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Abstract

Ultraviolet (UV) radiation has several effects oantan health as well as other
biological and chemical systems. The radiation lbarweighted with the erythemal
action spectrum and then converted to the dimelesenUV Index, which is
designed to indicate the detrimentalhburning powerof the radiation for public
heath purposes. A global view of the erythemallyighted irradiance from the
Ozone Monitoring Instrument (OMI) on board the Auspacecraft has been
available since July, 2004. However, ground-basadiation and correction of the
satellite data are still required. In this thesi®e erythemal dose rates at local solar
noon taken from the satellite were compared to mpldoased data measured by
spectroradiometers or broadband radiometers in different climate areas: the
Tropics and midlatitudes. This seeks to redress l#lo& of data and satellite
validation for the Tropics, and also allows comgami with previous work in
midlatitudes. The validation results show that Hagellite data overestimates the
ground-based data by 9%-32% at the cleanest siteanmuch higher discrepancy at
polluted sites. Using a radiative transfer modeificmed that the positive bias in the
satellite data was mainly caused by aerosol ahisorfgtat is not taken into account
in the satellite retrieval algorithm. Thereforeptempirical methods were introduced
in order to correct the OMI UV data for absorbingrasols under clear sky
conditions. These methods required aerosol optath and aerosol single
scattering, or aerosol absorption optical depthinasit parameters. The methods
improved the OMI UV data by up to 30% dependingsda and input data source.
For cloudy conditions aerosol data is usually natilable either from ground-based
or satellite-based measurements; however, theteffedoud is usually far greater
than that of aerosol, and some of the aerosol teffemattering) is intrinsically
included in the cloud correction. A further empatienodel for cloudy conditions
was derived to reduce bias of the OMI UV data weébpect to ground-based data.
The method only requires the OMI UV data as antinpbe cloudy model reduced
the bias by about 13%-30% depending on site, and ganilar results even when
used with clear sky data. Since ground-based datparse, the final goal of the
work was to produce a corrected map of UV indextli@er whole of Thailand, based
only on data available from satellite, which giel regional coverage. Issues with
availability and quality of satellite data mearattihe best results were achieved by
using only the cloudy sky correction, for all camahs. The resulting daily noontime
UV Index maps of Thailand were assessed againstingrbased data for
independent years. The corrected UV Index was wi#t# compared with ground-
based data for all sites, compared to discrepanaiesp to 4 UV Index for
uncorrected data.
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Chapter 1 — Introduction

Chapter 1— Introduction

1.1 General Overviews

Solar ultraviolet (UV) irradiance may produce aiggr of effects, many of them
detrimental, on human health, terrestrial and aquetosystems. In this thesis, the
erythemal irradiance affecting human skin is takenthe focus. It refers to the
spectral UV irradiance weighted by the erythemaoactspectrum defined by
Commission Internationale de [I'Eclairage (CIE), or layman’s terms the
“sunburning powerof the radiation. It is becoming increasinglyfaitlt to ignore

the knowledge of its variability in space and time.

The amount of UV irradiance can be measured dyéxagtiground-based instruments
and calculated by using model calculations, fotanee, radiative transfer models
and empirical models. The model outputs are limibgdthe knowledge of the
atmospheric conditions being modelled, i.e. theilabgity of relevant input data.
Since ground-based measurements have been insslledited sites, covering a
small fraction of the earth’s surface, satellite @stimation techniques based on
radiative transfer models and reflectivity measwsta are a promising advance
since they can in principle provide UV irradiance the global basis. However,
satellite data represents average conditions avge lareas, and it is based on model
calculations including some assumptions that amesimes unrealistic. Thus, the
validation of satellite data with ground-based dateequired. Recent validations of
satellite retrievals have been concentrated mastiggions of midlatitudes and high
latitudes, where there are the most ground-bass#tlments. Far too little attention
has been paid to Tropical sites. Therefore, thesithexamines erythemal irradiance
retrieved from Ozone Monitoring Instrument (OMI) time Tropics with respect to
local ground-based measurements, and comparesesiésr to similar validation

techniques at midlatitudes.

1.2 The Purposes of This Work

The final goal of this work is to provide a methoflusing satellite retrieved UV

irradiance to provide public health information enythemal irradiance in the

14



Chapter 1 — Introduction

Tropics, specifically in Thailand. To that end, tbatellite data must first be
validated against ground-based measurements. @hiation is undertaken both for

sites in the Tropical and midlatitudes.

The objectives in achieving this goal are:

- To identify the differences between erythemal ilmade at local solar noon
retrieved from OMI and measured from ground-basstfuments.

- To present new methodologies of estimating theheryial irradiance using
both satellite and ground-based data. The methoils be tested by
application in the midlatitudes and the Tropics.

- To investigate and compare the success of the weprents to the basic
OMI retrievals in the two different climates.

- To provide data for public use, for example, ergihe irradiance or UV

Index maps, based on the empirically improved kiseétrievals.

1.3 Outline of Structure

In the following chapter, it begins by laying outet background and literature
review. In Chapter 3, sites and instrumentatiordusehis research are described. In
Chapter 4, comparisons between satellite and grbasdd data for clear sky and all
sky conditions have been investigated. ChaptenmsdS6aintroduce methodologies to
improve satellite estimates for clear sky and closkly conditions. The results of the
further extension to generate UV maps for Thailangel shown in Chapter 7. The

final conclusion is presented in Chapter 8.

15



Chapter 2 — Background and Literature Review

Chapter 2— Background and Literature Review

2.1 Solar Ultraviolet Radiation

Solar radiation is electromagnetic radiation erditiey the sun. The emission
spectrum of equivalent blackbody temperature ofstiie at 5900 K is represented in
Figure 2.1, compared with the spectrum of solaadiance at the top of the
atmosphere and ground surface. The majority ofr saldiation, with a wavelength
more than 300 nm, is emitted from the sun’s phdtesp whereas the radiation with
a wavelength less than 300 nm is emitted from th&'sschromosphere. Solar
radiation whose wavelength is shorter than 50 nradgated from the corona. In the
earth’s atmosphere, wavelengths shorter than 30@rermainly absorbed by ozone
and molecular oxygen and wavelengths higher th&nhnf are absorbed by water
vapour and carbon dioxide, to give the spectruthasurface shown in Figure 2.1.
[Salby 1996]

— T T 1T T T T 17 T T T T T 11

SOLAR RADIATION

IRRADIANCE (Wm2nm')

12&0 1600 I
WAVELEMGTH (nm)

Figure 2.1 The spectrum of a black body at 5900 K (dashe@)sgectrum of solar
irradiance at the top of the atmosphere (solid)arttie earth’s surface (shaded)
[Salby 1996].
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Chapter 2 — Background and Literature Review

It should be noted that there are artificial sosroé UV radiation such as high-
pressure discharge lamps and welding aNRHB 2002]; however, all naturally
occurring UV radiation arriving at the earth’s sw# is from the sun. Solar UV
radiation is only about 5% of the solar radiatiantl@e top of the atmosphere
compared to 55% in the visible and 40% in the nefdaranges Yardavas and
Taylor, 2007]. It can be subdivided into three categoi®gA (315-400 nm), UVB
(280-315 nm) and UVC (200-280 nm) according to Gigsed on physical effects
[Weblh 2000b]. When the radiation passes through thdh'saratmosphere,
absorption and scattering processes occur, e gps@ion by atmospheric gases and
aerosols, scattering by aerosols and clouds. AtthddVC radiation has the highest
photon energy, it is essentially all absorbed Imycspheric oxygen and ozone in the
“Hartley band. Most of UVB radiation and some of the UVA radat are also

absorbed by atmospheric ozone in thieiggins banti demonstrated in Figure 2.2.

ABSORPTION BY Oy
AT
PE--‘IH'
&
= al HARTLEY
ﬁ HUGGINS
§ =
=2
§E.21 CHAPPUIS
22t
B aw 0 w0 60 70 80

WAVELENGTH (nm)

Figure 2.2 0zone absorption coefficient of UV radiatiddg]lby 1996].

Much of the interest in solar UV radiation stemsnirits effects on human health,
most often quantified as the erythemal irradiari€eithema is sunburn and the
action spectrum for this effect is defined by CIB98], afterMcKinlay and Diffey

[1987]. It is this measure of UV radiation with whiwe will be concerned. The

erythemal weighting function is defined by Equatibh.

17



Chapter 2 — Background and Literature Review

10 for 250< A <298 1m
10904 N) for  298< A <3281m
10 %0140M for  328< A < 400nm

0.0 for A >4000m

CIEQ\) = (2.1)

where CIE(A) is the normalised erythemal weighting functmmerythema action

spectrum, and\ is wavelength (nm).

Erythemal irradiance can be calculated by integgatthe product of spectral
irradiance and erythema action spectrum over thé Wvid the UVB ranges as

shown in Equation 2.2.

400
Erythemalrradiance = [ I(\)CIE(\)dA (2.2)

250

where 1{ ) is the spectral irradiance (W?), and CIE { ) is the erythema action

spectrum.

For public awareness, the level of erythemally \Wwiad UV irradiance at the earth’s
surface is converted to a unitless value callg¥ ‘IndexX or “UVI” [WHQ, 2002].
The UV Index can be calculated by dividing the legyhally weighted UV irradiance
(mW-m? by 25 nf:mW™. The integer UV Index is further separated intodsa
based on effects on a fair-skinned person as showigure 2.3. Values less than 2
are defined as low risk whereas over 10 are extr@ay@d sunburn). Maximum
values of UV Index are determined mainly by latéuand altitude, e.g., the UV
Index value does not exceed about 6 in Southerar@ntCanadaHioletov et al,
2004] while it can be up to the value of about t@nore in the Tropicsllyas et al,
1999;Janjai et al, 2009a], and reaches up to 20 at a tropical hitinde station in
Andean Altiplano, Argentinajede et al.2002].
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Chapter 2 — Background and Literature Review

EXFOSURE CATEGORY UVI RANGE

MODERATE 3TOS

Figure 2.3UV radiation exposure categoria&/iHO, 2002].

2.2 Factors Influencing Solar UV Radiation

Since solar UV radiation is electromagnetic radiatiwhen it passes through the
earth’s atmosphere it can be absorbed, scattekdefiacted by the components of
the atmosphere such as atmospheric gases, airutedeclouds, aerosols and ozone.
Its intensity at the surface also depends on thiar senergy output, some
geographical factors such as the solar zenith aagtethe sun-earth distance, and
finally the albedo of the surface. This sectioncdé®s the main factors affecting

UV radiation reaching the earth’s surface.

