derived from total ozone measurements

of TOMS and the reflectance of the atmospheric layer
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Foyo-Moreno et al. (2007) presented adaptation of an empirical model for
erythemal ultraviolet (UVER) irradiance in Spain from a relation between UVER in
clear sky condition (UVER, ) and optical air mass (mr) as Eq. (2.15) for clear sky

conditions model.

UVER, = 12 + 1490e 05 + 124¢ o5 (2.15)

For all sky conditions model, UVER can be calculated from the following

equation:
UVER = 1.5(k;UVER,)%?¢ (2.16)

where UVER = erythemal ultraviolet irradiance (W/m?)

k¢ = global broadband hemispherical transmittance (-).

Gadhavi et al. (2008) developed an algorithm to estimate UV flux at the
surface over north America using data of cloud amount, surface albedo, and aerosol
from geostationary satellite, and also data of ozone from polar orbiting satellite.
Researchers presented lookup tables for atmospheric transmission from data of solar
zenith angle, aerosol, cloud optical depth, ozone, water vapour, and surface elevation
using a radiative transfer model (SBDART). Afterward, UV flux were estimated from
input data of satellite data.

Antoén et al. (2009) presented an empirical model to estimate ultraviolet
erythemal transmissivity in Spain. UVER transmissivity (Tyy) depends on ozone

column (Z) and clearness index (k) as the following Equation:
Tyy = a- ZP - k° (2.17)

where a, b and ¢ are the coefficients of the model.
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Janjai et al. (2010) developed technique for mapping erythemally-weighted
solar ultraviolet (EUV) radiation from satellite data in Thailand that physical model is
given by:

(1-peuv—(1—T)—ToAER)EUVTOA
EUV. = 2.18
SUR ™ |(1-pg ruv) +PG EUVAAER +PGEUV(1—-0AER) (1= T0)] ( )

where EUVgyg=the EUV at the surface (kJ/m?)
EUVroa= the EUV at the top of the atmosphere (kJ/m?)
To = the ozone transmission (-)
asgr = the aerosol absorption coefficient (-)
ppuv = the earth-atmospheric albedo in EUV wavelength band (-)
pgeuv = the broadband surface albedo (-).

Mateos Villan et al. (2010) analyzed the influence of clouds on UV radiation.
In their analysis, data were divided into three intervals separated by solar elevation;
h; > 60°, 40° < h, < 60" and h; < 40°. The results showed that UV radiation
decreases as cloud cover increases for the three intervals. For dependence of cloud
modification (CMF) on cloudiness for all elevation, the result showed that CMF
values decrease with cloudiness.

Zhang et al. (2013) investigated effects of aerosols on solar radiation. They
presented that, in Beijing, higher aerosol values were found in summer, and lower
aerosols were found in winter. Their results also showed that aerosol can attenuates
UV radiation greater than global radiation. In addition, they proposed a semiempirical
model for estimating daily ultraviolet radiation from global radiation in Beijing by
using a relationship between cloud modification factor which is a ratio between the
radiation under all sky conditions and the radiation under clear sky conditions in UV
wavelength (CMFyy), and global radiation (CMFg). The relationship of cloud

modification factors is shown in the following equation.

CMFyy = 0.12e 172CMFg (2.19)
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Miyauchi and Nakajima (2016) studied a relationship between solar erythemal

ultraviolet radiation (UVg.y,) and solar ultraviolet radiation for vitamin D synthesis
(UVyitp) in Japan. From their results, UVy;ip can be estimated from UVg,y, as denoted

in the following equations.

UVyip = 2.11UVg,y — 0.027 (UVgyy = 0.04 W/m?) (2.20)
UVyip = 16.74(UVgyy ) + 0.81UVgyy (UVgyy < 0.04 W/m?)

Choosri et al. (2017) proposed maps of monthly average hourly diffuse
erythemal ultraviolet radiation (EUVp) in Thailand from an empirical model by using
ground-based and satellite-based data. An empirical model is a function of air mass
(m,), aerosol optical depth (AOD), and cloud index (n) shown as the following

equation.
EUVp = Comy® + C,AOD + Czn (2.21)

where Cy, C;, C, and C; are coefficients (Cy=173.2241, C;=-1.5762, C,=-31.0808 and
C3=-41.2056).

For Liu et al. (2017), UV radiation under various sky conditions was developed
based on UV radiation measurements during 2005-2014 from the Chinese Ecosystem
Research Network (CERN). The empirical UV estimation model depends on the
clearness index and the solar elevation angle under various sky conditions at each
typical station. This model provides accurate UV radiation data, with an average root
mean square error of 14.31%.

Brogniez et al. (2021) studied erythemal and vitamin D effective dose rates at
two mainland sites that are Villeneuve d’Ascq (VDA) and Observatoire de Haute-
Provence (OHP) and one island site that is R "eunion Island site (SDR). The results at
the mainland sites (VDO and OHP) show that solar exposure close to solar noon
induces erythema in phototypes 1 to 3 during most of the year and in the tropics

(SDR), phototypes 4 and 5 are also at risk of erythema. At all sites, solar exposure
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close to solar noon permits synthesis of desired amount of vitamin D by all phototypes
during most of the year.

Thailand is located in the tropics which receives high level of solar radiation,
but there have been relatively few studies about solar ultraviolet radiation for vitamin
D synthesis and instrument used to measure solar ultraviolet radiation for vitamin D
synthesis is more expensive causing the data from ground-based measurement is not
covering all areas. Therefore, the objectives of this research are to develop an
empirical model for estimating solar ultraviolet radiation for vitamin D photosynthesis,
to validate the proposed model, and to study spatial distributions of solar ultraviolet
radiation for vitamin D synthesis which are presented as monthly average hourly

maps.
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Chapter 3
Methodology, Result and Discussion

To achieve the objectives of the thesis, several tasks need to be carried out.
These are measurement, modeling, validation, and mapping. The details of each task

are described as follows.

3.1 Measurement

The solar ultraviolet radiation for vitamin D synthesis (DUV) is beneficial UV
radiation. Its variation depends on compositions of the earth’s atmosphere. To produce
the DUV maps, the measurements of DUV and several compositions of the earth’s
atmosphere were studied. Therefore, several measurement data were collected and

process. The details are as follows.

1) Solar ultraviolet radiation for vitamin D synthesis

In this thesis, solar ultraviolet radiation for vitamin D synthesis can be
estimated using a relationship between solar erythemal ultraviolet radiation and solar
ultraviolet radiation for vitamin D synthesis. The details of ground-based
measurements of solar erythemal ultraviolet radiation and solar ultraviolet for vitamin

D synthesis, and the relationship are described as follows.

- Solar ultraviolet radiation spectrum

The solar ultraviolet radiation spectrum was measured by a spectroradiometer
model DMc150 of Bentham Instruments company. The sensor of this instrument was
installed at roof top of a Science building at Silpakorn University in Nakhon Pathom
(13.82°N, 100.04°E) that there have not obstacles of the celestial sphere. The solar
radiation incidents the sensor, and the signals pass the optic fiber that connects
between the sensor (Figure 20(a)), and the control box located in a control room
(Figure 20(b)). The monochromator in the control box will separate the radiation into
each wavelength and the computer with BenWin+ program is set to record the signal

of spectral UV radiation ranging between 260 and 420 nm at intervals of 1 nm every
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10 minute. An example of BenWin+ display on the computer is presented in Figure 21

which shows spectral UV radiation measuring from the spectroradiometer.

Figure 20 The spectroradiometer model DM¢150 of Bentham Instruments company at
the roof top of Science building at Silpakorn University in Nakhon Pathom

(a) sensor and (b) control box.
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Figure 21 The computer display of BenWin+.

The spectral UV irradiance can be processed by the following equation:

I =2 3.1)
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where [ = the spectral UV irradiance (mW/m?-nm)
V. = the electrical signal at each wavelength (nA)
Sa = the sensitivity at each wavelength of instrument (nA/mW/m?-nm).

The solar ultraviolet radiation for vitamin D production was calculated from
the spectral UV irradiance multiply with the spectral response of vitamin D production

mentioned in Chapter 2 as Eq. (3.2).

DUV = [ I * Ryiep dA (3.2)

where DUV = the solar ultraviolet radiation for vitamin D production (mW/m?)
10 = the spectral UV irradiance (mW/m?-nm)

Rvyitp = the spectral response of vitamin D production (-).

In this work, the solar ultraviolet radiation for vitamin D production were
processed and averaged to obtain monthly average hourly DUV from 8 a.m. to 4 p.m.

from 1 January, 2014 to 31 December, 2018.

- Solar erythemal ultraviolet radiation

The solar erythemal ultraviolet radiation (EUV) was measured by UV biometer
model 501A of Solar Light company. The biometer was installed at four stations in
main regions of Thailand (Figure 22). These stations are at Silpakorn University in
Nakhon Pathom (13.82°N, 100.04°E) and three meteorological stations in Chiang Mai
(18.78°N, 98.98°E), Ubon Ratchathani (15.25°N, 104.87°E) and Songkhla (7.20°N,
100.60°E) (Figure 23-26). The electrical signals from each biometer consist of signals
for UV light and signals for instrument’s temperature. These signals at each station
were recorded by a datalogger model DX2000 of YOKOGAWA every 1 second
(Figure 27). EUV can be calculated from the signals using an equation represented by

Webb et al. (2006).

Ecig = (U - Uoffset) -C- fn(ez' 03) ' S(T) - Coscor (3.3)



28

where Ecg = the CIE erythemal UV irradiance (W/m?)
U = the measured electrical signal from the radiometer (V)
Uotfset = the electrical offset for dark conditions (V)
£,(0,,03) = the spectral conversion function depending on solar zenith

angle (6,) and total column ozone (O3) (-)

C = the calibration coefficient, a constant value determined for a
specific condition (For example, 6, = 40° and O; = 300 DU)
(W/m?/V)

e(T) = the temperature correction function (-)

Coscor = the cosine correction function (-).

To find C, each biometer was calibrated with the standard EUV value from the
Bentham spectroradiometer at Nakhon Pathom under the same conditions. This

standard EUV value can be calculated from Eq. (3.4).
EUV = [ Rgpy dA (3.4)

where EUV = the solar erythemal ultraviolet radiation from Bentham
spectroradiometer (W/m?)
I = the spectral UV irradiance (mW/m?-nm)

Rgry, = the spectral response of erythema (-).

Therefore, C of each biometer can be calculated from Eq. (3.5).

EUV

€= (U=Uopffset)fn(02,03)€(T)-Coscor (35)
where C = the calibration coefficient, a constant value determined for
specific conditions (W/m?/V)
EUV = the solar erythemal ultraviolet radiation from Bentham

spectroradiometer (W/m?)

U = the measured electrical signal from the radiometer (V)
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Uotfset = the electrical offset for dark conditions (V)

£,(0,,03) = the spectral conversion function depending on solar zenith
angle (0,) and total column ozone (O3) (-)

e(T) = the temperature correction function (-)

Coscor = the cosine correction function (-).