2.2.1 The Extraterrestrial Solar Spectrum

The total solar output reaching the top of the aphere at the mean sun-earth
distance is called thesblar constaritwhich is actually variable. The average solar
constant measured by several satellites is abot® 18m™. Variability in solar
output is controlled by two phenomena: the 27-dabarsrotation and the 11-year
solar cycle. This variability influences the amourit extraterrestrial solar UV
radiation. The variation of the total solar extregstrial radiation is about 0.1% or 1
W-m? during each 11-year sunspot cycle, while at UV elengths it is a few
percent Lean et al. 1997]. Since increases in solar output resulinore ozone
production, the UV radiation is absorbed more befarriving at the surface, and
surface UV radiation follows the ozone cycle. Toml solar output also depends on
the distance between the sun and the earth’s surBerause of the eccentricity of
the orbit of the earth, the distance between thead the earth is smallest on 3
January (perihelion) and largest on 4 July (aph¢haith the difference of about 7%
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between extremes. As a result, the incoming scdaiation varies by+3.5%
throughout the year.
[Igbal, 1983;Salby 1996;WMO, 2007]

The solar spectrum outside the earth’s atmosplremnebe obtained by the ground-
based Langley plot metho®4is 1997;Grobner and Kery 2001] and space-based
measurements from satellite instruments onboand,ekample, the Atmospheric
Laboratory for Applications and Science (ATLAS)etiNational Oceanic and
Atmospheric Administration (NOAA) and the Upper Aiaphere Research Satellite
[Cebula et al. 1996;WMOQO, 2007]. The comparison of the solar spectrum ftben

ground-based Langley plot method and the sateliiteasurements shows an

agreement better thai3%.

2.2.2 Solar Zenith Angle

The solar zenith angle is the angle measured atdh@’s surface between the sun
and the local zenith, and depends on latitude opeasd time of day. It is the factor
most strongly influencing solar radiation intensitgusing diurnal, annual and
latitudinal variations in the amount of UV irrad@nat the earth’s surface. When the
sun is at a high position in the sky, the radiatravels through less atmosphere, and
Is absorbed and scattered less, so more UV radiati@ches the earth’s surface. On
the other hand, the radiation passes through nfdieecatmosphere when the sun is
at a lower position, so less UV radiation reachesdround. In addition, radiation
striking the ground at a larger solar zenith angjlgpread out over a larger area, thus

significantly reducing irradiance.

Solar zenith angle can be calculated following Eguna 2.3 and 2.4 as described by
Igbal [1983].

8, = cos™(sindsin@+ coSd COSPCOSw) (2.3)

where 0, is the solar zenith angle,

¢ is the geographic latitude,
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w is the hour angle, the angular distance that &inéh dnas rotated in a day. In
one day (24 hours) the earth rotates°3@Merefore, the hour angle is equal t¢ 15
multiplied by the number of hours from local solabon, and defined by

w = 1502 - hour) where hour is the current time of the day.

0 is the solar declination, the angular distancéhefsun at local solar noon
with respect to the celestial equator plane. It meximum (23.8) on the
summer/winter solstice and minimum on the equinoXée solar declination can be

calculated as follows:

0= 180° (0.006918-0.39991z0sl +0.07025%&inT"
Tt

—0.00675&0s2I + 0.00090&in2I 2.4)

—0.002697cos3 + 0.0014&in3I)
wherel" =2mn(d, —1)/365 andd, is the day number of the year.

2.2.3 Altitude

Altitude, is the height of the surface above seellda.s.l.), also influences the
amount of solar radiatiorBJumthaler et al. 1997;Dubrovsky 2000;Pfeifer et al,
2006; Schmucki and Philipona2002; WMQ, 2007]. At high altitudes, more UV
radiation reaches the surface because the radigimses through less of the
atmosphere before it reaches the surface. Alshigat altitudes the surface is often
covered with snow, contributing to enhanced UV draace with high surface
albedo. Thus, the effects of altitude depend oatlon, through the local surface and
the clearness of the atmosphere. The variation alittude of erythemal radiation
measured by Robertson-Berger broadband filter Wlforaeter at two sites: Hradec
Kralove (50.17N, 15.83E, 278 m a.s.l.) and Milesovka (508§ 13.93E, 827 m
a.s.l.) in the Czech Republic, was found to be 4%% per km Dubrovsky 2000].
The wavelength dependency of the altitude effe@amisch-Partenkirchen (730 m
a.s.l.) and Wank (1730 m a.s.l.) in Germany was edported byBlumthaler et al.
[1997]: 9% per km at 370 nm, 11% per km at 320 24% per km at 300 nm. The
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effect is far more pronounced at short wavelendibswill depend on the amount of
aerosol and ozone in the layer between any twiudés. For instancélerman et al.
[1999b] reported that with every 1 km increase lirtuale, the erythemal radiation
increases by 10% to 40% in Germany where the Idnu@é sites considered were
relatively polluted and cloud effects were includf8lumthaler et al. 1997;
Schmucki and Philipon&2002;Seckmeyer et al1997].

2.2.4 Stratospheric Ozone

Ozone ©,) is a molecule of three oxygen atoms naturallyntbin the stratosphere

where it is produced (see in Equations 2.5 and. Z&)ccurs mainly at altitudes
between approximately 25 km and 100 km. Stratosphezrone is the main
component of the atmosphere which strongly abssobes UV radiation, especially
UVC and UVB and some part of UVA radiation (seeBquations 2.7 and 2.8)
[Liou, 2002].

O,+hv - 20’)\ <242nm (2.5)
0+0,+M - O, +M (2.6)
O,+hv - O, +O,)\ <1100m (2.7)
0+0, - 20, (2.8)

where hv is solar energy depending on wavelength. M istaimg atom or molecule

such as Mand Q, andA is wavelength.

The absorption of UV radiation by ozone dependswavelength. For example,
ozone absorption of the radiation at 320 nm is di¥ly of that at 280 nmWebh

1998]. Figure 2.2 shows the ozone absorption csestion in three bands: Hartley
band, Huggins band and Chappuis band, coveringJthend visible wavelengths.

We can see that UV radiation is strongly absorlmethé Hartley band and weakly
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absorbed in the Huggins band whereas the Chapparsd kcovers visible

wavelengths and is also relatively weak.

The study of atmospheric ozone was first beguménniid-1920s using the Dobson
instrument developed at Oxford University, followdndy a network of six
instruments in the late-1920s. A big increase taltozone measurement with about
100 instruments began in the year 1957 during nikernational Geophysical Year.
In the early 1980s, the Brewer spectrometer was déveloped to measure total
ozone. At present there are more than 200 Brewerctspneters installed
worldwide, and more than 100 Dobson instrumentt) bontributing to the ground-
based network of ozone measurements. Apart fromngktvased measurement, total
ozone data has been available from satellite measnt since 1979, e.g., Total
ozone Mapping Spectrometer (TOMS), Solar Backscdtiktraviolet (SBUV),
Global Ozone Monitoring Experiment (GOME), whicmcshow the pattern of total
ozone on a global scale. The data from all thesasarements led to the discovery
of ozone depletion and determined the basic gebgralpand annual behaviour of
total ozone. They have been also shown that tatah® is strongly correlated to
weather patternKerr, 2005] and meteorology, e.g., vorticitydughan and Price
1991].

The first discovery of ozone depletion was in th&akctic in the 1980s blyarman

et al. [1985]. The ozone at Halley Bay (& 27W) observed by a Dobson
spectrometer had declined from about 300 Dobson (W) in year 1975 to less
than 200 DU in year 1984. The chemical ozone Indbeése areas is enabled by the
polar vortex during mid-winter and early spring.ribg the Antarctic winter, it is
almost dark, and there are strong winds aroundaiver stratosphere resulting in
low temperatures (less than 190 K) and a pool appped air over the continent
[WMQO, 2007]. As a consequence of these low temperatitelar Stratospheric
Clouds (PSCs) are formed comprising of water vagma nitric acid Pyle, 2000].
The chemical reaction involving chlorofluorocarb@#C) product on the surface of

the PSCs is shown in Equation 2.9.
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HClI(solid) + CIONO, ¢ag O Ti¥- HNO,(solid) +Cl, gag  (2.9)

In early spring, molecular chlorine is photolysedchlorine atoms by sunlight and
the chlorine then acts as a catalyst in destrogimgne. This is illustrated through
Equations 2.10 to 2.14fle 2000]. From these equations, it can be seenthieat
stratospheric ozone is transformed to oxygen mdédsciwcausing the loss of the

stratospheric ozone.

CIO+CIO+M - Cl,0, +M (2.10)

Cl,0, +hv - CI+CIO, +M (2.11)

ClO,+M - CI+0,+M (2.12)

2Cl+ 20, - 2CIO+ 20, (2.13)

Net: 20, - 30, (2.14)

where M is usually Nor Q..

In addition, a cycle of bromine and chlorine oxid®&Elroy et al, 1986] can also
reduce the polar ozone during winter and springhasvn in Equations 2.15 to 2.18
[WMGQ, 2007].

BrO+CIO+hv - Br+Cl+0O, (2.15)

Br+0, -~ BrO+0, (2.16)

Cl+0, - ClIO+0, (2.17)

Net: 20, - 30, (2.18)
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The above chemical reactions lead to the so-calkhe hole, whose area defined
by total column ozone values less than 220 DU aputhdvary from year to year.
There has been an increase of the ozone hole iaEathe early 1990s, with nearly
25 million knf in year 2003 {lewman et a).2004], and a decrease of minimum total
ozone from about 200 DU in year 1979 to about 1Q0iyear 2000\WMO, 2003].
While the Montreal ProtocolW}WMO, 2007] has reduced chlorine emissions and
chlorine loading has begun to respond, there igea$10 sign of a reduction in the

annual loss of Antarctic ozone.

The decrease of stratospheric ozone was foundmyptio the Antarctic, but also in
the Arctic [Sinnhuber et a).2000] and midlatitudeKferr, 1991;Siani et al, 2002;
Stolarski et al. 1992], although not the Tropic&@nguly and lyer 2006; Pyle,
2000]. The polar and global ozone depletion wewgereed byWMO [2003; 2007].
In the Arctic, the decrease of total ozone wasasomuch as in the Antarctic since
the Arctic stratospheric temperatures in winter ag¢ as low as those in the
Antarctic and the vortex is not as strong. Theltotane at Ny-Alesund, Spitsbergen
(79°N, 12°E) in March, 2000 was less than the mean total @ bmtween years 1980
and 1989 by about 100 DWSinnhuber et al.2000]. The stratospheric ozone
declined about 6% for southern midlatitudes anduab&o for northern midlatitudes
between the years 2002 and 2005, compared withith#dte year 1980WMO,
2007]. During the same period, the global annuailgraged stratospheric ozone
decreased approximately 3.5%. These values werasito the value of the years
1997 to 2001 indicating that ozone is no longere@sing YWMO, 2003].