To find f,(6,,03) which is a function correcting for spectral response of

detector to erythemal spectral response, it is calculated as

£(6,,03)

fa (82 03) =+ 5705 (3.6)
where f,(8,,03) = the spectral conversion function depending on solar zenith
angle (6,) and total column ozone (O3) (-)
f(6,,03) = the spectral response function at different 6, and O3 (-)
f.(6,,03) = the spectral response function at a specific condition (For
example, 6, =40° and 05 = 300 DU) (-).
_ JCIEQ)Eraq(2.8,,05)dA
182.05) = FoRP)Eraa 020007 S
where f(8,,03) = the spectral response function at different 6, and O3 (-)

Erad(A, 6, 03)=the global solar spectral irradiance calculated from a
radiative transfer model (-)

CIE  =the CIE spectral response of erythema (-)

SRF = the spectral response of sensor (-)

A = the wavelength (-).

To find Coscor, it can use Eq. (3.8) for calculating.

Coscor = — (3.8)
1:glo
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where Coscor= the cosine correction function (-)

foo = the global cosine error (-).
Egj Egj
fo0 = fir 2 + fyp =2k 3.9
glo dir Eglo + faif Eglo ( )
where fg, = the global cosine error (-)
fgir = the direct cosine error equal to the angular response function

from the manufacturer (-)

fgir = the diffuse cosine error (-)
Egir = the direct radiation calculated from a radiative transfer model (W/m?)
Egif = the diffuse radiation calculated from a radiative transfer model
(W/m?)
Egl, = the global radiation calculated from a radiative transfer model
(W/m?).
~_ ARF(8)
dir — COS(G) (3.10)
where fg; = the diffuse cosine error (-)
ARF = the angular response function from the manufacturer (-)
0 = the angular incident of radiation (-).
fair = 2 fOEARF(G) sin(0) d6 (3.11)
where fg;y = the diffuse cosine error (-)
ARF = the angular response function from the manufacturer (-)
0 = the angular incident of radiation (degree).

To find €(T), it can be calculated from instrument’s temperature. Due to the

calibration process is under a constant temperature of 25°C and thus obtains the output
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voltage at this temperature of +1V and the sensitivity of 20 mV/°C, the detector

temperature in the actual environment can be calculated as follows.

Taet = (50 X Ugemp) — 25 (3.12)

where Tqer = the actual detector temperature (°C)

Utemp = the temperature output from the biometer (V).

The temperature correction function can be calculated as Eq. (3.13).

1

&(T) = (A+(Tgqet—25)%0.01) (3.13)
where €(T) = the temperature correction function (-)
Tqet = the actual detector temperature (°C).

In this work, EUV data from the four stations were processed to obtain hourly
EUYV value between 2014-2018. These data were converted to DUV and used for the

modelling and the validation of model in the next section.
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Figure 22 The location of four stations

Figure 23 Broadband UV radiometer model 501 A of Solar Light company at Chiang

Mai station.
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Figure 24 Broadband UV radiometer model 501A of Solar Light company at Nakhon

Pathom station.

Figure 25 Broadband UV radiometer model 501A of Solar Light company at Ubon

Ratchathani station.



34

Figure 26 Broadband UV radiometer model 501 A of Solar Light company at Songkhla

station.

Figure 27 The datalogger model DX2000 of YOKOGAWA company.

- Estimation of DUV from EUV

In order to obtain DUV, spectral UV data was required. However, there is only
one spectroradiometer installed at Nakhon Pathom. Therefore, in this thesis, a
relationship between hourly DUV from the Bentham spectroradiometer and hourly
EUV from the biometer at Nakhon Pathom was generated using the data in 2014 and
2016 for the modelling and 2017 to 2018 for the validation.
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In this thesis, the relation in terms of a ratio between DUV and EUV depends

on cosine of solar zenith angle in a polynomial form showing as

o = —1.864(c0s0,)? + 3.3635c050, + 0.3644 (3.14)

where DUV = the solar ultraviolet radiation for vitamin D synthesis (mW/m?)
EUV = the solar erythemal ultraviolet radiation (mW/m?)

0, = the solar zenith angle (degree).

Before using this relation, it was validated. This relation was used to calculate
DUV from EUV. The DUV calculated from the relation was compared with those
measured by the Bentham spectroradiometer. The validation results show that the
DUV from the ground-based measurement agree well with the DUV calculated from
the polynomial equation. The difference of these data in terms of the root mean square
difference (RMSD) as Eq. (3.15) and the mean bias difference (MBD) as Eq. (3.16)
were found to be 9.8% and 3.2%, respectively (Figure 28).

N 2
z:i= 1(DUVmodel,i_DUVmeas,i)
N
N
Zi=1 DUVeas,i
N

%RMSD = \/

x 100 (3.15)

N
z:i=1(DUVmodel,i_DUVmeas,i)

9%MBD = N x 100 (3.16)

N
z:i=1 DUVmeas,i
N

where DUVj4e1; = the solar ultraviolet radiation for vitamin D synthesis from
the model (mW/m?)
DUVineasii = the solar ultraviolet radiation for vitamin D synthesis from

the measurement (mW/m?)

N = numbers of data (-).
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Figure 28 The comparison between the solar ultraviolet radiation for vitamin D

synthesis from the model (DUV,,,4e1) and that from the measurement

(DUVpyeas)-

In addition, the relationships between DUV and EUV were performed using a

radiative transfer model (Libradtran) for the four UV monitoring sites. The results are

shown in Figure 29. It can be noticed that the relationship between DUV and EUV are

similar for all sites. Therefore, the relation in Eq. (3.14) was performed to calculate

hourly DUV using hourly EUV from biometers at the four stations namely Nakhon

Pathom station, Chiang Mai station, Ubon Ratchathani station, and Songkhla station.

Afterward, the hourly DUV data were averaged to obtain monthly average hourly
DUV during 2014-2018 from 8 a.m. to 4 p.m.
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Figure 29 The relationship between DUV and EUV using the radiative transfer model.
2) Aerosol optical depth at 340 nm
Due to Thailand has few stations to provide aerosol optical depth (AOD),
aerosol optical depth data used in this work can be calculated from Eq. (3.17) which
represented by Igbal (1983).

AOD = pA~@ (3.17)

where AOD = the aerosol optical depth (-)

A = the wavelength (um)
a = Angstrom’s wavelength exponent (-)
B = Angstrom’s turbidity coefficient (-).

a and 3 are dependent of wavelength. In this work, the wavelength is 0.34 um

which is in the UV range, and the Angstrom’s wavelength exponent was set to be 1.3
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which is an average for natural atmosphere in this region (Igbal, 1983). For
Angstrom’s turbidity coefficient, it can be calculated from the relationship with

visibility as shown in Eq. (3.18) reported by (Janjai et al., 2003).

B = 0.589 — 0.068VIS + 0.019VIS? ; VIS < 14 km (3.18)

where VIS = the visibility (km).

Visibility data representing ability to vision object was observed by the
meteorologist every 3 hour. They observe the greatest distance toward the horizon at
prominent objects. This can be specified with visually eye. In this work, visibility data
were obtained from the meteorological 125 stations in Thailand (Figure 30).

In this work, visibility in 3-hour basis higher than 14 km were removed
following the condition of Eq. (3.18). These data were replaced by interpolated data
from the nearby data. Then, these 3-hour data were interpolated to obtain hourly data,
and these data were converted to be aerosol optical depth at 340 nm. Afterward, the
aerosol optical depth data was averaged to obtain monthly average hourly data from 8
a.m. to 4 p.m. in 2012-2021. The aerosol optical depth at 340 nm from Chiang Mai,
Ubon Ratchathani and Songkhla meteorological stations and a meteorological station
nearby Nakhon Pathom station were gathered during 2014-2018 for modelling and

validation processes.
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Figure 30 Locations of 125 meteorological stations and the four UV monitoring

stations.

3) Cloud index

In this thesis, cloud index from the satellite data was used to indicate effects of
cloud on solar ultraviolet radiation. Cloud images from two satellites that are MTSAT-
2 (Himawari-7) satellite and Himawari-8 satellite of the Japan Meteorological Agency
(JMA), Japan. They were processed to obtain cloud index for 10-year period covering
2012-2021.

The MTSAT-2 (Multi-Function Transport Satellite) (Figure 31) is a
geostationary satellite that operates during 2010 to 2015. The position of its orbit is
35,800 km above the equator at around 140 degree east longitude. MTSAT-2 takes
image every 30 minute. It has five channels consisting of Visible (0.55-0.90 micron),
Infrared 1 (10.3-11.3 micron), Infrared 2 (11.5-12.5 micron), Infrared 3 (6.5-7.0
micron), and Infrared 4 (3.5-4.0 micron). In this work, cloud images in the visible

channel were used.
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Figure 31 The MTSAT-2 (Multi-Function Transport Satellite).

Himawari-8 (Figure 32) is a geostationary satellite that was operated after
MTSAT from 2015-2022. The position of its orbit is 35,800 km above the equator at
around 140.7 degree east longitude. It has 16 observation bands including 3 bands of

visible, 3 bands of near infrared and 10 bands of infrared as shown in Table 1.

Table 1 Advanced Himawari-8 imager.

Spatial
Band Wavelength (um) ResF())Iution

1 0.43-0.48 1km
0.50-0.52 1km

3 0.63-0.66 0.5 km
4 0.85-0.87 1km
5 1.60-1.62 2km
6 2.25-2.27 2km
7 3.74-3.96 2 km
8 6.06-6.43 2km
9 6.89-7.01 2 km
10 7.26-7.43 2km
11 8.44-8.76 2km
12 9.54-9.72 2km
13 10.3-10.6 2 km
14 11.1-11.3 2km
15 12.2-125 2 km
16 13.2-13.4 2km
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The spatial resolution of visible band is 0.5-1 km and the resolutions of near
infrared and infrared bands are 1-2 km. This satellite takes the image every 10 minute.

In this work, visible channel at 0.51 micron were used.

Figure 32 The Himawari-8 satellite.

The boundary of the two satellites data used in this work is from 0.29-28.71°N
and 90.20-109.80°E covering Thailand region. This provides 1,112x1,612 pixel. The
processing of the satellite data is described in details in Section 3.4.

Due to satellite image has gray level values that vary as reflectivity, so gray
level data of satellite image were converted to incur the pseudo reflectivity (psat) by
using a calibration table of IMA for MTSAT-2 (Figure 33) and Himawari-8 (Figure
34). The image data is 8 bit digital data which between 0-255 for MTSAT-2 and 10 bit
digital which between 0-1023 for Himawari-8 where 0 means the lowest reflectivity
and 255 or 1023 means the highest reflectivity from the earth’s surface and the

atmosphere.
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Figure 33 The calibration table of MTSAT-2 satellite showing a relation between the

pseudo reflectivity (psat) and gray level.
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Figure 34 The calibration table of Himawari-8 satellite showing a relation between the

pseudo reflectivity (pgat) and gray level.