The Antarctic ozone depletion was a major forceefining the Montreal Protocol,
agreed in year 1987. The Montreal Protocol and Eteendments were designed to
reduce production of ozone depleting substanceb sascCFCs, Halons, Methyl
chloroform (CHCClz) and Methyl bromide (CgBr), in order to protect the ozone
layer. At the present, it can be seen that theopobtis working with clear evidence
of a decrease of ozone depletion substances inattm@sphere WMO, 2007].
Forward modelling predicts that the global ozongeitashould be recovered to the
same levels of the pre-1980s by about year 208MQ, 2007] or year 2068

estimated byNewmanet al. [2006]. These predictions are, however, dependant
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other factors that might interact with ozone cydiscribed earlier. For example,
climate change (surface warming) gives cooling he stratosphere, which can
decrease chemical reaction rates at midlatitudes,ifntrease ozone loss at high
latitudes (where more PSCs form). Climate changeatso change global dynamics
which transports ozone from source to sink reg[@isvenson et al2005;Zeng and
Pyle, 2003].

Since the stratospheric ozone is the main absgriogecting the earth’s surface from
the harmful solar radiation, the decrease in totne and the change in vertical
ozone profile should lead to an increase in surfd@eirradiance as illustrated by
various recent studie8értlett and Webp2000;Garane et al.2005;Herman et al.
1996;Janjai et al, 2009a;Josefsson2006;Kerr and McElroy 1993;Madronich et
al., 1998;McKenzie et a).1999;Meleti et al, 2009;Sasaki et aJ.2002;Trepte and
Winkler, 2004;Zerefos et a).2000;Zerefos 2002]. For exampleKerr and McElroy
[1993] reported the decrease in total ozone fro®91® 1993 at Toronto as 4.1%
per year in winter and 1.8% per year in summecdntrast, the increase in spectral
UV irradiance at 300 nm was 35% per year in wialed 6.7% per year in summer.
Bartlett and Weblj2000] showed that the decrease in ozone was39p,5while the
increase in the ratio of erythemal to UVA (320-49®) irradiance was by 4.3%
between years 1993 and 1997 at Reading, Zéfefos et al[2002] showed that UV
irradiance at 305 nm at Thessaloniki increased aBel0% per year based on the
1990s level which was related to a 0.13% per yeane declineSasaki et al[2002]
showed that from years 1990 to 2000 UVB (290-320 inradiance increased 1.22%
per year, especially in winter, at Tokai Univers{iapan), corresponding to the
ozone depletion in midlatitudes in 19908sefssorf2006] reported that the CIE-
weighted (erythemal) irradiance during years 1983832at Norrkdping, Sweden was
increased by 0.52% per year responding to a tatah® decrease of 0.14% per year.
Janjai et al.[2009a] showed increases in erythemal irradianc@hé&ang Mai, Ubon
Ratchathani and Nakhon Pathom, Thailand from y2@éd to 2005, i.e. 1.43% per
year all year and 2.66% per year during dry sedsofhiang Mai. However, they
suggested that this may due to a reduction of ctmer resulting from a decrease
in precipitation. WMO [2007] reported that due to the success of the thah
Protocol, increases in UV radiation observed atesawuthern hemisphere sites in

unpolluted locations have levelled off followingsanilar observed consistency in
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ozone over the past few years. Increase in UV tiadias significantly related to
ozone depletion but other factors such as changekuds, aerosols and sunshine
duration must also be considered. Recent studiew shat where ozone changes
were small, others factors, e.g., changes in potiutould dominate changes in UV
radiation Chubarova 2008;Janjai et al, 2009aMcKenzie et aJ.2007].

2.2.5 Tropospheric Trace Gases

Apart from ozone in the stratosphere, UV radiattan be absorbed by tropospheric
trace gases, and through photolysis influence giher&c chemistry. There are many
tropospheric absorbers of UV radiation such asaspperic ozone, sulphur dioxide
(SO, and nitrogen dioxides (N [Chubarova 2006; Chubarova 2008; WMO,
2007]. The influence of these gases can be usdallgcted in polluted areas or
during natural hazards, e.g., forest fires, volcaruptions. For example, erythemal
irradiance at Moscow decreased about 1.5% to 2% tdueéncrease in N©
[Chubarova 2008].

2.2.6 Clouds

Clouds, formed of small water droplets or ice ais{Calbo et al, 2005], scatter
(according to Mie scattering) UV radiation withosignificant absorption. The
amount of clouds on average can cover over hali@earth’s surface and influence
both incoming and outgoing radiatioHdughton 2002]. Clouds have strongly non-
linear effects on the amount of UVA and UVB radati Clouds can both enhance
and reduce UV radiation, depending on their gedosatthickness, composition,
height and spatial homogeneity. In addition, cloodsy play a role in absorption of
UV radiation by other atmospheric compositions sashozone through increasing
the pathlength travelled by radiation. UV radiatican be decreased by about 65%
up to 90% under overcast conditioreffi Outer et a).2005;Németh et al.1996;
Seckmeyer et al2008]. For broken cloud conditions, the radiattaim be enhanced
(according to Mie scattering) by about 15%-25% cared to the radiation at clear
sky conditions [Németh et al.1996; WMO, 2007]. The average reduction of UV
radiation by clouds is less than for visible radiatwith 32% for erythemal

irradiance against 43% for total solar radiatiompared to the clear sky valuekeh
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Outer et al, 2005; Josefsson and Landeliu2000]. Similarly, the percentage
increase due to broken clouds is 6% for UV radmttompared to 12% for total

solar radiation, relative to no clouds near the §Rracentini et al. 2003].

Clouds are highly variable in space and time wtgahses differences when UV
irradiances from satellite retrievals and grounddoameasurements are compared.
This is likely due to the fact that satellites measover an area, which clouds in the
area will be averaged, whereas ground-based measute refer to an exact point.

2.2.7 Aerosols

Aerosols are tiny solid and liquid particles suspahin the airlgbal, 1983;Seinfeld
and Pandis 2006]. There are both natural and anthropogesiicsals such as desert
dust, biomass burning aerosols and organic carlgmfisantly affecting solar
radiation, as reviewed WMO [2007]. Aerosols have both direct and indireceefé
on solar radiationlPCC, 2007]. The direct effect is that they can botsab and
scatter (according to Mie theory) solar radiatiesulting in a change to the radiative
balance of the earth-atmosphere system. As a yéiselt cause warming where there
is absorption, and reduce solar radiation at th#h'sasurface. An indirect effect of
aerosols is that they can change the microphygicaerties of cloud in ways that
depend on patrticle size, chemical composition, amibient environmentlPCC,
2007]. This can induce changes of cloud heighydlifetime and cloud albedo, for
example, and hence alter the cloud (and thereftaretary) albedo. Effects of
aerosols on UV radiation depend on their opticalpprties and the number of
particles. Normally, the optical properties of amis are presented in terms of
aerosol optical depth, which is a parameter thdicates how much radiation is
reduced by aerosols; aerosol single scatteringdallvghich is the ratio of aerosol
scattering to attenuation by both absorption amattegng processes; and phase
function which determines the amounts of forward aackward scattering. These

parameters are wavelength dependent.

The understanding of the aerosol properties angt #ffect on UV radiation has
been a challenge often due to paucity of aerosta. ddecent studies showed that

aerosol has a measurable impact on UV irradianeeitican reduce the surface UV
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irradiance {li Sarra et al, 2002; Erlick and Frederick 1998; Esteve et al.2009;
Krzyscin and Puchalski1l998]. For exampleKrzyscin and Puchalsk{1998]
suggested that aerosol optical depth at Belsk,nddlaZN, 21°E) varying from 0.1
to 0.7 can change erythemal daily doses by 20%-3#é.reduction of erythemal
irradiance per unit aerosol optical depth at 415 can be up to 50%-55% as
illustrated indi Sarra et al.[2002]. Balis et al.[2004] showed that the surface UV
irradiance at 305 nm may change about 10%-25%iffareint aerosol optical depth
and aerosol type. At the same aerosol optical defptxr erythemal irradiance
decreased less than 20% under high aerosol siogiesng albedo (0.94), while the
decrease was about 25%-30% at lower aerosol sisggdtering albedo (0.87)
[Chubarova 2009]. Acosta and Evanf2000] showed that erythemal irradiance in
downtown areas of the Mexico City were lower thhe talues in the suburban
regions by 20% (or up to 40% on polluted days).ilubiomass burning in northern
region of IndialLatha et al.[2004] andBadarinath et al[2009] suggested that every
0.1 increase in aerosol optical depth measure@@n# can reduced 0.01-W? of
erythemal irradianceKalashnikova et al[2007] show that smoke aerosols over
Darwin, Australia, reduced the surface UV irradeuf290-300 nm) by as much as
40%-50% near active fires. The smoke aerosols estitiee UV irradiance (290-300
nm) by 15%-25% for the area far from the fires. Apeom reduction of the surface
UV radiation due to aerosdlenny et al[2001] showed that erythemal irradiance

can increase up to 4% during low aerosol opticptldperiods.

Since the properties of aerosol are difficult taedmine, this can be a problem of
UV estimation using satellites especially for ptelll areas Arola et al, 2009;
Buchard et al. 2008; lalongo et al, 2008; Kazadzis et al.2009b;Meloni et al,
2005;Tanskanen et gl2006], an issue discussed further in Sectiorb2.4.

2.2.8 Surface Albedo

The earth’s surface can absorb, reflect or schttéradiation reaching it, and in the
case of water transmit to some depth. Consequehtbgn enhance UV radiation
especially with high reflecting surfaces such asasrsand and iceKalliskota et al,

2000; Renaud et a).2000; Reuder et a).2007; WMO, 2007]. The proportion of

reflecting and scattering indicated by surface ébdepends on surface types. For
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instance, the UVB surface albedo values for varimusace types were published,
e.g., snow: up to 0.90, dry beach sand: 0.02-0zé§etated surfaces (grass): 0.01-
0.05, building materials: 0.02-0.10, water: 0.0680Blumthaler and Ambach988;
ChadySiea and Girgzdys 2008;Corréa and Ceballgs2008; Godar, 2005]. Since
snow is highly reflective, it increases UV radiatiboth on a horizontal surface,
following further backscattering by the atmosphewsd for other surfaces by direct
reflection onto the surfac®enaud et al[2000] showed that erythemal irradiance at
snow covered surfaces on a cloudless day can sei@a 15% to 25% while on a
cloudy day it can increase by up to 80% due to ipieltreflections between the
surface and cloud layer. A practical problem whevi tadiation is estimated by
using satellite data is that snow can be classiieccloud since its brightness is
similar to that of cloud, and the UV radiation It underestimated dnskanen et
al., 2007].

2.3 Effects of UV Radiation

Although UV radiation is the shortest wavelengttliaion and the smallest part of
solar radiation arriving at the earth’s surfacdyas the highest energy, with various
detrimental effects on human health, terrestriadsgstems, aquatic ecosystems,
biogeochemical cycles, tropospheric compositiongaality and materials damage
[UNEP, 2006]. However, it is not all negative and thisrene well known beneficial
effect of exposure to UV radiation, the productarvitamin D which is a necessary
hormone for bone health and potentially for manyeass of general healtiNprval

et al, 2007; UNEP, 2006]. Following are some detrimental examplesUdf
exposure on human health. UV radiation does no¢fpaie far into the body because
most of it is absorbed in the superficial tissugeta. Therefore, much of the harmful
UV radiation affects the eyes and skin. In additibly also affects the immune

system.

2.3.1 Effects on the Eye

The eye can be directly exposed to UV radiation thimimay cause acute effects or
chronic effects. Exposure to UV radiation can damnatany components of eyes

such as sunburn at the eyelid, photoconjunctiatishe conjunctiva, pterygium at
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cornea, and anterior subcapsular opacities of #&ms [de Gruijl et al, 2003;
Longstreth et a).1998;Norval et al, 2007;UNEP, 2006].Longstreth et al[1998]
demonstrated that most of UV radiation (below 3@ wloes not pass beyond the
cornea and the rest of UV radiation (below 370 nar) be absorbed at the lens, thus
only the radiation at longer wavelengths than tteat reach the retina. As a result,
the cause of the lens damage is usually UVA razhativhile UVB and UVC
wavelengths affect the cornedhe acute effect of receiving UV radiation is
photokeratitis which happens after a few hours eyp®m This can be characterised
by reddening and inflaming of the eyeball, gritBeling of severe pain, tearing,
photophobia (fear of light) and blepharospasm ¢fwitg). This is often found in
skier and is known as snow blindness. The chroffécts are pterygium resulting
from an outgrowth of the conjunctival tissue ovke tsurface of the cornea, and
pinguecula which is a raised opaque mass (ususldyyeellowish patch) just adjacent
to the corneallongstreth et aJ. 1998]. These result in the loss of transparency.
Cataracts are the well known eye damage and a majme of blindness due to
oxidized lens proteind_pngstreth et a).1998].

A number of epidemiologic publications have revidvilee relationship between UV
exposure and its effect on the eye in several cmsnsuch as the U.ST4ylor et al,
1988; West et al. 2005], Australia Taylor, 1980; Threlfall and English 1999],
Jordan Al-Bdour and Al-Latayfeh2004], and JaparHpyashi et al. 2003]. For
example, a strong correlation between pterygiasamthce UV irradiance in Jordan
was shown byAl-Bdour and Al-Latayfeh[2004] In a group of Australian
Aborigines, cataracts occurred more often in tigh lannual mean UV level areas
[Taylor, 1980]. A correlation with regression coefficiexit0.70 between the risk of
cortical cataract and the cumulative UVB exposuses iound in Chesapeake Bay
[Taylor et al, 1988]. Although overall UV exposures relate tce aliseases, the
correlations must also account for other factotsghsas behavioural, ethnic and

environmental differences.

2.3.2 Effects on the Skin

Skin can be directly exposed to UV radiation whieim cause not only acute injury

(suntan, sunburn, blistering and peeling) but alsmnic injury (skin ageing and
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skin cancer) in all types of human skaofe[Gruijl et al, 2003;MacKie, 2000]. The
effects of UV radiation on human skin depend onosxpe time and human skin
types, the latter divided to six groups shown irbl&€a2.1 MacKie, 2000]. The
effects are most often presented with respectsto for people who have fair skin
(Types 1 and 2) that tans poorly and burns fredquenhe acute effects on human
skin can happen 4-12 hours after exposure to UVatiad and are observed as
sunburn — a reddening of the skin and hot or bgrrsensation. This may be
followed by inflammation, blistering and peelingtbe skin. The maximum damage
can be seen 12-24 hours after excess exposureetdJth radiation, and be

diminished over the next 48-72 hours after the syp®.

Table 2.1Classification of skin typedVacKie 2000].

Sk'r.' type Characterisation
classification

Type 1 Fair skinned Caucasians who burn very easity
never tan.

Type 2 Fair skinned Caucasians who burn easilytamd
slowly and with difficulty.

Type 3 Medium skinned Caucasians who burn rarediytan
relatively easily.

Type 4 Darker skinned Caucasians who virtually néven
and tan readily.

Type 5 Asian or Indian skin.

Type 6 Afro-Caribbean or Black skin.

Regarding chronic effects, exposure to natural difiation can cause photoaging
which changes the texture and the elasticity afi.shis a result, damaged skin gets
wrinkles and sags. A more serious effect is skimcea There are three skin cancer
types: basal cell carcinoma (BCC) which appears asd lump, squamous cell
carcinoma (SCC) appearing as a thickened red gpoaty, and cutaneous melanoma
(CM) which is the most dangerous type of skin camapgpearing as a mole or fleck
[Longstreth et a).1998;MacKie, 2000;Norval et al, 2007;UNEP, 2006]. The first
two skin cancers are often referred to as the nelamoma skin cancers which are
clearly correlated with UV exposure. They usualtgur in light-skinned people and
on the areas of the body most exposed to sunligttt as face, neck and ear. It is
clear that the risk of SCC can be linked to cunnsatifetime exposure to UV
radiation. BCC may also be related to a high levehildhood exposure to sunlight.
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Unlike BCC and SCC, CM is often found on areashefbody that are infrequently
UV exposed.

Epidemiological studies show that increases in skimage were reported for many
countries and this likely related to UV exposuldarca et al.[2002] showed that
ozone depletion, increased terrestrial UVB radmatand sunburn increase were
related during 1986-2000 spring period in South@hile where ozone loss can be
significant. In Manitoba, Canada, the annual pesgm change of BCC and SCC
increased 2.4%, mainly in people older than 40s/e&lage from the early 1970s to
2000 Pemers et al.2005]. Similar increases in skin cancer incidehege been
observed elsewhere but are influenced by behayMeierod et al. 2003] and case
of travel to low latitudes, not simply local incees in erythemal irradiance, which
are often smallBentham 2001;Office for National Statistic2003].

2.3.3 Immune System

The skin includes a number of cells from the immsygtem. The immune system is
the body’'s defence mechanism against foreign sobs$a(antigens), e.g., virus
infection, cancers and diseases. When substantastiea body, the immune system
will recognise them to be eithesélf’ or “non-self entities. However, the immune
system needs to be able to classify between sdlhan-self, and eliminate only the
non-self. UV radiation can induce photochemicalngjes in the skin and potentially
alter cell surface proteins (at least three phoep®ors located at or near the skin
surface are involved — Deoxyribonucleic acid (DNAjpcanic acid and membrane
components) that are used to determine self from-setf entities. Thus UV
radiation can act as an immunosuppressive. Thergtimo of UV radiation at the
body surface can affect the function of the skirdrated part of the immune system
that can then cause a weakened immune system, diegeon UV doses,
wavelengths, and types of immune response. Wheruimosuppression is induced,
the immune system wrongly determines self to ndheserice versa. Therefore, the
iImmunosuppressive effects of UV radiation can ieflce the outcome of melanoma
and non-melanoma skin cancer, certain infectiouseaties, some forms of
autoimmunity, and allergy.

[Longstreth et a).1998;Norval, 2000;Norval et al, 2007;UlIrich, 2005]
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2.4 Methods to Determine UV Irradiance

After the discovery of ozone depletion and concaout the expected increase in
UV irradiance, there was much effort to determin€ lradiance at the earth’s
surface. This can be obtained from several ressurgmund-based instruments,
radiative transfer models, statistical models aatelbte instruments. These methods
have both advantages and disadvantages. Ground-basasurement can directly
provide UV irradiance at a specific point and faalr weather conditions if
instruments have good calibrations and specifioatiddowever, instruments can
measure UV radiation for a limited area, and do prowide for regional or global
coverage. Radiative transfer models calculate UWddiance based on a model
atmosphere with the extraterrestrial solar spectamd several scattering and
absorbing geophysical parameters as input. Statisthodels show relationship
between surface UV irradiance and one or more patiens) such as ozone, solar
zenith angle. Both types of model need input dedenfatmospheric measurements.
One solution is to use the satellite retrieved thddiance for the entire globe, based
on radiative transfer models and other productg, backscattered radiation at
several wavelengths which provides atmospheric datzh as ozone, aerosols,
clouds and surface albedo. However, satelliteeneditidata is usually provided once
per day from polar orbiting satellites and représeaverage conditions over large
areas. The UV values from satellite retrievals @aften different from those from
ground-based measurements, showing the retrievgoriddm still needs
improvement, as detailed in later chapters. Moraildeon measurement of UV
radiation at the surface are given in the followgagtion.

2.4.1 Ground-Based Measurements

In general, there are four main types of groundebaastruments measuring solar
UV radiation namely spectroradiometers, broadbaadiometers, narrowband
multifilter radiometers and dosimeters, having sodiféerences of their systems,
characteristics, and purposes of udé&ebh 1998;WMOQO, 2007]. In this section, the
fundamental systems of these instruments, and itenafid weakness will be

described.
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2.4.1.1Spectroradiometers

Spectroradiometers are instruments that are usedetsure spectral irradiance. A
spectroradiometer includes three essential compsneninput optics,
monochromator(s) and a detector. Input optics cbltee incident radiation and
direct into the monochromator. The most common tirgatics are quartz or Teflon
cosine response diffusers, providing for a measeng¢rof irradiance. The light is
guided from the input optic to the monochromatorelther liquid or (quartz) fibre
bundles or enters directly into the monochromatbictv then separates the radiation
into each specific wavelength. The monochromataiallg consists of gratings (or
prisms), with the full width at half maximum (FWHNMg@commended to be less than
1 nm. For solar UV measurement, a double monochimmmaagain advisedyMO,
2001]. The monochromator often also includes msrrtor guide the light from the
entrance slit to the gratings or prisms and orh&éxit slit of the monochromator,
where it is incident on a detector. The standamubbtograting monochromator scans
to sample each specific wavelendiihe scan time for all wavelength desired can be
several minutes depending on wavelength intenahdvidth, step length and the
time spent to measure at each position. Then et in each wavelength is
transformed to electronic signals by the radiatietector that normally is either a
Photomultiplier tube (PMT) for high sensitivity, @iodiode detector, or a diode
array. In the case of recent diode array instrumargingle monochromator is used,
and straylight and sensitivity characteristics aoé as good as those of the double
monochromator instruments. The instruments are ¢eatgre dependent, especially
the PMT, and require well-controlled temperatuigbsization. Long-term stability
of such spectroradiometers is generally not goatfeaguent calibration checks are
necessary, both for wavelength specification ansblaite units of irradiance. The
double monochromator instruments tend to be largje igh costs, are temperature
dependent, and require computer control, a steasyep supply and calibration
facilities. The accuracy of the spectroradiometeraifected by a number of
parameters including wavelength alignment, bandwidstraylight, angular
dependence, temperature dependence, linearity,ilitstabpolarisation, and
calibration sourcesWebb et al.1998]. Since it can measure the spectral irradian

with high spectral resolution, the data is versanith multiple uses, for example,
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studying the effects of cloud and aerosol on Uddrance Bais et al, 2005;Bartlett
and Webb2000;Seckmeyer et al1996].