Due to the pseudo reflectivity is value of the earth-atmospheric reflectivity in
case that solar radiation incident in normal direction and cannot be used in reality as

the solar radiation incident the earth’s surface with different incident angles. Therefore,
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the pseudo reflectivity needs to be corrected with the cosine of solar zenith angle to

obtain the earth-atmospheric reflectivity (pga) as denoted in Eq. (3.19).

PEA = comgr (3.19)
where pga = the earth-atmospheric reflectivity (-)

psat = the pseudo reflectivity (-)

07 = the solar zenith angle (degree).

Afterward, the pgs from MTSAT and Himawari-8 were converted to cloud

index that can be calculated from Eq. (3.20) (Cano et al., 1986).

— (PEA—Pmin)
V4 (Pmax—Pmin) (320)
where n = the cloud index (-)

pea = the earth-atmospheric reflectivity (-)
Pmin = the surface reflectivity (-)

Pmax = the cloud reflectivity (-).

For pnin of each pixel, it can be considered from the minimum value of pgp of
each hour for each month. The py,,x 1S the maximum value of pg, for all pixels of all
data.

Cloud index has the value from 0 to 1 which indicates reflection of radiation
by cloud from no reflection to the highest reflection (Figure 35).

In this work, monthly average hourly cloud index at each pixel was processed
from 8 a.m. to 4 p.m. during 2012-2021 using the data from MTSAT satellite between
2012-2015 and that from Himawari-8 satellite between 2016-2021. For modelling and
validation, averaged values of cloud index at 3x3 pixels over each UV ground-based
stations were used. An example of variation of cloud index is shown in Figure 36. It
can be observed that cloud index is very low in the dry season and higher in the wet

s€ason.
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Figure 36 Example of the variation of cloud index at Nakhon Pathom station in 2016.
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4) Total ozone column

Total ozone column used in this work was measured by Ozone Monitoring
Instrument (OMI) onboard AURA satellite (Figure 37). Due to AURA satellite is a
polar orbiting satellite, it passes over the same area only 1-2 times per day so that the
total ozone column data was only measured 1-2 times per day. The daily ozone data
can be downloaded at https://acd-ext.gsfc.nasa.gov/anonftp/toms/omi/data/
Level3e/ozone/. The data covers the global area with a resolution of 0.25x0.25 degree.

In this thesis, the total column ozone data during 2012-2021 were downloaded
and sectorized for the region of Thailand, similar to the cloud index data. Due to the
total ozone column providing from OMI/AURA is in daily basis, in this thesis, total
ozone column was assumed to be constant during a day. Then, these data were

averaged to be monthly data. An example of daily total ozone is shown in Figure 38.

OoMI «~

Figure 37 The Ozone Monitoring Instrument (OMI) onboard AURA satellite.


https://acd-ext.gsfc.nasa.gov/anonftp/toms/omi/data/Level3e/ozone/
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Figure 38 Example of the seasonal variation of ozone at Nakhon Pathom station in

2016.

S) Extraterrestrial vitamin D weighted solar ultraviolet irradiance
Vitamin D weighted UV irradiance at the top of the atmosphere can be
calculated (Igbal, 1983) from Eq. (3.21).

DUV, = DUVi¢E,cos6, (3.21)

where DUV, = the extraterrestrial vitamin D weighted solar UV irradiance (mW/m?)
DUV = the vitamin D weighted UV solar constant (11.34 mW/m?)
Ep = the eccentricity correction factor (-)

0, = the solar zenith angle (degree).

The eccentricity correction factor depends on the day of year as shown in
Figure 39 and this factor can be calculated from an empirical equation represented by

(Spencer, 1971).
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Eo = 1.000110 + 0.034221cosT + 0.001280sinT + 0.000719cos2T +
0.000077sin2T (3.22)

where T’ = the day angle (radian).
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Figure 39 The variation of the eccentricity correction factor (E;) in a year.

3.2 Empirical model for estimating solar ultraviolet radiation for vitamin D
synthesis

Development of models for accurately estimating of solar ultraviolet radiation
for vitamin D synthesis 1s important because it can help to estimate the DUV in
regions that instrument is not available. For Thailand, there are few studies about
DUV. Therefore, this research will develop an empirical model for estimating solar
ultraviolet radiation for vitamin D photosynthesis. The details are described as follows.

Monthly average hourly data of the solar ultraviolet radiation for vitamin D
synthesis (DUV) and atmospheric parameters that effect the DUV consisting of
aerosol optical depth at 340 nm (AOD3,,), cloud index (n), total ozone column (03),
air mass (m,), zenith angle (0,), and extraterrestrial vitamin D weighted solar
ultraviolet irradiance (DUV,)) at the four stations (Chiang Mai, Nakhon Pathom, Ubon
Ratchathani and Songkhla) during 8 a.m. to 4 p.m. in years 2014 to 2016 were
gathered. All datasets were normalized by their highest values. Afterward, the relation

of DUV with each parameter was considered leading to a form showing a relation
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between the DUV and these parameters. This form was used in Statistica program to
obtain coefficients giving the best result. The empirical model in this work was

presented as

DUV = [DUV,’ (agcos6,?* + a,e™a’ + a;0;’ + a,A0Ds,,  + asn)(1 —n)] x 800

(3.23)
where DUV = the solar ultraviolet radiation for vitamin D synthesis

(mW/m?)

DUV,’ = the normalized extraterrestrial vitamin D weighted solar

ultraviolet irradiance (-)

cosB, = the cosine of solar zenith angle (-)

m,’ = the normalized air mass (-)

05’ =the normalized total ozone column (-)

AODg,, = the normalized aerosol optical depth at the wavelength 340
nm (-)

n = the cloud index (-)

ag,ay,ay,as,a, and ag = the coefficients of the equation. Their values and

statistic values are presented in Table 2.

Table 2 The coefficient values and statistic values.

coefficient value t-value p-value
ao 1.095 21.862 0.00
a1 1.394 12.255 0.00
a2 0.864 9.944 0.00
a3 -1.292 -14.072 0.00
a4 -0.672 -15.226 0.00
as 0.944 35.028 0.00
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3.3 Validation of the empirical model for estimating solar ultraviolet radiation
for vitamin D synthesis

For the validation of the model, the monthly average hourly data of AOD34, n,
03, m,, 6, and DUV, in years 2017-2018 from 8 a.m. to 4 p.m. were used for
calculating the DUV. The DUV estimated from the model was compared with the
DUV from the measurement at each station (Chiang Mai, Nakhon Pathom, Ubon
Ratchathani and Songkhla) and all stations. In addition, the RMSD and the MBD were
used to represent the differences between the two datasets. The validation results are

shown in Figure 40-44.
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Figure 40 Comparison of the DUV from the measurement (DUV,;.,5) and the DUV
from the model (DUV,;,,4¢1 ) at Chiang Mai station.
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Figure 41 Comparison of the DUV from the measurement (DUV,,.,5) and the DUV

from the model (DUV,54¢1 ) at Nakhon Pathom station.
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Figure 42 Comparison of the DUV from the measurement (DUV,;.,5) and the DUV

from the model (DUV,;,,4¢1 ) @t Ubon Ratchathani station.
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Figure 43 Comparison of the DUV from the measurement (DUV,,.,5) and the DUV
from the model (DUV,;,54e1 ) at Songkhla station.
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Figure 44 Comparison of the DUV from the measurement (DUV,;.,5) and the DUV

from the model (DUV,;,,q4¢1 ) at the four stations.
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The validation results show that the DUV from the measurement and the model
was consistent for all stations. Songkhla station has the highest radiation. The RMSD
of Chiang Mai station, Nakhon Pathom station, Ubon Ratchathani station, and
Songkhla station were found to be 12.0%, 12.0%, 13.9% and 12.5%, respectively. The
MBD were 0.6%, -3.3%, -3.7% and 4.2% for Chiang Mai station, Nakhon Pathom
station, Ubon Ratchathani station and Songkhla station, respectively. For the RMSD
and the MBD of the combined data from all stations were 12.7% and -0.2%,
respectively. The results show that this empirical model can accurately estimate the

DUV for all regions of the country.

3.4 Processing of satellite data from MTSAT and Himawari-8 satellites

To produce the DUV maps, it is necessary to process the satellite data. For the
first period (2012-2015), data are from MTSAT and the second period (2016-2021),
data are from Himawari-8. In this thesis, these data were sectorized to cover Thailand
region. The original data are in satellite projection (Figure 45) which can see the arc of
the world. Then, these data were transformed to cylindrical projection (Figure 46) to
obtain distance of image matching with latitude and longitude. Afterward, each pixel
of satellite image was coordinated (Figure 47) using a geographical cylindrical

projection map superimposed and coast lines as references.

Figure 45 Satellite image in satellite projection.



Figure 47 Coordinated satellite image.
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3.5 Maps of monthly average hourly solar ultraviolet radiation for vitamin D
synthesis

In this work, there are several procedures required to map solar ultraviolet
radiation for vitamin D synthesis. The details are described as follows.

Image of cloud index was selected for the region of Thailand. Size of the image
is 1,112x1,612 pixels covering latitude of 0.29°N-28.71°N and longitude of 90.20°E-
109.80°E. For AOD data retrieved from visibility at 125 meteorological stations, they
were interpolated to have monthly average hourly data with a resolution corresponding
to cloud index data. In case of O3, due to the O3 data obtained from OMI/AURA
providing only daily data with a resolution of 0.25°%0.25° in this thesis, daily data
were averaged to monthly data and these data were interpolated to have 1,112x1,612
pixels, similar to cloud index data. In addition, cosB,, DUV, and m, were calculated
to be maps and each data is equal for every year. All parameters will have grid sizes
same as cloud index data.

All parameters were used as input of the empirical model for estimating the
DUV for each pixel. Afterward, the DUV maps were resized to 500800 pixels
covering latitude of 5°N-21°N and longitude of 96°E-106°E. The maps of long-term
monthly average hourly DUV were presented in Figure 48-49.
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Daily variation

The maps show that the DUV increases in morning (8:30-10:30 local time) and
the highest value at noon (11:30-13:30 local time) and then the DUV decreases to
evening (14:30-16.30 local time). In addition, it is noticed that the DUV in the
morning is higher than the DUV in the evening for all months because solar zenith
angle in the morning is lower than solar zenith angle in the evening. This can cause
optical path length in the morning is lower than in the evening. Thus, the DUV will
pass atmospheric path length in the evening more than in the morning. Moreover, in
the evening, there is higher aerosol load which can attenuate the solar ultraviolet

radiation.

Seasonal variation

In Thailand, there are three seasons that are summer (mid-February to mid-
May), rainy (mid-May to mid-October) and winter (mid-October to mid-February).
The maps of DUV present that the DUV is the highest in summer season in April and
May. Afterward, the DUV decreases in rainy season due to cloud cover increases. The
DUV continuously decreases until winter season. The DUV is the lowest in December
because the north pole of the earth turns out from the sun. After that the DUV slightly
increases again in January according to the earth’s orbit around the sun. In addition, it
is noticed that the northern region of Thailand receives the DUV lower than the
southern region of Thailand. These is because the southern region located near the

equator more than the northern region.