2.4.1.2Broadband Radiometers

Broadband radiometers can provide the total irramian a wider band (more than
10 nm), the detail depending on the device usdtérfiand solid-state detectors are
used to tailor the waveband and spectral respofsieo instruments. For UV
measurement, the radiometers are often designedintoc the erythemal action
spectrum [McKinlay and Diffey 1987]. This measurement is instantaneous and can
therefore be at far higher temporal resolution ttienspectrometers which take time
to scan. It is less temperature dependent and nsbable compared to
spectrophotometers. The broadband radiometer is guzompact, cheap and simple
system, and requires a data logger to collect tiage signal. For these reasons,
this radiometer type is more frequently used farglberm monitoring. However,
they still require Quality Control (QC) which isellon-site or internal checks such as
regular calibrations, instrument maintenance andtime or temporary data
correction, and Quality Assurance (QA) which is éx¢ernal verification of the on-
site QC, resulting data and its related uncertaifitye data are less versatile than the
spectral measurements in term of atmospheric dodiial research, but provide

useful data for climatology and public health apgions.

2.4.1.3Narrowband Multifilter Radiometers

The performance of narrowband instruments is batwsgectrophotometers and
broadband radiometers. Essentially they consist skries of several wavelength
limited broadband meters packaged together. The&ynsaasure the radiation in
several narrow bands, usually between 2 nm andm0so have lower spectral
resolution than that of spectrophotometers. Theeefthey give more information

compared with broadband radiometers and need Ilessntanance than

spectrophotometers. In addition, this instrumeamisined with a radiative transfer
model, can provide information on temporal change derived UV spectral data

which can be used to determine dose rates for asyredl action spectrum. The
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instruments have also been used to derive colunomeyzand photolysis rates of
some atmospheric speci@3ghlback 1996;Gao et al, 2001].

2.4.1.4Dosimeters

All the above physical instruments are used predantly to measure UV
irradiance, that is, on a flat horizontal surfabmsimeters measure dose, usually
based on a biological response, over wavelengthtiiarel of radiation received at a
specific point. To know the direct dose receivedalyyerson, a dosimeter is needed.
Polysulphone film Davis et al, 1976] is the most well known of the dosimeters in
human exposure studie®drisi and Kimlin 2004; Siani et al, 2008], with a
response spectrum similar to that for erythemavjs et al, 1981, Diffey, 1997],
causing a measurable response at a wavelengthOohi®3 The dosimeter can be
used not only in air but also underwatBluhne 1999]. Photosensitive papers are
another type of dosimeter, which change colour wigmosured to UV radiation
[Diffey, 1997]. Uracil thin film Grof et al, 1996; Webh 1998] and biofilm”
[Rettberg et al.1999; Rettberg and CockelR004] are dosimeters based on DNA
damage and require significant post-processingf@alysis. The size of dosimeters
is smallest compared to other types of physicarunsent, so it can be used easily
and personally. In addition, it does not need aowegy supply. As a result, the cost
of dosimeters should be lower than other types. ¢l@n, they need to be calibrated
by using broadband radiometers or spectroradioseterd under the same source
spectrum as that for which they will be usétiebh 1995; Webl 2000a]. While
approximate, their outputs are compared to the nsmghisticated instruments,
dosimeters have an important role in determiningdx@osures and effects.

[Di Menno et al.2002;Webh 2000aWebh 2003;WHQO, 1992;WMOQO, 2003]

2.4.2 Radiative Transfer Models

A radiative transfer model is a set of mathematioals, used to calculate spectral
intensity (diffuse, direct and global). The modehsiders absorption, scattering and
emission of radiation passing through the atmosphaslumn. The accuracy of

radiative transfer models depends on both the matieal schemes and the

accuracy of input data. There is a variety of rideatransfer models, freely
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available, that can be used to estimate spectralirkiddiance reaching the earth’s
surface such as Libradtran or uvspec molfeyfer et al, 1997;Mayer and Kylling
2005]; the Tropospheric Ultraviolet Visible modeMlQAR (National Center for
Atmospheric Research2006]; the Streamer modé{¢y and Schweigel998]; the
System for Transfer of Atmospheric Radiation mdéiggaber et al.1994]. These
models are different in terms of their accuracyuindata, processing of times and
methodologies, but have all been validated agamestsurements. Although there are
several radiative transfer models, the widely ata@pivspec model is the only one
that was used in this study. The following providgsneral information on the

uvspec radiative transfer model.

2.4.2.1The Uvspec Radiative Transfer Model

Libradtran is a library of radiative transfer rowgs and program produced as a
software packageMayer and Kylling 2005]. It is used for radiative transfer
calculations in the earth’s atmosphere using thim queogram called uvspec model.
The software package is freely available from Whitpyw.libradtran.org. The
program can be run using the command line in UNMY &Vindows. In this study,
the libradtran version 1.3 was installed under\Wiedows operating systems. The
user, in this case, is recommended to install tiignGs development suite called
Cygwin, a Linux-like environment for Windows, whiaek one of the GNU” tools
available from http://cygwin.conMayer et al, 2007].

2.4.2.2The Uvspec Input and Output

As mentioned above, the uvspec model is invokenh fitee single command line as

uvspec <input_file> output_file

where input_file is an ASCII file varied by users. It contains maogtions for
atmospheric parameters including the molecular spmere such as pressure,
temperature and ozone, aerosol and clddalyer and Kylling 2005]. A comment is
described by using # An example of the uvspec input file for a cle&y s

atmosphere is shown below:
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# Location of atmospberofile file.
atmosphere_file ../data/atmmod/afglt.dat
# Location of the extraterrestrial
spectrum

solar_file ../data/solar_flux/atlas_plus_modtran

ozone_column 247. # Scale ozone colur@dtd®d DU
day of year 2 # Correct for Earth-Sustadnce
sza 36.81 # Solar zenith angle

rte_solver disort2 # Radiative transfeuation solver
deltam on # delta-M scaling on

nstr 6 # Number of streams
wavelength 291.0 400.0 # Wavelength range (nm)
spline 291.0 400.0 1.0 # Interpolate frarst to last in step
quiet. #End of the command

From the input file, the atmospheric model contagnpressure, temperature, ozone
and some trace gases profiles are read &bmospheric_fileThere are six standard

atmospheric models provided by libradtran, whicim ds chosen by users, as

follows:

afglt Tropical

afglms Midlatitide Summer
afglmw Midlatitude Winter
afglss Subarctic Summer
afglsw Subarctic Winter
afglus U.S. Standard.

In this study, the atmospheric filafglt, afglms and afgimw were selected for
Thailand and UK. Likewise, the extraterrestrial asoflux can be read from
solar_file There are several extraterrestrial solar flugsfilvhich can be chosen in
libradtran such aapm_21nnreferring to ATLAS plus modtran spectrum convolved

with a triangular function with FWHM of 1 nmMayer et al, 2007] and
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atlas_plus_modtranvhich includes the flux from ATLAS2, ATLAS3 and mitpan.

The latter is used in this study.

Ozone_columuefines total ozone column in DU.

Aerosol properties can be set up and modified wélosol_as can be seen in the

example below:

aerosol_vulcan 1 # Aerosol type above 2km
aerosol_haze 6 # Aerosol type below 2km
aerosol_season 1 # Summer season
aerosol_visibility 20.0 # Visibility in km.

aerosol_vulcanspecifies aerosol situation above 2 km from theh&asurface. It
can be separated into four types: background, nateleolcanic, high volcanic and
extreme volcanic aerosolgerosol_hazés used to define aerosol type in the lower 2
km of the atmosphere, which contains four typeaaybsol (rural, maritime, urban
and tropospheric types) for selecticaerosol_seasons used to specify aerosol
profile as spring-summer or fall-winter profilegerosol_visibility sets a value of
visibility in km. Furthermore, in case event that@sol optical thickness is known,

aerosol_set_tagan be used to set it as a parameter into thelmode

For the output, the program reads the standard ifilpuand then gives a standard
output file. For a discrete ordinate radiative sfan (DISORT) solver applied in this

work, the output format is presented below.

lamda edir edn eup uavgdir uavgdn ugvgu

where lamdais wavelength (nm)
edir is direct beam irradiance (mwr?-nm)
ednis diffuse down irradiance (m\m2-nm)
eupis diffuse up irradiance (MWi?-nm)

uavgdiris direct beam contribution to the main intengity/V-m>-nm)
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uavgdnis diffuse downward radiation contribution to thean intensity
(MW-m-nm)
uavgup is diffuse upward radiation contribution to the aneintensity

(MW-m2-nm)

The uvspec model includes three essential stepstlyirithe standard input data is
converted to the optical properties data. Therrdldetive transfer equation solver as
described above calculates transmittance, refleetaand radiances. Finally, the
calculated outputs are post-processed to give aieseblues by multiplication with
the extraterrestrial solar irradiance, correctidnson-earth distance, and then, if
required, convolution with a slit function, or igtation over a wavelength region
[Mayer et al, 1997;Mayer and Kylling 2005].

2.4.2.3The Use of Uvspec Model

The uvspec radiative transfer model has been usislywMany studies used uvspec
for estimating surface UV irradiance, based onligatelata inputs, e.g., reflectivity
[Meerkoetter et al.1997;Verdebout 2000; Wuttke et al.2003] and ozone column
[Janjai et al, 2009a]. Many studies estimated clear sky surfd¢eradiation using
uvspec and some input data, e.g., ozone and aeopsiobl depth Llindfors and
Vuilleumier, 2005;Mayer et al, 1997;Seckmeyer et al2008]. In addition, using the
radiative transfer model combining with spectral Wkadiance and aerosol optical
depth, aerosol single scattering can be estimateald et al, 2005;Cordero et al,
2009;lalongo et al, 2010;Kazadzis et a).2009a].

Validation of radiative transfer models can be &eeceither by comparing results
with measurements or with other models of knownliguaMayer et al.[1997]
found that the differences between measurementuasdec model values were
between -11% and 2% for wavelengths between 29&mih#00 nm and solar zenith
angles up to 80 The agreement of UV irradiances between measursmand
discrete ordinate methods was found within 6% (290-nm) Wang and Lenoble
1994] and 8% (290-320 nmZ¢ng et al. 1994] for cloudless conditions, and 20%
(280-320 nm) for cloudy conditiong-¢rster et al, 1995]. The comparison of UV
Index calculated from six radiative transfer modatduding the uvspec model was
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presented b¥Koepke et al[1998] and the agreement was generally witthrb UV
Index. The computed spectral global irradiance wated from twelve radiative
transfer models agreed to between 2% and 5% asnshpwan Weele et a[2000]

using the same input parameters.

2.4.3 Parameterization Schemes

A parameterisation scheme uses one or more maitrotlory parameters for a

physical process to define a related variable sm#le way. This method uses less
input data compared with radiative transfer modeld is not complicated compared
with other methods. A direct relation between inguod output is defined rather than
representing the full complexity of the physicaheme (in this case radiative
transfer). The scheme is limited by the accuracyhef algorithm and the spatial

resolution. Following are several examples of pat@nization methods.