58

Chapter 4

Conclusion

This work has presented the empirical model for estimating monthly average
hourly vitamin D weighted UV radiation in Thailand as a function of aerosol, ozone,
cloud, solar zenith angle, air mass, and extraterrestrial vitamin D weighted UV
irradiance. For the data of solar zenith angle, air mass, and extraterrestrial vitamin D
weighted UV irradiance, they were calculated from well-known equations. Data from
satellites consist of ozone from OMI/AURA and cloud index from MTSAT-2 and
Himawari-8 satellites. For ground-based data, acrosol optical depth data were obtained
from the visibility of 125 meteorological stations in Thailand. The relation between
DUV and EUV was developed, and EUV in the main regions of Thailand was
converted to DUV used for the modelling and the validation. The validation results
show that the DUV from the measurement and the DUV from the model was
consistent with root mean square difference and mean bias difference of 12.7% and
-0.2%, respectively. The proposed model was used to estimate the monthly average
hourly DUV shown as maps. The maps show that the DUV is the highest at noon. The
DUV is highest in May while the DUV is lowest in December. In addition, the DUV

expand progressively from the south to the north of the country.

Recommendation
Due to the limited number of UV stations, it is recommended that more UV
stations especially measurement of UV spectrum should be established in Thailand so

that more UV data could be used to improve the knowledge of UV in this country.
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Appendix 1
A model for estimating solar ultraviolet radiation for vitamin D photosynthesis at

Nakhon Pathom?!

The UV radiation for vitamin D photosynthesis (DUV) is the beneficial
radiation but studying about UV radiation is very scarce and to the best of our
knowledge there is no work published about UV for vitamin D photosynthesis at
Nakhon Pathom. Therefore, this research aims to create an empirical model for
estimating hourly DUV based on data at Nakhon Pathom station, Thailand. The details

are described as follows.

1. Measurements and Data

A spectrophotometer (Bentham, model DMc150) is installed at the Science
Building 1 of Silpakorn University, Nakhon Pathom, Thailand (13.82°N, 100.04°E)
(Figure 1(a)).

Figure 1. (a) An.input optics of a spectrophotometer (Bentham, model

DMc150) and (b) a sunphotometer (Cimel, model CE-318) installed at the
rooftop of Science Building 1 at Silpakorn University, Nakhon Pathom,
Thailand.

This instrument is employed to measure the spectral UV irradiance between 260
and 400 nm, with 1 nm spectral resolution, every 10 minute. An example of the spectral
UV irradiance is depicted in figure 2(a). The spectral UV irradiance was multiplied by
the spectral response of vitamin D [1] (Figure 2(a)) and then integrated for all

! The part of this appendix has been published in Journal of Physics Conference Series (2023) Vol.2431
No.1.
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wavelengths to obtain the instantaneous DUV. The 10 minute DUV values were
averaged to obtain hourly DUV data from 7 a.m. to 5 p.m. (Figure 2(b)). The hourly
DUV data during 2016-2018 were collected for the modeling and validation.
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Figure 2. (a) The spectral UV irradiance on 1 July 2018 at noon and the
vitamin D synthesis action spectrum and (b) an example of the hourly DUV
data on 1 July 2018.

A sunphotometer (Cimel, model CE-318) (figure 1(b)) installed at Nakhon
Pathom site was used to measure direct solar radiation at 340, 380, 440, 500, 670, 870,
940 and 1,020 nm which can provide aerosol optical depth (AOD) at these wavelengths
[2,3]. In this work, AOD at 340 nm was selected as it is in the UV wavelength. The
instantaneous data during 2016-2018 were downloaded from the Aerosol Robotic
Network (AERONET) website and the data were averaged to obtain hourly data.

In this work, cloud is represented by cloud index (n) which can be processed
from Himawari satellite data using the method of Beyer et al. [4]. The cloud index has
values between 0 and 1, where 0 indicates that there is no reflected radiation from cloud
and 1 indicates the highest reflected radiation from cloud.

The ozone monitoring instrument (OMI) onboard AURA satellite was also
employed to obtain the amount of ozone (O3).

Another parameter used as an input in the model is air mass which depends on
the path length of the radiation penetrating the atmosphere. Air mass relates solar zenith
angle and altitude of the location. The lower solar zenith angle, the lower air mass, and
the lower altitude, the higher air mass. The air mass can be calculated from the equation

given by Kasten [5].
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m, =(cos0, +0.15(93.885—0,) 1%?) e 0001 (1)

where m, is air mass (-)

0 is solar zenith angle (degree)

z

z is altitude (m).

2. Methodology
The methodology is divided into two sections: modeling and validation. The

details are as follows.

2.1 Modelling

The data of DUV, the atmospheric parameters i.e. AOD, n, Os, and m, in years
2016 and 2017 were used for the modelling, as these atmospheric parameters have
influenced on the DUV. Firstly, the relation between the DUV and each parameter was
tested, and then the relations of these parameters were used as a guideline for generating
the model. Various equations showing the DUV as a function of AOD, n, Oz and ma in
different forms were generated as empirical models. Finally, the empirical model giving
the best validation result was chosen. The coefficients of the model were obtained using

the “Statistica” software.

2.2 Validation

In this process, independent data were used. The data on AOD, n, Oz and ma in
year 2018 were input to the model to retrieve hourly DUV. The DUV estimated from
the model was compared with that from the measurements. The difference between
these two datasets was presented in percentage of root mean square difference (RMSD)
and mean bias difference (MBD) relative to mean measured values.

3. Results and discussion

The proposed empirical model for estimating hourly DUV is written as:

DUV =a, +a,n +a,m? +a,A0D +a,A0D’ +a,A0Dm, +a,A0DO,m, (2)
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where DUV is UV irradiance for vitamin D photosynthesis (mW m)
n is cloud index (-)
Ma is air mass (-)
AOD is aerosol optical depth at a wavelength of 340 nm (-)
Os is total column ozone (DU)

a,,3,,d,,3,,d,,35,a, and a, are the empirical coefficients of the model. The
software gives the following values of the coefficients: a, = -48.069 mW m?, a, = —
89.351 mW m?, a, = 599.085 mW m?, a, = -1.638, a, = —230.504 mW m?, a, =
50.507 mW m, a, = 303.552 mW m2and a, =-1.051 mW m? DU,

From the equation (2), it shows that the DUV decreases when n, AOD, Oz and
mMa increases. The DUV is a linear function with cloud index but the influences of
aerosol optical depth and ozone on DUV also depend on airmass. For the validation
results, the DUV estimated from the model was plotted against the DUV from the
measurement as presented in figure 3.

From figure 3, the model can estimate quite well for low value of DUV. For
high value of DUV, the model underestimates DUV value. This may result from the
complex effects of aerosol, ozone and air mass together. However, the overall result
shows that the DUV predicted from the model reasonably agrees with the
measurements with RMSD of 17.1% and MBD of —9.2%. This shows that the empirical
model proposed in this work can be used to estimate hourly DUV at this site.

In order to estimate the DUV at a given hour and day, the data of AOD, n, O3
and m, at the given hour and day, and the coefficients are required as inputs. Then the
DUV can be calculated from the model. However, to estimate the DUV at any different

climate region, the coefficients may change and thus they need to be revised.
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4. Conclusion

In this research, the empirical model was developed to estimate hourly DUV
from cloud, aerosol, ozone and air mass. The proposed model can estimate DUV in
consistent with the measurement with RMSD of 17.1% and MBD of —9.2%. In the
future, the model is required to be adjusted to estimate DUV with a better accuracy.
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Appendix 2

Solar ultraviolet radiation for psoriasis treatment at Nakhon Pathom province?

Psoriasis is one of the long-term chronic skin disease that causes suppression
of immune system. Usually exposure of the skin to the artificial UVB radiation is one
of the treatment. Alternative, lot of light exposure is also important. However, doctor
who treats this disease should know level of the UV in the sun light. This paper
focuses on the study of UV in natural sun light in Thailand. The study used the
measurement of UV radiation and the analysis of its variation. The study consisted of

several tasks. The details of each tasks are described as follows.

1. Materials and Method

A spectroradiometer (Bentham Instrument, model DMc150) installed at
Silpakorn University, Nakhon Pathom province (13.82 °N, 100.04 °E, 39.4 msl), was
used to measure solar spectral irradiance covering the wavelength of 260-420 nm with
the spectral resolution of 1 nm. The pictorial view of the instrument is presented in

Figure 1.

Figure 1 A pictorial view of the spectroradiometer installed at Nakhon Pathom a)

input optics b) the monochromator and detector

2 The part of this appendix has been published Journal of Research on Science and Technology(JARST)
(2022) Vol.21 Issue 1.
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The input optics is located on a rooftop of the science building of Silpakorn
University. These input optics are connected to the double monochromator, the
photomultiplier, and the detector. The electronic signals from the detector were
transferred and displayed on a processing computer, and Benwin+ software was
installed on the processing computer to control the system and for the data acquisition.
This instrument was calibrated using a deuterium standard lamp once per month.

To obtain the UV data responding to psoriasis treatment, the current signals
recorded in the processing computer every ten minutes were converted to spectral
irradiance using its sensitivity retrieved from the calibration. This spectral irradiance
was converted to effective doses for the anti-psoriatic effect of ultraviolet radiation

using the following expression.

t, ( (400
DoseanTipsor (t2, t1) = ftlz (fzgonnnT L) Rxdk) dt (1)

where Doseantipsor 1s an anti-psoriasis-weighted dose in the period t; to ta, I, (t,A) is
spectral irradiance at time t and wavelength A, and Rj. is anti-psoriasis action spectrum

function.
The anti-psoriasis action spectra are defined as follows (1):

(0.6504 x 1070630429613 « 296 nm

1.0000 x 10~90467(300=2) 296 < A < 300 nm

R, = { 1:0000 x 10701067(1=300). 300 < ) < 304 nm 2
0.3743 x 10701571(=309) 304 < A < 313 nm

0.0144 x 100-08233(313-1) 313 < ) < 330 nm

\ 0.0057 x 109-00937(330-1) 330 < )\ < 400 nm

An example of the spectral irradiance and anti-psoriasis action function is
presented in Figure 2, which can be seen that the most effective spectral irradiance for

anti-psoriasis is in the UV-B wavelength.
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Figure 2 An example of spectral UV irradiance at a given time on 1 April 2017

at 8 a.m. and the anti-psoriasis action spectra (Rx)

2. Results and Discussion

In this study, the anti-psoriasis weighted doses retrieved from the
spectroradiometer were used for three years, from 1 January 2016 to 31 December
2018. The dose within an hour was obtained from 7 a.m. to 6 p.m. At each month, the
hourly anti-psoriasis UV doses at the same period were averaged to obtain monthly
average hourly data and then plotted against the local time to investigate the diurnal
variation. For the seasonal variation analysis, the monthly data were plotted against

the month for each period.