One parameterization method was built Bgk et al.[1995] to calculate UVB
irradiance (290-325 nm) under both clear sky anddy sky conditions in Toronto.
The input data needed in the model are total ozohenn and UV reflectivity from
TOMS, solar extraterrestrial irradiance and solanith angle. The difference
between modelled and measured spectral UVB irradmnvas only 4% for a very
clear day, but greater in less ideal conditions.

Li et al. [2000] built a model from ozone column, aerosoliretton optical depth,
aerosol single scattering, reflectivity at 360 nnd 880 nm from TOMS or visible
wavelength from NOAA/Advanced Very High ResolutioRadiometer or
Geostationary Operational Environmental Satelliidse validation was shown by
Wang et al[2000]. UVB (280-320 nm) and erythemal irradianéesn the model
were compared to the ground-based data measusedetal Canadian sites, and the
mean differences were found: 0.033 mW for UVB irradiance, and 3.02 mww?

for erythemal irradiances.

Parameterisation of daily UV irradiation was intwedd byFeister et al.[2002].
This method used daily global and diffuse irradiatand the daily minimum solar

zenith angle as input parameters. The results sthawerestimation of modelled
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values by 15% and 21% for UVA (315-400 nm) and UVYBB0-315 nm),

respectively.

Fioletov at al. [2003] estimated UV Index at 45 sites in CanadaeiiT model
requires global irradiance, total ozone column ded point temperature as input
parameters. The modelled results generally agreiinw2%-3% compared to
ground-based data. In Spain, UV Index was alsomestid by using a simple
parameterisation scheme presentedBaglosa et al[2005]. Solar zenith angle, total
ozone column, altitude, aerosol optical depth andles scattering albedo were taken
into account in the model. The results showed a bfa4% when compared with

ground-based data.

2.4.4 Empirical Models

Empirical models present relationships between Ukadiance and routinely

measured meteorological parameters. This methobdes explored by a number of
authors as detailed below. It should be remembi@dempirical relationships often
only apply to the site where they were derived, ey should be used with caution
at other locations.

The relation between UV and global radiation haanbeidely investigatedAntén et
al., 2005;Cafiada et al.2000;Cafiada et al.2003;Feister et al. 2002;llyas et al,
1999; Kudish and Evseew2000]. The studies presented either linear aeiatior
multiple regressions between UV and global radmtio different areas such as
Penang, Malaysidljas et al, 1999] and Dead Sea and Beer Sheva, Iskagdifgh
and Evseev2000] and Valencia and Cordoba, Sp&afiada et al.2003]. Several
attempts have been made to relate UV radiatiorthergarameters such as relative
optical mass, clearness indeRdfiada et al. 2000; Cafiada et al. 2003], ozone
column, reflectivity, aerosol indexApton et al. 2005] and sunshine duration
[Lindfors and Vuilleumier2005; Lindfors et al, 2003]. The differences between
modelled and ground-based UV data can be quiteslagg., 20% as shown by
Lindfors and Vuilleumief2005] and 5-27% as presentedAmyton et al[2005].
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Apart from UV irradiance, several recent studiegehdeveloped empirical models to
estimate UV Index by using data such as solar zemgle and total ozonéllaart

et al, 2004;Sudhibrabha et al.2004]. The model presented Bilaart et al.[2004]
showed better performance than the model introdlogeBurrows et al.[1994] at
high solar zenith angles for the data of De Biltidlatitudes) and Paramaribo
(Tropics). Another empirical model using the dafaTbailand was presented by
Sudhibrabha et al[2004]. This study found the mean absolute pesmmerror of
the residual of 7.5% compared with ground-based. dat

2.4.5 Satellite Retrievals

The advantage of satellite retrievals is providiaga with a global view; however,
they need good algorithms and input data to cadleuldV irradiance. Since the
1970s, satellite retrievals combined with radiatransfer models have been used to
derive ozone, trace gases and erythemal irradiaatcdise earth’s surface for the
entire globe, initially using TOMS, onboard sevesatellites; Earth Probe, Meteo-3
and Nimbus-7, during 1978-2005. This has been seded by OMI onboard the
National Aeronautics and Space Administration (NAS¥ra spacecraft since July
2004 to continue monitoring of ozone, trace gasas i@etrieval of surface UV
irradiance Levelt et al. 2006b;Tanskanen et gl2006]. The description of the OMI
UV algorithm and products will be given later in&pfter 3.

Although satellite retrievals can provide data ocaexide geographical distribution,
they do so at relatively low spatial resolution,daground-based validation of
satellite data is required in any event. Initialdiés compared TOMS UV data with
ground-based UV data at several sites in Cangabdefov et al, 2002;Fioletov et
al., 2004; McKenzie et aJ.2001], the U.S.DeLuisi et al, 2003; Fioletov et al,
2004; Sabburg et a). 2002], Garmisch-Partenkirchen, Germany and Lauldexv
Zealand McKenzie et aJ.2001], Ispra (Italy) and Thessaloniki (Greec&jdla et
al., 2005;Kazantzidis et al.2006;McKenzie et a).2001], Sodankyla (Finland) and
Bilthoven (Netherland){azantzidis et al.2006], island of Campedusi¢loni et
al., 2005], Ushuaia (Argentina), Palmer (Antarcticajd &San Diego (California)
[Cede et al. 2004; Kalliskota et al, 2000]. Overall, they found that the TOMS

satellite data were generally higher than grourgebadata. Biases, for cloud-free
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conditions, were in the range of 5%-45%, and thas te larger for cloudy
conditions. The differences between satellite @detd ground-based data for clean

areas (low aerosol) were lower than those for udraas.

After the Aura spacecraft was launched, comparigbiise OMI based UV data and
ground-based data became the focus of attenBooHard et al. 2008;lalongo et
al., 2008;Kazadzis et a).2009a;Tanskanen et gl.2007;Weihs and Simjc2006;
Weihs et al.2008]. Many of the studies used UV data from sppbotometers to
estimate ground-based spectral UV dose rates ahddises for the northern high
latitudes and midlatitudes, but several have usexhdband measurements for
comparison, e.glalongo et al.[2008] andWeihs et al.[2008]. The broadband data
is often at higher time resolution and thus woulbva the effects of rapidly
changing conditions to be examined. Overall, ressittowed overestimation of UV
product by OMI when compared with ground-based ;datvever, for some
instances of snow covered surfaces OMI underestonaeasurements compared to
ground-based instruments as the bright scene flhmmshow covered surface was
misinterpreted as cloudTnskanen et gl.2007]. It would appear that the bias
mainly results from aerosol absorption which is actounted for in the satellite UV
algorithm and therefore causes the satellite retli¢o overestimate surface UV

when significant aerosols are present.

Several studiesArola et al, 2005;Arola et al, 2009;Cede et al.2004;lalongo et
al., 2010; Kazadzis et a).2009a;Krotkov et al, 2005] have introduced various
correction procedures to account for aerosol alsorpvith some success, e.g., the
correction method irArola et al. [2009] reduced bias by 5%-20% at midlatitude
sites. It should be remembered that aerosols drthaemnly source of uncertainty in
the satellite retrievals. Other sources includebjgms with defining surface albedo
[Tanskanen et gl.2007], cloudiness, and pixel inhomogeneitiEaidadzis et al.
2009b; Weihs et al. 2008]. These factors will be discussed in mor&iten later

chapters.

Having provided a general background to UV sciancerms of radiative transfer,
measurements and biological effects, the followahgpters will detail efforts to

improve satellite UV estimation in the UK and Tlaaidl. The goal is to improve UV
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estimation for areas with no ground-based measuresystems and provide a tool

for public health applications.
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Chapter 3— Sites and Instrumentation

There are two main sources of UV irradiance da&alus this thesis: ground-based
measurements and satellite retrievals. This chaptér describe the sites,
instruments and techniques used in acquiring the ttiat is analysed in subsequent
chapters. It is separated into three main sectiaescriptions of sites and
instrumentation of the two different climate areasoncern: the Tropics (Thailand)
and the midlatitudes (UK); and then the satelltievals.

3.1 Sites and Instrumentation in Thailand
3.1.1 Erythemal UV Irradiance Measuring Sites in Thailand

Thailand is a country in Southeast Asia, coverhmgglatitudes from 9N to20°N and
longitudes from 97E to 108E (see Figure 3.1). The climate of Thailand is sifeed

as tropical wet and dryMet Office 2007], and characterized by two monsoons: the
South-West monsoon (from mid-May to mid-Octobenyssag rain over the whole
country and the North-East monsoon (from mid-Oataieemid-February) which
brings cold and dry air from China to northern adth-eastern parts but causes rain
along the eastern side of the country. Betweenttfe monsoons (from mid-
February to mid-May), is the period April/May where sun is highest in the sky for
the country, and temperatures are greatest. Thez p#riod of highest sun coincides
with the wet South-West monsoon. The northern giatie country is surrounded by
the landmass of Southeast Asia with local industaied traffic, while the southern
peninsula is surrounded by the Gulf of Thailandh@ east and the Andaman Sea in
the west, with resulting cleaner air than the north

UV irradiance measurement in Thailand is coordithatiethe Laboratory of Tropical
Atmospheric Physics, Silpakorn University, Thailanding broadband instruments
in several selected parts of the countlgrjai et al, 2009a;Janjai et al, 2010;Kift
et al, 2006]. The four UV measurement sites in Thailasdd in this study are at
Chiang Mai (18.78N, 98.98E, 240 m a.s.l.), Ubon Ratchathani (15125104.87E,
122 m a.s.l.), Nakhon Pathom (13B2 100.04E, 30 m a.s.l.) and Songkhla
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(7.2C°N, 100.60E, 4 m a.s.l.), as shown in Figure 3.1. These sita®r the four
main climatic regions of Thailand. Chiang Mai isity in northern Thailand. It has
the highest altitude of the four sites with a rigklyy cool, dry season in winter, and
is situated in a natural bowl which tends to trafiytants. Development within the
city drives air pollution to high levels. NakhontRam is a suburb of Bangkok
characterised by urban and industrial aerosols witliry season in winter. Ubon
Ratchathani is in the Northeast of Thailand witlirg season in winter, and the
industry is of a more agricultural nature than ttleer two cities. These cities are
also influenced by seasonal biomass burning dulamgiary to April when rice straw
iIs burnt after harvestingJ@njai et al, 2009b]. Songkhla is in the Southeast of
Thailand on the coast of the Gulf of Thailand, whias mild weather and is wet for

the whole year. Tourism is the main industry arel derosols are under a maritime

influence.
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Figure 3.1 The positions of Thailand sites.
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The instruments are mounted at a height of abdutmito 2.0 m above the local
platform surface, close to the standard heightddration instruments, allowing for
observation and cleaning of the domes. The lofqins are flat roof tops which
enable the instruments to be unshaded and witka giew of the horizon despite

local buildings and vegetation.

3.1.2 Broadband Instrument Measuring Erythemal UV Irradia nce

in Thailand

For long-term outdoor measurement, broadband U\Vomaeters of Solar Light

Company Inc. (Solar Light, Pennsylvania, USA) hbaeen installed at the four sites.
The first radiometers were purchased in June, 1®MNakhon Pathom, and in
November, 1997 for Chiang Mai. After several yemve other radiometers were
installed at Songkhla in July, 2000 and at UboncRathani in August, 2000.