- The diurnal variation

The diurnal variation of the anti-psoriasis UV doses averaged during 2016-
2018 are presented in Figure 3. The results indicate that the UV doses increase from
the early morning to reach the maximum value during noontime and decrease until
evening. This is mainly influenced by the position of the sun. In the morning and
evening, the sun is relatively low, and thus path length of solar radiation in the
atmosphere is relatively large compared to the noontime. As a result, the maximum
anti-psoriasis UV doses are 77.6, 76.9, and 52.4 mJ/cm? in the summer (February-

May), rainy (June-October), and winter (November-January) seasons, respectively.
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Figure 3 The diurnal variation of anti-psoriasis UV doses at Nakhon Pathom during

2016-2018

- Seasonal variation

The seasonal variation of the hourly anti-psoriasis UV dose averaged during
2016-2018 is shown in Figure 4 from 7 a.m. to 6 p.m. In addition, the threshold dose
(i.e., 45 mJ/cm?) used for the treatment of psoriasis proposed by (1) was also drawn in
the figures to present the potential of the solar UV dose for the psoriasis treatment in

Thailand.
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Figure 4 The seasonal variation of hourly anti-psoriasis UV doses from 7 a.m. to 6
p.m. at Nakhon Pathom (The red dash line indicates the threshold of UV dose for the

treatment)

The results show seasonal variation in which the anti-psoriasis UV doses are
relatively high from March to October and relatively low from November to February.
This is mainly because of the position of the sun in the sky. The solar zenith angle is
relatively high from March to October, resulting in small solar path length and solar
extinction (2-4). In addition, the figure represents that the potential periods to treat
psoriasis using sunlight within 1 hour are from 10 a.m. - 2 p.m. from March to October
when the value of UV dose is above the threshold value. However, patients can
exposure the sun at other times for a longer period depending on the direction of their
dermatologists. It is noted that the threshold used in this work was defined in (1) for
mid-latitude at San Diego (32.77°N, 117.20°W) and high-latitude at Belsk (51.83°N,
20.78°E), which may not perfectly suit for Thailand. This threshold then should be
further justified for low-latitude as Thailand. Moreover, excessive exposure is harmful.
Therefore, the optimal exposure time for psoriasis treatment should not exceed the

time leading to hazardous health (5).
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- The empirical model

According to the limitation of the ground-based spectroradiometer, they can be
used to measure the UV doses to treat psoriasis. In contrast, UV index (UVI) has been
measured broadly. Therefore, a simple model used to estimate the anti-psoriasis UV
doses is needed. In this study, an empirical model was developed and validated. UVI
was calculated following the method in (6) using the DMc150 spectroradiometer at
the same site. Then hourly anti-psoriasis UV dose was plotted against the UV index
using 2016 and 2017. The graph between the anti-psoriasis UV dose and the UV index

is shown in Figure 5, and the linear least square expression can be written as follows:

DoseANTIPSOR = 6.5713UVI (3)

DoseanTipsor is the anti-psoriasis UV dose (mJ/cm?), and UVI is the UV index

(unitless).

120.0

e
100.0 o

Dose anmipsor (MJ/cm?)

y =6.5713x
R2=0.99

00 20 40 60 80 100 120 140 16.0
UVI (-)

Figure 5 The relationship between anti-psoriasis UV dose (DosePsoriasis) and UV

index (UVI) in 2016 and 2017

For the model validation, the anti-psoriasis UV doses calculated from the
proposed model were compared with those measured from the spectroradiometer in
2018. The validation result presented in Figure 6 shows that the model can estimate
the anti-psoriasis reasonably compared to a method in (7) that used the satellite data

approach.
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3. Conclusion

The anti-psoriasis effective UV dose at Nakhon Pathom was investigated. The
results show that the UV dose was diurnal and seasonal variations and relatively high
from 10 a.m. to 2 p.m., especially between March and October. Therefore, this period
is likely to have the potential for treating psoriasis and several inflammatory skin
conditions. However, the UV doses in other regions may differ depending on the
location, geography, and atmospheric conditions. Therefore, the UV dose in other
regions of Thailand should be further investigated for the extended development of a
national heliotherapy protocol for psoriasis in Thailand. In Thailand, Heliotherapy
using a sustainable abundance of solar energy would transform medical practice on
light-based treatments, which is considered enormously beneficial but time-consuming

and required commitment into perhaps one of the supervised primary aids at home.
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Appendix 3
Development of empirical models for calculating global and diffuse erythemal

weighted solar ultraviolet radiation under clear sky conditions in Thailand 3

Global and diffuse UV erythemal weighted solar radiation under clear sky is
an importance such as forecasting the UV radiation and indication effect of
atmosphere’s components on radiation from maximum radiation of days. Therefore,
the objective of this study is to develop models for calculating global and diffuse EUV

solar radiation under clear sky condition. The details are described as follows.

1. Measurements and Data
Various data sets were used in this study. The details of these data sets are

explained as follows.

1) Global and diffuse EUYV solar radiation

Our research group established solar monitoring stations in four main regions
of Thailand to obtain solar radiation and atmospheric data for our atmospheric and
solar energy research. These regions include Chiang Mai (CM; 18.78°N, 98.98°E) in
the Northern region, Ubon Ratchathani station (UB; 15.25°N, 104.87°E) in the North—
eastern region, Nakhon Pathom station (NP; 13.82°N, 100.04°E) in the Central region,
and Songkhla station (SK; 7.2°N, 100.60°E) in the Southern region. Global and diffuse
EUYV solar radiation, as well as other band and spectral solar radiation, are measured
at these stations. At each station, a broadband UV instrument (Solar Light, model
501A) was installed on a pole at a height of 1.8 m on the rooftop of the station building
to measure the global EUV solar radiation at the station. Voltage signals from the
instrument were captured every second using a datalogger (Yokogawa, model
DX2000). A broadband UV instrument with the same model was installed on a sun
tracker (Kipp&Zonen, model 2AP) with a shade ball to block the direct UV component
to measure diffuse EUV radiation, and the voltage signals from the UV broadband

instrument were captured every second by the same datalogger used to record the

3 The part of this appendix has been submitted in Journal of Science, Engineering and Health Studies
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global EUV radiation. These voltage signals were converted to hourly average EUV
radiation using the procedure proposed by Webb et al. (2006). The EUV data
encompassing the period of January 2011 and December 2020 was used in this study.
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Figure 1 Instruments and locations of the four monitoring sites: (A) UV instruments
for measuring global EUV (B) UV instruments for measuring diffuse EUV (C)
Sunphotometers, and (D) Skyviews

2) Ozone dataset

Ozone is important for the calculation of EUV radiation at the surface of the
earth. In this study, daily total ozone column (O3) data were acquired from OMI/AURA
satellite and downloaded from ftp://tom.gsfc.nasa.gov/pub/omi/data /ozone/ during the
study period. The data at the four stations were extracted and used for modeling and

validation.

3) Aerosol dataset
Aerosols significantly affect EUV radiation, especially in highly polluted
regions like in most parts of Thailand (Janjai et al., 2012). A sunphotometer (Cimel,

model CE-318) was installed at each solar monitoring station to obtain aerosol optical
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properties (Figure 1). The data from the sunphotometer was processed by the Aerosol
Robotic Network (AERONET). In this study, an aerosol optical depth (AOD) at a
wavelength of 340 nm that effects ultraviolet radiation was downloaded from
https://aeronet.gsfc.nasa.gov/. All point data were averaged to obtain hourly AOD data

for use in this study.

4) Sky image dataset

In this study, a Skyview (Prede, model PSV-100) installed at each of our
stations (Figure 1) was set to take an image of half of the celestial spheres every five
minutes. By using this image, cloud cover, or fraction of clouds in the sky in the octa
unit can be obtained. The cloud cover was used to identify the sky conditions, which
can be broadly classified into five classes: clear sky (<1 octas), few clouds (1-2 octas),
scattered clouds (3—4 octas), broken clouds (5—7 octas), and overcast sky (8 octas)
(Grant and Gao, 2003). Therefore, in this study, the data corresponding to the cloud

cover equal to 0 were acquired and used as the data under clear sky conditions.

5) Air mass dataset
The atmospheric path that the solar radiation can pass to reach the surface of
the earth can be explained using air mass. The air mass is calculated using the

following equation (Gueymard, 1993):

P
101.325

) (1

my = my(

where m, denotes the air mass at mean sea level (-), m, denotes the relative air mass

(-) and can be calculated from Eq. (2) presented by Kasten (1965):

m, = [cos®, + 0.15(93.885 — 9,)~1-253]-1 )

where 0, denotes the solar zenith angle (degree).
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From Eq. (1), P denotes the atmospheric pressure (kPa) that can be obtained
from Eq. (3) presented by Lunde (1980):

— = exp(—0.00011847) 3)
0
where P, denotes the standard pressure (101.325 kPa), and Z denotes the height from

mean sea level (m).

2. Method

The hourly global and diffuse EUV solar radiation, aerosol optical depth, air
mass, and daily total ozone column under clear sky conditions were acquired for this
study. The retrieved data were from the period between 2011 and 2020, and these data
were divided into two groups. In the first group, the data acquired between 2011 and
2018 was used for modeling, while in the second group, the data acquired during 2019
to 2020 was used for model validation. For modeling, each data was normalized with
a constant value, which is its maximum value. The relationship between the
normalized EUV radiation and the other atmospheric parameters was generated using
Statistica program to obtain coefficients of empirical models. For model validation,
the global, and diffuse EUV solar radiation from calculations were compared with the
EUYV solar radiation from measurements. Then, the differences between both datasets
were presented in terms of root mean square difference (RMSD) and mean bias

difference (MBD), as shown in Eq. (4) and Eq. (5), respectively.

N 2
Zi=1(EUVmodel,i_EUVmeas,i)
N
N
2:i=1 EUVmeas,i
N

RMSD = \/

X 100% ()

N
Zi=1(EUVmodel,i_EUVmeas,i)

MBD = N x 100% (5)

N
Zi=1 EUVmeas,i
N
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where EUV 0461 denotes the solar erythemal ultraviolet radiation under clear sky
conditions from the model, EUV,5; denotes the solar erythemal ultraviolet radiation

under clear sky conditions from the measurement, and N denotes the number of data.

3. Results and Discussion

- Empirical models

In this study, two empirical models were proposed. One is for estimating global
EUYV radiation and the other is for estimating diffuse EUV radiation under clear sky
conditions. The details of each model are as follows.

By using the Statistica program to obtain the best relationship between hourly
global EUV and the related atmospheric parameters, the model for estimating the

hourly global EUV obtained in this study is presented in Eq. (6).

03 | AOD340 \_ g

EUV a +a
g J— g + 319( 203 max  SAOD340 max/Ma max (6)

EUVg max

where EUV; denotes the global solar erythemal ultraviolet radiation under clear sky
conditions (mW/m?), EUV; max denotes the maximum global solar erythemal
ultraviolet radiation under clear sky conditions (400 mW/m?), O3 denotes the total
ozone column (cm), Oz ;% denotes the maximum total ozone column (0.320 cm),
AOD3,, denotes the aerosol optical depth at 340 nm wavelength (-),
AOD340 max denotes the maximum aerosol optical depth at 340 nm wavelength which
is equal to 5, m, denotes air mass (-), and m, 1, denotes the maximum air mass
which is equal to 20. ay, a;, a5, and a3 denote the coefficients of the model ; ag =
0.0380, a; = 5.7345, a, =—50.1048, and a; = —36.3765. These coefficients are 95%
confidence level.

Similarly, the best relationship between hourly diffuse EUV radiation under
clear sky conditions and the related parameters was obtained in this study. The model

for estimating the hourly diffuse EUV radiation is presented in Eq. (7).

g
EUV (0} AOD m
—d = 4dyg + dq 2 + do 320 + ds ( a ) (7)
EUV{ max 03 max AOD340 max M3 max
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where EUVy denotes the diffuse solar erythemal ultraviolet radiation under clear sky
conditions (mW/m?), EUVy4 hax denotes the maximum diffuse solar erythemal
ultraviolet radiation under clear sky conditions (300 mW/m?). ag, a;, a,, a3, and a,
denote the coefficients of the model; ay = 0.3051, a; =—0.3488, a, =—0.2784, a3 =

0.0018, and a, =—1.9211. These coefficients are also 95% confidence level.

- Validation results

The performances of the models were examined by comparing the UV
irradiance estimated from the models with those obtained from the ground-based
measurements using independent datasets.

The comparison results between hourly global EUV irradiances from the
proposed model and the ground-based measurement at the four monitoring sites are
shown in Figure 2. The differences between the two datasets in terms of RMSD and
MBD are 15.8% and —5.5%, respectively. The validation results for the diffuse EUV
radiation are shown in Figure 3. The RMSD and MBD are 14.9% and 1.1%,

respectively.
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Figure 3 Comparison between diffuse EUV solar radiation from the model
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Our results show that the models for estimating hourly global EUV and diffuse
EUYV radiation performed well compared with those from the ground-based
measurements. In addition, the RMSD, and MBD are in acceptable ranges for the
hourly data. The proposed model for calculating global EUV can be compared to the
model reported by Bilbao et al. (2015) for estimating global EUV radiation under
cloudless conditions in the Marsaxlokk (Malta) campaign having low aerosol loads.
Only two input data were used: solar zenith angle and total column ozone. The
coefficients of the model were adjusted using our dataset to test the performance of
Bilbao’s model in our region. The differences in terms of RMSD and MBD between
the global EUV obtained from the Bilbao’s model and those from the measurement
were 23.4% and —7.2%, respectively: These values are higher than those from our
models. Therefore, the models proposed in the present study are recommended for the

Thai region that has high aerosol loads.
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4. Conclusion

In this research, empirical models were developed to calculate the global and
diffuse EUV solar radiation under clear sky conditions using total ozone column, AOD
at 340 nm, and air mass. The results show that the global and diffuse EUV solar
radiation from the models and the measurement are consistent with RMSD of 15.8%
and 14.9%, respectively, and MBD of —5.5% and 1.1%, respectively. Our findings
show that these models can be used to calculate global and diffuse EUV solar radiation

in tropical regions as in Thailand.
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Appendix 4
Accurate surface ultraviolet radiation forecasting for clinical application with

deep neural network*

Study of surface UV radiation in Thailand showed that this region has
sufficient UV radiation, indicating that heliotherapy is a promising treatment
alternative for skin patients in the country. This work developed a deep learning model

for surface UV radiation forecasting. The details are described as follows.

1. Measurement, Methods and Data

Surface UV and weather data acquisition .

Surface UV radiation, total ozone column, cloud coverage, and aerosol optical
depth at 500 nm (AODS500), were collected at the Faculty of Science, Silpakorn
University, Nakhon Pathom, Tailand (13.82°N, 100.04°E) from January 2009 to May
2019. UV intensity was measured every 10 min from SAM to 7PM at 1-nm wavelength
interval from 280 to 400 nm in mW/m? unit using a DMc150 double monochromator
(Bentham Instruments, Berkshire, UK). AOD500 and cloud coverage data were
collected from 6 AM to 6 PM from January 2011 to December 2018. Hourly AOD500
data were measured by a ground based CE318 sunphotometer (Cimel Electronique,
Paris, France) and calibrated by the Aerosol Robotic Network (NASA, Washington,
DC, USA). Cloud coverage data were estimated on a 0—10 scale from recorded images
of the sky every hour through a PSV-100 skyview instrument (Prede Company, Tokyo,
Japan). Total ozone column data were measured daily in Dobson unit (DU) via an
OMI/Aura satellite (NASA, Washington, DC, USA) from January 2011 to December
2019. The distributions of UV radiation, cloud, ozone and AOD500 in Nakhon Pathom
throughout the year are shown in Fig. 1a—d, respectively.

Hourly downward surface UV radiation in J/m?, total ozone column in kg/m?,
and mid cloud coverage were also downloaded from ERAS5 (1) for London, England
(51.5°N, 0°E) and Tokyo, Japan (35.75°N, 139.75°E) from 5AM to 7PM from January
2011 to December 2019. It should be noted that ERAS datasets were generated from a

% The part of this appendix has been published in Scientific Report (2021) Vol.11 No.1.
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combination of actual observation (every 3-h) and computational reanalysis. ERAS

downward UV radiation data cover the 200440 nm wavelength range.

Data cleaning and preprocessing.

Surface UV radiation exhibits an annual seasonal pattern. We used this pattern
as a justification for using UV data of the same dates from adjacent years to impute
each missing data point. This is crucial because missing UV data often arise from
sensor malfunction which typically spans multiple days. Also, because the artificial
neural network model cannot handle missing values, imputation increases the number
of data points that can be used to train and test the model. Specifically, we impute each
missing data point with the average UV radiation from adjacent 10-min time steps, the
same time steps from adjacent days, and the same dates from adjacent years. The
ranges of adjacent time steps, days, and years that were used for imputation are 2, 5,
and 2, respectively. Imputed data were visually inspected to ensure that the overall UV
intensity follows the expected bell-shape pattern with a peak at around noon. In
Thailand, this bell-shape pattern is often observed from October to January where
there are few rainy and cloudy days. The Nakhon Pathom UV data from 2014 were
excluded from further considerations as there is a technical problem with the
instrument.

Nakhon Pathom UV data were splitinto a training set (2009-2017), for
optimizing the parameters of artificial neural network models, a validation set (2018),
for determining when to stop the optimization process, and a test set (2019), for
evaluating the performance of the final models. We found that using the whole training
set, 1.e., using UV data from all dates and times, to train the models yielded the best
performance. For the validation and test sets, we further exclude data from days with
anomalous UV intensity profiles to prevent them from influencing the evaluation of
the models. Specifically, we removed data from days whose UV profiles are highly
skewed (absolute skewness greater than 0.3), disproportional (ratio between maximal
and minimal irradiances greater than 15), or out of expected range (maximal irradiance
above 400 or below 150 mW/m?). The distributions of cloud coverage in the validation

and test datasets are shown in Fig. 1e and f, respectively. Finally, the antipsoriatic
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irradiance at each time point was calculated from 280 to 400 nm UV data based on
published psoriasis clearance action spectrum formula (2, 3).

For evaluating the impact of incorporating ozone and AODS500 information as
input into SurfUVNet, because these data were available only up to 2018, we re-split
the dataset by setting data from 2009 to 2016 as the training set, data from 2017 as the
validation set, and data from 2018 as the test set. The same quality filter for excluding
data from days with poor UV profiles defined above was also applied to these
validation and test sets. SurfUVNet model variants with and without ozone and

AODS500 as input were then trained and evaluated together on this data split.
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Figure 1. Characteristics of UV and weather conditions at Nakhon Pathom, Thailand. Daily
maximums are shown for UV irradiance, total ozone column, and AOD500. Daily averages
are shown for cloud coverage. Dark lines indicate the average across 2009-2017. Shaded
areas indicate the £1 standard deviation range. (a) Annual surface UV irradiance. (b) Annual
cloud coverage. (¢) Annual total ozone column. (d) Annual AODS500. (e) The distribution of
cloud coverage in the validation set (UV data from year 2018). Both Silpakorn University’s
observations and ERAS data were shown. (f) The distribution of cloud coverage in test set

(UV data from year 2019). Information from Silpakorn University is unavailable.
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SurfUVNet model architecture.

Encoder—decoder-based model is a kind of deep learning model that have been
successfully applied to various applications such as image captioning (4) and machine
translation. In the context of UV forecasting, an encoder—decoder model can be used
to translate a sequence of past observed UV radiations into a sequence of future UV
radiations. The model consists of two parts: encoder and decoder as shown in Fig. 2a.
Both parts consist of multilayered LSTMs. As the names implied, the LSTMs in the
encoder are used for encoding information from the input sequence while the LSTMs
in the decoder decoded that information to generate the output sequence.

As the input to our model, for the main implementation which relies only on
UV data, we use a sequence of 10-min interval antipsoriatic data from the previous
days, denoted as [A1, Ao, ..., A¢] and a sequence of antipsoriatic data from the previous
year, denoted as [B1, Bo, ..., Bi]. For the model variant which also accepts AOD500
and ozone, the inputs Ai’s and B;i’s will include these data of the same time-of-day
from previous days and previous year as well. To handle differences in data resolution
for various features (10-min for UV irradiance, hourly for AOD500, and daily for
ozone), the values of features with lower resolutions were duplicated to match the
highest resolution.

Since the antipsoriatic values are seasonal in nature, we also include day-of-
year information as the input by encoding the day-of-year on a circular index defned

as:

day

Circular Index Date = [sin2m (%) , cosZn(%)] (H
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Figure 2. Schematic of SurfUVNet. (a) The underlying encoder—decoder neural network

architecture showing the flow of data from the encoder to the decoder via the central

connection denoted by St . LSTM and Dense indicates the Long Short-Term Memory and

fully connected neural network layers, respectively. UV data from days prior to the forecast

date are fed into the encoder part while UV data from the same date of previous year are fed

into the decoder part. The model forecasts next-day UV radiation at 10-min resolution. (b) The

autorecursive mode for long-term UV forecasting. To forecast UV radiation for the next N

days, SurfUVNet first forecast next-day’s UV radiation profile and then uses the prediction as

input to forecast UV radiation profile for the day after. Tis process is repeated until the

forecasts for the next N days are generated.
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The circular date feature helps the model to learn the seasonal pattern. The
model predicts future antipsoriatic values, [ ¥1, V2, ... , V¢ |

Next, we provide detailed information of our model.

Encoder. The decoder takes the previous day sequence [A1, A2, ..., A¢] and the
circular date feature as input. We use a bi-directional (5) LSTM as the first layer to
help the model learns the temporal effect in both directions. The latter layers are uni-
directional LSTM that will capture the information and pass the information to the

decoder via the final cell state, St.

Decoder. The decoder takes [Bi, Bo, ..., B¢] as input and uses it to future predict
antipsoriatic values. The first layer of the decoder is a LSTM layer which uses St from
the decoder as the initial value of the cell state. We also add two fully connected layers
with sigmoid activation function with the dropout (6) rate of 0.2 after the LSTM layer
for the final output.