Another UV-Biometer was purchased in year 2003,use as a travelling standard
for calibration purposes.

3.1.2.1Specifications

The broadband radiometers installed at the fowessaf Thailand are the UV-
Biometer (model 501) of the Roberson-Berger typéem®lorys and Berger1993].
The UV-Biometer is designed to measure erythemadgrghted UV irradiance,
which means the spectral response of the meteosipmates the sunburn (erythema)
response of human skin to UV radiation. The radiemeonsists of a quartz dome,
black glass filter, green glass filter, GaAsP diodede insulator, Peltier element,
heat conductor, and desiccators, as shown in Figjdre
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Figure 3.2Diagram of a UV-Biometer detectdviprys and Bergerl1993].

Of the radiation incident on the quartz dome, ti@ble and infrared radiation is
absorbed by the black filter while UV radiation gaass through to the phosphor.
The phosphor absorbs the UV light and then re-einiés green light. The green
light from the phosphor passes a green glass, filtkich blocks any red light passed
by the black filter. The remaining light is detattdy a solid state (GaAs)
photodiode. The phosphor, green filter and photbeliassembly together is
surrounded by a good heat conductor for temperatatalization. The combination
of the phosphor and GaAs responses together pravidiestrument that can be used
as an erythemal UV sensor since it has a spedsplonse close to the erythemal
action spectrum defined by CIBIEKinlay and Diffey 1987] as seen in Figure 3.3
(the figure of spectral response of the travelbtgndard UV-Biometer measured in
Manchester, 2009, can be seen in Appendix 1, whicludes the experimental
details). The signal from the photodiode, whichpreportional to the erythemal

radiation, produces a current and it is transfetoeal data recorder.
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Figure 3.3 Typical Spectral response of the UV-Biometdofys and Berger
1993].

The incident radiation on a horizontal surfaceem@s the cosine of the zenith angle
of incidence. This dependency is usually called ‘tbesine law and ideally the
angular response of a radiometer for irradianceulshanimic this cosine
dependency. However, imperfections of the quartmeloreflections from the
surface of the dome and black filter, non-unifoymat the phosphor and shading of
the sensor for high incident angles are causeswahtions in angular response. In
general, the angular response of this type of tatéx within a 5% error of the ideal
cosine response for incident zenith angles less @& and less well matched at
larger angles (see Figure 3.AN¢bh 1998]. The experimental details of cosine
response for the travelling standard UV-Biometeasueed in Manchester, 2009,

can be seen in Appendix 1.
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Figure 3.4 The actual cosine response of the UV-Biometer§800) measured by

the manufacturer compared with the ideal cosinetfan.

3.1.2.2Data Acquisition

The electrical signal from the UV-Biometer must teeorded on a suitable data
logger. In order to collect data from the instrumehe radiometer at each site is
connected to the data logger (DC100) and chartrdecoof Yokogawa (Japan) as
shown in Figures 3.5 and 3.6. The chart recordersadackup which are used only
when the data loggers fail, and for a quick visohéck that data recording is
proceeding normally. The data logger is set to sartige voltage output from the

radiometer every second and then records the aa@rajue every ten minutes.
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Figure 3.5A data logger of Yokogawa.

Figure 3.6 A chart recorder of Yokogawa.

These data are sent to the Laboratory of TropidadoSpheric Physics, Silpakorn
University. The voltage signals are then convettedrythemal irradiance by using
conversion factors in V/(Wh?) from the manufacturer and field calibrations, and
corrected for spectral and cosine errors. The asie factor is initially provided in
calibration information from the manufacturer, bmust be checked at regular
intervals. In addition, the single conversion facttves not give true erythemal
irradiance in all conditions unless the instrumeegéponse exactly matches the
human erythemal response. Thus the calibration brisidjusted for the interplay of
this mismatch with the changing solar spectrum wuehanging ozone and solar

zenith angle.
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To convert the raw data from the data logger tohemypally weighted UV irradiance,
Equation 3.1\Webb et al.2006] was used to calculate the UV irradiance apyuly

the spectral response and cosine response functions
E.ce =(U-U,)Cf(6,,TO,)Coscor (3.1)

where E_. is the erythemal effective irradiance,
U and U, are the raw and dark signals from the detector,

C is the absolute calibration factor,

f(8,,TO,) is the normalisation spectral response functiamd,

Coscor is the cosine correction function.

The value of U is collected from the radiometerinigirday time at the specified

measurement time (unit of voltage) while the vadfieU, is the value measured at

night in the same units (i.e. the dark signal). € ai constant value used for
converting the voltage to irradiance {W*/V) verified for a specific set of
conditions. For instance, for the model 501 UV-Bater, the condition is at solar
zenith of 30, total ozone column of 270 DU, zero albedo andeea. The function
of f(6,,TO;) for each site can be determined by using a uvsp@iative transfer
model (see Chapter 2) to give a matrix for theeddéhces from these baseline
conditions, dependent on solar zenith angle aral tmone following Equation 3.2
[Webb et al.2006], as shown in Figure 3.7. The limitationghed matrix are: solar
zenith angles are in the range 6ft6 90 with 1° step, and total ozone column are in
the range of 200-400 DU with 1 DU step.

ICIE(}\)Erad()\)d)\

f(8,,TO,) =
©:702) [ SRRM)E 4 (M )dA

(3.2)

where CIE(A) is the CIE erythemal action spectrumdKinlay and Diffey 1987],

SRHKA) is the response of the radiometer,
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E,.4(A) is a set of solar spectra calculated with uvsmecdifferent solar

zenith angles and total ozone column,

A is wavelength.

bharsneised

= it

D
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Figure 3.7 The normalisation of spectral response function.

For the cosine error correction (Coscor), since dhtual cosine response of the

instruments is not the same as the ideal cosingium this can result in systematic

measurement errors. The magnitude of the cosie depends on thestate of the

sky such as zenith angle and cloud cover, which dater the radiance distribution

i.e. the pattern of the direct and diffuse compameross the hemisphetdijlsen

and Grobney 2007;Webh 1998].

To correct the cosine error, the following equadidrave been usedH{ilsen and

Grobner, 2007].

1
Coscor=—
glo
Ed' Ed'f
fglo =f =+ =
glo glo
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wheref ,, is the global cosine error arigl, is the global radiation which is the sum
of the direct radiatiork,, , and the diffuse radiatiog,, . The values ofgE, and

Es; can be obtained from measurement or modgls.is the direct cosine error

which is the angular response function (ARF) theat be obtained in a laboratory,

and f is the diffuse cosine error which can be calcwafeom the following

equation assuming a homogeneous radiance distibutiegrated over the whole

hemisphere.

/2

fa =2 [ ARF(B)sin(8)de (3.5)

where 8 is solar zenith angle.

3.1.2.3Calibrations

A full calibration of the UV-Biometer can be dividento three main steps: spectral
response, angular response and absolute calibi@@@nAppendix 1). The first two
steps are performed in a laboratory with standamhpks while the absolute

calibration is performed with respect to a standasttument and the sun as source.

The absolute calibration factor can be obtained bsing a reference
spectroradiometer. The calibrated detector is plaggainst the reference
spectroradiometer on a roof to measure the radidtam the sun. Then the absolute
calibration factor can be calculated from the equabelow Hulsen and Grobner
2007].

_ Ep 1 1
C= X X— (3.6)
U, ~U e Coscor f,
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where C is the absolute calibration factor dlis the spectrum weighted with the

detector spectral responsd,, and U are the raw and dark signal measured by

offset

the detector.Coscor is the cosine error correction afdis the normalization

spectral response factor as mentioned above. Raislef the calibration of UV-
Biometer (s/n 5809) against a double monochromatoManchester, 2009, see

Appendix 1.

Regarding the instruments in Thailanthfjai et al, 2009a], these UV-Biometers
were originally calibrated to National Institute $fandards and Technology (NIST)
traceable standards via quartz-halogen lamps by Sbkar Light facility in
Pennsylvania, USA. By using the fifth UV-Biometes a travelling standard, the
calibration factors at each site have been reviewedually by an on-site
intercomparison between the standard and eaclinstieiment using the method in
Webb et al[2006]. Prior to 2003, one site instrument perry@as sent to Solar
Light for characterisation and recalibration, ahert used to check the calibrations at
the other sites through intercomparison. The cosesponses showed little change
while the spectral responses altered gradually wiithe causing changes in
calibration factors that were within 1.5% over ape@r period Janjai et al, 2009a].
The spectral response of the fifth, travelling d&nd instrument was checked in
Thailand in 2008 and both cosine and spectral resg® were independently
checked in Manchester in 2009: the cosine respshewed little change from the
original (within the measurement uncertainties ~) 2#hile there had been a small
shift in the spectral response at longer UVA wangths. However, the spectral
response check in 2008 in Thailand showed no sogmf change in response. So we
take the statement dhnjai et al [2009a] that this travelling instrument was s¢abl
for the period of concern. Therefore, the origioasine and spectral responses from
the manufacturer have been used throughout singeobgserved changes during
recalibration have been small. The estimated olverglertainty of the radiometer is
within £8% [Janjai et al, 2009a].
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3.1.2.4Maintenance

The quality of data also depends on maintenantieeoihstruments. The instruments
at the four Thai sites are well maintained withlyl@leaning of the quartz dome,
regular changing of the desiccants and annual feelldbrations under clear sky
conditions. Additionally, the instruments are tgmded to the manufacturer
periodically to calibrate the angular response,giectral response and the absolute

calibration in the laboratory.

3.2 Sites and Instrumentation in UK
3.2.1 Erythemal UV Irradiance Measuring Sites in UK

The UK is a country at northern midlatitudes, cawgrthe latitudes from 50 to
60°N and longitudes from°8V to ZE. The UK climate is classified as the cold
temperate (or maritime, west coasijet Office 2007], which has unpredictable
weather. It can be sunny, raining, and cloudy ia day. These weather patterns can
occur in summer as well as winter. The four seasbtise UK are: spring (March to
May), summer (June to August), autumn (SeptembeNdgember) and winter
(December to February). The main influence on tlate is from the Atlantic
Ocean. The weather in the UK is very variable vetlge inter-annual differences,
and can be under the influence of air masses frotih the Arctic and the Tropics,

and either continental or maritime in origin.

In this study, there are nine UK sites where U¥drances are measured; Camborne
(50.22N, 5.32W, 85 m a.s.l.), Chilton (51.8B, 1.32W, 122 m a.s.l.), Glasgow
(55.86N, 4.34W, 9 m a.s.l.), Kinloss (57.6K, 3.56W, 5 m a.s.l.), Leeds
(53.85N, 1.6T’W, 164 m a.s.l.), Lerwick (60.24, 1.19W, 79 m a.s.l.), Snowdon
(53.07N, 4.08W, 1025 m a.s.l.), Manchester (53'Hl7 2.23W, 43 m a.s.l.) and
Reading (51.421N, 0.94W, 67 m a.s.l.) as shown in Figure 3.8. The lasi sites
provide spectral data, while the remainder opebad@adband instruments similar to

those in Thailand.
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Figure 3.8 The position of nine stations in the UK.