Before feeding the input data to the model, we denoised the input antipsoriatic
data with the Savitzky—Golay filter (7). Applying the filter, smooth out the input data,
removing any possible noise spikes in the data. However, we do not apply this
processing to the target output data. If we train the model to predict the denoised data,
the model is learning to predict the unrealistic data and will not be able to handle
noises in the UV intensities. Ten, we normalized the antipsoriatic data into a range of
[0, 1].

We trained the model using quantile loss (8) defined as:
1 ~ ~
LQUANTILE = S %%, max (q(¥; — yi), (a — DFi — yi) 2)

where y;j is the actual value and ¥, is the predicted value, q is a quantile value which
balances the penalties of overestimates and underestimates. If q is more than 0.5, the
quantile loss gives more penalty to overestimated predictions and vice versa. In our
work, we set q to 0.33 to favor overestimation rather than underestimation because
underestimated results can cause sunburn to patients due to a prescribed sunbathing

time that is too long.
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Model training.
We used Adaptive Moment Estimation (ADAM) (9) as the optimizer. The
learning rate was initially set to 0.0005 and iteratively reduced linearly by 1e—7 per

epoch. Models were trained for 2000 epochs with a batch size of 256.

2. Results

SurfUVNet model architecture.

The task of forecasting in general can be formulated as a problem of finding
the best approximation for the relationship between past and future observations. For
surface UV radiation, which exhibits an annual seasonal pattern, the profile of next-
day UV radiation can be modeled using not only data from previous days but also data
from previous years. Here, we adapted an encoder—decoder architecture, which can
effectively capture relationship between sequence data, to develop an artificial neural
network model for forecasting next-day surface UV radiation. Our model, named
SurfUVNet, takes in UV radiation profiles of the past 7, 14, or 21 days through the
encoder and passes the encoded information to the decoder. The decoder then takes in
the UV radiation profile of the same date as the next day but from last year, combines
it with information from the encoder, and then generates the next-day forecast
(Fig. 2a). Intuitively, because UV radiation exhibits annual seasonal pattern, our
approach models the next-day UV radiation profile asa transformed version of last
year’s data and uses recently observed UV pattern to learn the appropriate
transformation. Finally, to forecast UV radiation profile further into the future, our
approach essentially performs next-day forecast repeatedly via an auto-regressive
approach. For example, if we define today as the day N, to predict the UV radiation
profile for next week, or day N+7, our model first uses data from days N — 6, N — 5,
..., N to forecast UV for the day N+1, and then uses the data from days N — 5, N — 4,
..., N, and the forecast for the day N+1 to forecast UV for the day N+2, and so on
(Fig. 2b).

Benchmark procedure.
We evaluated the performance of SurfUVNet (also called Seq2Seq-14 here)

against four alternative models: a simple model that uses the previous day UV
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radiation pattern as the prediction, an empirical approach that combined physics
knowledge to define the interactions between UV-related factors with regression
technique to learn coefficient values, which is currently in used by the Tai
Meteorological Department, a CNN-LSTM neural network model developed for solar
power forecasting, and an implementation of bidirectional GRU neural network model
which is often used in time series forecasting applications. As prior study has shown
that the CNN-LSTM model benefits from additional smoothing of UV data from rainy
days27, we considered two CNN-LSTM model implementations: one without
smoothing and one with Savitzky—Golay filter (2) (denoted by CNN-LSTM and CNN-
LSTM-SG in Fig. 3a and Table 1). To fairly compare model performance, the
validation and test datasets were subjected to quality filtering to remove days with
highly skewed and out-of-range UV irradiance values (see “Methods” section) where
all models are expected to perform poorly on. However, it should be noted that this
does not mean that our validation and test sets consist of only clear-sky data. The
distribution of cloud coverage shows that both datasets contain many days with cloud

coverage above 0.2 and up to 0.4 or more (Fig. 1e and f).

Next-day antipsoriatic irradiance forecast for Nakhon Pathom dataset.

All artificial neural network models were trained using the same UV data from
2011 to 2017 and evaluated on the same UV data from 2018 and 2019 while the
regression model based on Earth—Sun distance and total ozone column was fit to UV
and ozone data of the same year. All models were trained to forecast next-day
antipsoriatic irradiance at 10-min resolution. Furthermore, as past UV radiation profile
is a critical input data for artificial neural network models, we tried inputting data
from 7, 14, or 21 days prior to the forecast date to explore whether the models benefit

from seeing data from more distant past
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Figure 3. SurfUVNet accurately forecast antipsoriaticirradiance throughout the day. Results
on Nakhon Pathom dataset were shown. (a) Comparison of the mean absolute percentage
errors (MAPE) for the next-day antipsoriatic irradiance forecast between SurfUVNet
(Seq2Seq-14) and four benchmark models (see “Methods” section). Previous day model
simply predicts next-day’s UV radiation to be the same as today’s. Regression model refers to
the regression model based on Earth—Sun distance and total ozone column currently in used
by the Thai Meteorological Department. BiGRU is an artificial neural network architecture
that is often utilized for time series forecasting. CNN-LSTM, and CNN-LSTM-SG are
artificial neural network models that were recently applied to UV forecasting in the energy
domain. The tags — 7, — 14, and — 21 designate the length of UV data, in days prior to the
forecast date, that were input into each model. (b) Distribution of MAPE for the validation set
(UV data from 2018) throughout the times of the day. Results for the best performing models,
namely CNN-LSTM-SG-7 and SurfUVNet (Seq2Seq-14), are shown. (c) A similar plot
showing distribution of MAPE for the test set (UV data from 2019). (d) Comparison of ground
truth UV data and forecasts made by SurfUVNet for the validation set (UV data from 2018).
Error bars indicate one-standard deviation ranges. (e) A similar plot for the test set (UV data

from 2019).
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Overall, SurfUVNet achieves the best next-day forecasting performance with
mean absolute percentage errors (MAPE) of 10.41 and 10.51 on the validation and test
sets, respectively (Seq2Seq models in Fig. 3a and Table 1). It should be noted that
while the CNN-LSTM-SG model can also reach similar levels of performance (MAPE
of 11.39 and 11.84), it is highly sensitive to the length of input UV data. Changing the
length of input UV data from 7 days to 14 or 21 days significantly raises the MAPE of
CNN-LSTM-SG models to 13.87—17.74. In contrast, the performance of SurfUVNet
is stable with respect to the length of the input. Furthermore, SurfUVNet achieves
consistent forecasting accuracy throughout the day while the CNN-LSTM-SG model
produce significantly higher forecast error during the morning and afternoon hours
(8AM-9AM and 2PM-4PM) compared to the middle of the day (Fig. 3b and c).
Lastly, comparison of ground truth antipsoriatic irradiance and SurfUVNet’s forecast
confrmed that SurfUVNet’s prediction closely mimics the expected bell-shaped
pattern of daily UV radiation in both validation and test sets (Fig. 3d and e)

Table 1. Mean absolute percentage errors (MAPE) of the next-day antipsoriatic

irradiance forecasting produced by SurfUVNet and benchmark models on Nakhon

Pathom dataset.

Model Number of parameters | Validation set MAPE (2018, BAM—4PM) | Test set MAPE (2019, 8AM—4PM)
Previous day model - 1393 14.58
Ll't‘fat:;:um maodel based on Earth-Sun distance and total ozone & 3557 3533
BIGRU-7 39165013 13.00£0.16" 2 12+0.33
BIGRLUI-14 78,158,933 1266+ 062 2115+120
BiGRLI-21 117,152,853 13.07 £ 063 2033 £0.47
CNN-LSTM-7= 16.82£0.73 17.67 £0.91
CNN-LSTM-14% 17214115 1740 +0.44
CNN-LSTM-217 o 17.02£0.20 1787 £0.24
CNN-LSTM-5G-7 1R 11392057 LB 2063
CNN-LSTM-5G-14 17.142 .01 1774 £0.70
CHNN-LSTM-5G-21 13872259 1448 £ 1.96
Seq2Seq-7 1018 £0.53 10.60 +0.34
SeqSeq- 14 (SurflI'VNet) 1,627.393 1041 £0.43 10,50 £0.41
SeqlSeq-21 11352164 1L19£0.33




92

Table 2. Mean absolute percentage errors (MAPE) of the next-day antipsoriatic
irradiance forecasting produced by SurfUVNet and other models on the ERAS Tokyo

and London datasets.

Tokyo London
Validation set MAPE (2018, Test set MAPE (2019, Validation set MAPE (2018,
Maodel BAM-4PM) BAM-4PM) BAM-4PM) Test set MAPE (2019, 8AM-4PM)

Previous day model 278 3550 18.14 4357

Regression model based on Earth-
Sun distance and total ozone le.ss 1652 18.68 19.17
column™

CHMN-LSTM-5G-7 14.75+0.41 15771033 13141035 1627 +0.54

CNN-LSTM-5G-14 13.18+0.28 14991051 12.1910.19 17.78£0.19

Sc\qESEq-l-I {SurfUVMet) 1183044 1272+ 0.67 11.54+0.50 17.74£0.19

Next-day downward solar UV irradiance forecast for Tokyo and London
datasets.

All models were further evaluated on hourly downward solar UV irradiance
data obtained from ERAS5 for Tokyo, Japan and London, England, which represent
different weather regimes from Thailand’s. In contrast to the seasonal cloud coverage
pattern at Nakhon Pathom (Fig. 1b), cloud coverage for Tokyo and London fluctuates
around 0.2-0.4 year-round. Furthermore, day-to-day variation in UV radiation profiles
are much higher in Tokyo and London compared to Nakhon Pathom, as indicated by
much higher MAPE between today’s and the next day’s UV profiles (Tables 1 and 2,
21.78-35.50 for Tokyo, 18.14-43.57 for London, and 13.93-14.58 for Nakhon
Pathom). Overall, SurfUVNet performs competitively, achieving MAPE of 12.72 and
17.74 for the next-day forecast for Tokyo and London datasets, respectively (Table 2).
The regression model based on Earth—Sun distance and total ozone column performs
much better on these datasets than on Nakhon Pathom’s (Tables 1 and 2, MAPE of
16.52-19.17 on ERAS compared to 25.52-25.57 on Nakhon Pathom) and only slightly
worse than the artificial neural network approaches. Again, it should be noted that the

validation and test sets contain many days with considerable cloud coverage.

Adding weather information does not improve forecasting.

As atmospheric conditions can refect and scatter UV radiation before it reaches
the Earth’s surface, we tried incorporating total ozone column, atmospheric aerosol
(AOD500), and cloud coverage data into SurfUVNet. However, cloud coverage data

contain many missing values that could not be imputed due to the irregularity of the
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data and had to be excluded from model development. Instead, we used cloud
coverage data to evaluate whether SurfUVNet overestimates the amount of UV
radiation when the weather is cloudy. Tis reveals that SurfUVNet’s forecasting errors
weakly correlate with cloud condition (Fig. 4, spearman rank correlation=0.16776,
—0.04546, and 0.20229 for Nakhon Pathom,

Tokyo, and London 2019 datasets). For Nakhon Pathom dataset, SurfUVNet’s
forecast error stays roughly the same before shifing upward when cloud coverage goes
above 0.7 (Fig. 4a). For Tokyo dataset, SurfUVNet’s error is not correlated with cloud
coverage at all (Fig. 4b). SurfUVNet’s error shows the clearest correlation with cloud
coverage in London dataset (Fig. 4¢). Addition of ozone and AODS500 data into
SurfUVNet does not improve the performance of the base model that utilizes only UV
data (Supplementary Figure 3). The model with ozone and AODS500 data achieves
MAPE of 15.33 on the validation set (data from 2017) and MAPE of 13.91 on the test
set (data from 2018), while the base model achieves MAPE of 14.32 and 13.60,
respectively. Tis may be because ozone and AOD500 data were collected at lower
frequency (hourly vs every 10 min) and at a shorter time period during the day (6AM—
6PM vs SAM-7PM) than UV data. Although data from the early morning and late
evening hours where the amount of UV radiation is almost nonexistence should not
contribute much to the forecasting of UV radiation during daylight hours, we found
that withholding UV data from 6 AM to 8AM and 4PM to 6PM from the model slightly
raises error from 10.51 to 11.78 MAPE (Wilcoxon signed rank test result is not
significant with p value=0.5567). Lastly, to evaluate the impact of uncertainty of next-
day ozone and AODS500 on the forecast performance, a variant of SurfUVNet was
trained with the actual values of next-day ozone and AODS500. Tis does not reduce the
forecast error (MAPE of 15.70 and 15.50 on the validation and test sets, respectively),

indicating that the limitation lies elsewhere.
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Figure 4. SurfUVNet’s forecast error weakly correlates with cloud coverage. Violin plots
showing the distribution of SurfUVNet’s forecast error in 1-h interval with various cloud
coverage. Errors on the test sets (UV data from year 2019) are shown. (a) Nakhon Pathom
dataset. (b) Tokyo dataset. (¢) London dataset. (d) Heliotherapy sunbathing sessions planned
by photodermatologist at King Chulalongkorn Memorial Hospital. Each data point that
constitutes the violin plots correspond to the error between predicted and actual antipsoriatic
irradiances that a patient would be exposed to if he or she were to sunbath according to

dermatologist’s planning.
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Figure 5. Long-term antipsoriatic irradiance forecasting. Results on Nakhon Pathom dataset
were shown. (a) Diagram of two approaches for making long-term forecast: developing
specific artificial neural network model for making forecast for a specific day that is a certain
number of days into the future (left) and autoregressively using the next-day forecast as input
for making forecast for the day after that (right). (b) Long-term antipsoriatic irradiance
forecasting performance for up to 28 days into the future on the validation set (UV data from
2018) and the test set (UV data from 2019). Performance for SurfUVNet, the regression model
based on Earth—Sun distance and total ozone column, and the best CNN-LSTM models were

shown.

Long-term antipsoriatic irradiance forecasting.

Long-term UV forecasting is essential for heliotherapy applications as it allows
clinicians and patients to plan sunbathing schedule in advance and make necessary
adjustments to the schedule to achieve the desire UV radiation dosage. We explored
two approaches for forecasting antipsoriatic irradiance for up to a month into the
future (Fig. 5a). The first approach is to train a collection of artificial neural network
models, each making the forecast for a specific date that is a certain number of days
into the future. In other words, we trained one model for making the next-day forecast,
one model for making the forecast for the day after that, and so on. The second
approach is to train a single model for making the next day forecast and then
autoregressively use the next-day forecast as in input to make the forecast for the day
after that. Evaluation on Nakhon Pathom 2018-2019 UV datasets showed that the

performance of the autoregressive approach is quite stable with average MAPE of
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13.70-15.79 for forecasting up to 28 days into the future (Table 3 and Fig. 5b). On the
other hand, developing specific models for specific days performs well on the 2019
dataset but poorly on the 2018 dataset (MAPE of 11.46 vs 18.38 for forecasting up to
28 days into the future). We also additionally explored the possibility of training a
model that can forecast UV profiles of multiple days at once, but the performances
were much worse than the two methods described above (MAPE of 29.49 and 49.69
for forecasting the next 7 days at once on the 2018 and 2019 datasets, respectively).
Hence, we decided to choose the autoregressive approach for SurfUVNet. It should be
noted that the regression approach based on Earth—Sun distance and ozone information
performed poorly on Nakhon Pathom’s UV data even for next-day forecast (Table 1,
MAPE of 25.32-25.57).

3. Discussion

We have developed SurfUVNet, an artificial neural network model for
predicting surface UV radiation that achieves around 10% error for next-day forecast
and 13—-16% error for 7-day up to 4-week forecast. This affirms that quantitative UV
forecast is appropriate for heliotherapy applications, which tolerate up to 10-25%
error level. SurfUVNet’s performance is competitive on UV data from multiple
regions, Thailand, Japan, and England, and on both antipsoriatic and downward
irradiance. Hence, SurfUVNet can be adapted for forecasting other useful UV action
spectra such as vitamin D production and erythemal UV index as well. In fact, our
model can even be trained to forecast antipsoriatic irradiance from input erythemally-
weighted UV data from a UV Biometer instrument with a small performance reduction
(data now shown). Tis capability is necessary for establishing a national heliotherapy
network in Thailand because there is only one full-spectrum UV sensor located in the
central region of the country while the rest of the country is covered by a network of
UV Biometers.

A key limitation of artificial neural network is that it tends to overfit to the
training dataset and does not generalize well to other datasets that come from different
distributions. In the context of UV forecasting, this dictates that the model must be
retrained with data from particular weather station in order to be usable for that

geographic region. Indeed, the accuracy of each model varies by 5—-6% across the
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three geographical regions, Thailand, Japan, and England and even across 2018 and
2019 in the case of London dataset (Tables 1 and 2). For the case of London dataset,
comparison of UV profiles between consecutive days in 2019 showed an extremely
high average variation of 43.57%. The discrepancy in performance of the regression
model based on Earth—Sun distance and total ozone column developed by the Tai
Meteorological Department22 between Nakhon Pathom and ERAS datasets (25%
error on Nakhon Pathom and 16-19% error on ERA541 (1) datasets) could be
attributed to the fact that ERAS5 data, which contain more detailed ozone measurements
(hourly compared to daily) and were computationally interpolated, are likely to be

more easily fitted by regression.

Table 3. Mean absolute percentage errors (MAPE) for long-term antipsoriatic

irradiance forecasting for up to 28 days into the future on Nakhon Pathom dataset.

Model Target day | Validation set MAPE (2018, BAM-4PM) | Test set MAPE (2019, BAM-4PM)
7 2557 1507
Regression model based on Earth-Sun 14 26.10 15
distance and total ozone colurmn™ a1 2663 95 45
28 2637 1553
7 16 18+0.42 16,68 +0.59
CNN-LSTM-SG-T 14 16.09+1.70 1660+ 1.77
Forecast specific date 21 14.91 £ 1.08 1524 £0.29
28 14.76+13% 15.09+1.56
7 18561265 1741270
CNN-LSTM-5G-7 14 HAE0+2 31 19.49+2 62
Auto-regressive 21 2 51£197 237 1B}
R XM 45+ 160 1 62+098
7 16.69 £0.92 1673 1.16
CNN-LSTM-5G-14 14 14.82 £0.63 1549+ 1.43
Forecast specific date 21 15.96 £0.99 16.18 0,46
28 15.46£0.71 1555+ 1.14
7 1731 £045 17771055
CNN-LSTM-SG-14 14 17.20£0.47 19.16:£0.65
Auto-regressive 21 17.13£0.50 10.71£0.57
28 17.00 £ 050 20.83+0.97
7 1221 +065 12 68+0.53
hngeq_ 14 (SurfUVNet) 14 1642 +1.40 1280+ 164
Forecast specific date 21 1661 £1.29 1197 £0.88
28 18.28+157 11461038
7 1313041 13.86+0.91
Seq2Seq-14 (SurfUVNet) 14 14.03 £0.62 14.09:+ 149
Auto-regressive 21 14.22£0.74 13832220
R 1579+ 1 90 1370+ 265
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The fact that SurfUVNet’s forecast error only weakly correlates with cloud
coverage (Fig. 4) is unexpected but may be explained by the fact that cloud coverage
in Nakhon Pathom exhibits clear seasonal pattern (Fig. 1b) and that the UV radiation
profiles are stable over consecutive days (Table 1, MAPE of 13.94-14.58 for previous
day model). On a geographical region with highly variable weather condition, such as
London in 2019, artificial neural network models’ performance drop significantly
(Table 2) and the error of SurfUVNet exhibits higher correlation with cloud coverage
(Fig. 4c). Hence, artificial neural network models seem to be able to exploit seasonal
weather pattern and day-to-day variation to achieve good performance without relying
on explicit cloud coverage information. Tis capability of the model to extract seasonal
patterns may also explain why addition of ozone and AODS500 information did not
improve the performance of SurfUVNet (Supplementary Figure 3), particularly as
AODS500 level at Nakhon Pathom closely follows the same seasonal pattern as cloud
coverage (Fig. 1d).

We explored two approaches for forecasting long-term UV radiation. Initially,
we expected that developing a specific model for making the forecast for a specific
date a certain number of days into the future would yield better performance than an
autoregressive approach which use the next-day forecast as input for making the
forecast for the day after because forecasting errors would accumulate through
autoregressive steps. However, the models for specific date seem to overfit the training
data, performing well on the 2019 dataset but poorly on the 2018 dataset (Table 3,
11.46% vs 18.28% error for forecasting up to 28 days into the future). In contrast, the
autoregressive approach performs more consistently (13.70% and 15.79% error). An
explanation for the over-fitting of the model trained for specific date may be because
the relationship between today’s and next week’s UV radiation profiles is so weak that
the models learn mostly patterns that are specific to the training dataset. The poor
performance of models for multi-day forecast (29.49-49.69% error for 7-day forecast)
is likely due to the sheer number of outputs that the models must optimize. To make a
7-day forecast at 10-min resolution, the model has to output 595 values. From these
results, we recommend the autoregressive approach for making long-term UV forecast

with SurfUVNet.
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To prospectively examine whether SurfUVNet’s performance is sufficient for
heliotherapy applications, we asked photodermatologist at King Chulalongkorn
Memorial Hospital to plan a 3-month sunbathing course based on SurfUVNet’s output
and then compared their schedule with the ground truth antipsoriatic irradiances of the
same time interval. Tis reveals that the error in antipsoriatic dose that the patient
would receive by following the clinician’s sunbathing protocol remains well within
the acceptable 10-25% up to 0.3 cloud coverage (Fig. 4d, MAPE of 11.23). A possible
solution for accounting for weather effects on UV radiation that we are exploring is to
have each patient carry a portable UV sensor or a smartphone equipped with light

sensor and use that data to adjust SurfUVNet’s forecast in real-time.
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