3.2.2 Broadband Instruments

There are seven broadband instrumeR&safson et a).2006] in UK used in this
study. Three of them; Chilton, Leeds and Glasgow,ah Health Protection Agency
(HPA) sites, and were installed in 1988. A furthleree instruments installed at
Camborne and Lerwick since 1993, and Kinloss sih®85 are based at UK
Meteorological office sites. Another instrument gaged by a Welsh Assembly
Grant has been on the mountain of Snowdon sinc&.ZDiRe data collection and

analysis, and calibration of all instruments arerseen by HPA.
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3.2.2.1Specifications

These networks have used two versions of broadlmetidiments; model 500 (RB-

500) and model 501 (RB-501) of Robertson-Bergerensetnitially, RB-500 meters

were used at the all sites except at Snowdon. Gllyreghese instruments are still
used at Camborne, Kinloss and Lerwick, while thayenbeen replaced by RB-501
meters at Chilton in October, 2004 and at Leeds @lasgow in May 2005. For

Snowdon, a RB-501 meter was installed in 2003. 3pecifics of the model 501

Roberson-Berger meter have been described abowe.RBi500 meter was the

earlier version: it used a vacuum photodiode rathan the solid state version, and
did not have the same temperature stabilisaff@afson et aJ.2004].

3.2.2.2Data Acquisition

The erythemal irradiance data from the instruméntsonverted from analogue to
digital data and then transferred to processing prders. The data from these
instruments is recorded every 20 seconds and theraged over five minutes, and
then the calibration applied to give irradiancest Enowdon, since the location of
this instrument is on the mountain of Snowdon, dlaga is limited by the power

supply taken from a railway station. Therefore, da¢a of this site can be recorded
only about six months per year from April/March $eptember/October when the
tourist train is operating. For missing data, amal data gap is filled by the average
data on either side of the gap, and large data cmyse rejection of the whole day in

climatological data analysis.

3.2.2.3Calibrations

All these instruments are field calibrated usingtandard broadband instrument.
Usually, the field calibration is held in July. Tlstandard is calibrated against a
double monochromator scanning spectroradiometerctwig calibrated against
deuterium discharge lamps traceable to the Natidttalsical Laboratory. The
overall uncertainty is estimated at 9% for RB-50@ &% for RB-501, based on
uncertainties of national standard, transfer stahdspectral response, temperature

response, linearity, angular response and off3difson et aJ.2000].
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3.2.3 The Bentham Spectroradiometer

The Bentham spectroradiometer model DMcl150 is orasien of the
spectroradiometers manufactured by Bentham Insttsriemited (Reading, UK). It
Is a double monochromator with the advantage aficed straylight compared with
a single monochromator. There are four basic wfitthe instrument: input optics,
monochromator, detector, and control and loggirsgesy (see Figure 3.9). The input
optics of DMc150 are usually made from Teflon fov theasurement. The cosine
response of the diffuser, measured using a 1000 vAttzy halogen lamp, is
wavelength independent. The radiation is transfieroethe monochromator through

the quartz fibre optic cable.

==
—
:l: Signal
i .
T Control i B =
|8 | B
== —H
Input Optics Monochromator Detector Control and Logging

Figure 3.9 Basic components of a spectroradiometer sysBantham Instruments
Ltd, 1997].
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Figure 3.10Schematic elements of a Double Monochromaenfham Instruments
Ltd, 1997]. The layout of the DMc150 is slightly diféat, but the basic elements are
the same.

The double monochromator (see Figure 3.10) packedhe ‘enviroboxX (a

temperature stabilisation system) consists of msr@nd 1200 lines/mm gratings
with the reciprocal dispersion 2.7 nm per mm. Theors are used for directing the
radiation from the entrance slit, which reduceaydight. Then the light is separated
into its specific wavebands at the first diffractigrating. At the middle slit of the
DMc150 double monochromator, there is a filter whesed for the purpose of
limiting the signal at the detector, which is a PMand for measuring the dark
current. Further dispersion occurs at the secoatingy and the light is then directed
wavelength by wavelength, as the gratings turnp dhe PMT thus building a
complete spectrum. The bi-alkali end window PMBeadected for low dark current
noise and for low hysteresis. The wavelength depeindlectrical signals from the
PMT are converted to corresponding irradiance \sineunits of mwm?nm* by

way of the calibration. A computer is used for cotihg and logging the system.

The Bentham instrument has been located in a dmndlling at the University of
Reading since August 1999. The input optic mouwtedhe roof is connected to the
double monochromator and the PMT mounted in thérenox inside the building,
by way of the fibre optic cable. Both sections als connected to the control and

logging system as can be seen in Figure 3.11.
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Figure 3.11The Bentham DMc150 installed at the Universityrefading.

Raw data from the Bentham is automatically colleédtem sunrise to sunset every
half an hour. The spectral irradiance is scannech 290 nm to 500 nm with a step
of 0.5 nm, and the spectral calibration file apgli& single scan takes approximately
five minutes. Furthermore, SHICrivm softwar8ldper et al. 1995] is used for
routine QC of the measurements. This package, nadelyv used, assesses and
corrects small wavelength inaccuracies in the spledata, and then provides spectra
as they would appear if measured by an instruméhtantriangular slit function of 1
nm FWHM, as well as the wavelength corrected spewith the instrument’s true
slit function. Ideally, a spectroradiometer wouldvh an infinitely narrow slit
function to truly measure monochromatic light. mgice, this is not possible and
there is always a trade off between signal, disperand slit function. However,
with a rapidly changing signal with wavelength (asthe solar UV) different slit
functions will incorporate different amounts of astlight into a pseudo-
monochromatic signal. Normalising the slit functieffiect to a standard function, as

SHICrivm does, makes it easier to compare data fdifferent instruments. The
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package also makes a number of other quality cociiexks for shape-errors, spikes
and variability, for example, and returns a numbkrcoloured QC flags for each

spectrum. The quality controlled data is then add and can be accessed from
ftp://o3uvdata.seaes.manchester.ac.uk/. The odgatfile called aslével I from

the database contains the metadata informationelesagth, and the measured

spectral irradiance in unit of my%nm™.

The erythemal irradiance from the raw data canabeutated by using Equation 2.2
(see Chapter 2). After that the erythemally weidht#/ irradiance at the lowest
solar zenith angle of the day is selected to remtethe irradiance at local solar
noon. Note that the erythemal irradiance at sataall noon from the Bentham
DMc150 used in this study is not always exactlytrage solar noon value since
measurements are made only every 30 minute, butirttee difference is no more
than 15 minutes.

Calibration of the instrument is required more treqtly than for the broadband
radiometers since the double monochromators weir thoving parts, and the high
voltage PMT detectors, are inherently less stdid@ the simpler radiometers. The
wavelength calibration (or check of wavelength mignt of monochromator)

should be performed first, and then the irradiacadération should be checked. The
initial method of calibration in the laboratory ésEigure 3.12 with the DMc150 in

place of the DTM300) uses a 1000 W FEL tungsteodel lamp as a primary
standard lamp with known spectral output, traceabl®IST, and certificated by

Optronics Laboratories, Florida, USA. The outputlad lamp is stable and smooth
from UV to infrared rangesNebh 1998].
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A 1000 W tungsten halogen lamp c:l NIST

U

A Bentham spectroradiometer
(DTM300)

U

A set of 200 W transfer
tungsten halogen lamps

U

A Bentham spectroradiometer
(DMc150)

Figure 3.12The diagram of calibration process for spectropimatters.

Thereafter the DMc150 is calibrated in the field, naonthly intervals or more
frequently if circumstances dictate, using the ¢fanstandards that are themselves
calibrated via the DTM300 (Figure 3.12). The unaiatty incurred in the calibration
process can be about 1% including uncertaintiesal@ghment and orientation,
stability of the detector, statistical noise, noghrity and straylight, additional to the
2%-3% uncertainty inherent in a new standard la8ipce the standard lamp is not
field equipment, a set of several 200 W DXW tungdtalogen standard lamps, in
fixed mounts that attach uniquely to the input cgtiare used as transfer (or
travelling) standard lamps. The uncertainty of $fanlamps is approximately 3%-
5% with wavelength dependence, including unceisntlue to statistical noise,
current regulation of the lamps, and transportadod long-term use of the lamps
[Grobner et al. 2005]. During the monthly calibration checks, mgp@s of less than
2% are deemed to be within the stability and uadeties of the calibration process
and no changes are made to the calibration. Fraultseof the calibration check
during 2004-2007, mean changes were consideraldy than 2% and only
occasional adjustments to the calibration wereirequin addition, external quality
assurance of the data has come through a serietenfational intercomparisons (of
this instrument or its predecessor, eBais et al.[2001]; Webh [1997] andGrdbner

et al. [2005]), and more recently on-site comparison wathravelling standard

instrument developed within the European Uniongumbuality Assurance of Solar
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UV Measurements in Europe (QASUME). The resultsasdtbthe deviations of the
Bentham at Reading relative to the QASUME referegmectroradiometer were 1%
in the UVB (305-315 nm) and 2% in the UVA (aboves3im) [Grobner et al.
2006].

3.2.4 Brewer Spectrophotometers

Brewer instruments, of which there are several rnspdare a type of
spectrophotometer originally intended for automatiital ozone measurements in
the UV range by using either direct sunlight orfudie sky light from the zenith.
They can also measure spectral irradiance in addnwvavelength range (dependent
on model) by using a quartz dome and Teflon diffuRecently, more than 200 of
the instruments have been used globalymin et al, 2003; Sci-Te¢ 1996;
Tanskanen et g12007;WMQ, 2008].

The general system of the instrument consists @etimain sections: foreoptics,
spectrometers, and a PMT detector as shown in &i§ut3. For the foreoptics,
incoming light is incident at zenith prism (ZP1)hieh by rotating can direct
radiation into the monochromator from different s@s: quartz window, calibration
lamps or UV diffuser. For zenith angles betweérafd 90, the sunlight and sky
light passes through an inclined quartz window. Zgnith angle 180 the
spectrometer points to the calibration lamps, and9& a Teflon UV diffuser
occupies the field of view (FOV) as shown in Fig@t&4. The light from the prism
is then passed through several lenses and thraeocefements (iris diaphragm
(IR1), filter wheel#1 (FW1) and filter wheel#2 (FW&hich control intensity for
ozone, UV and lamp measurements) to a mirror (SMithe mirror, the light is
reflected to a moveable grating (GR1) where thbtlig dispersed. The spectrum is
then reflected and focused by the mirror on theelaf cylindrical slit mask (SL1)
consisting of six exit slits (EX1). A stepper mot@an control the slit mask positions
to allow the spectrum to enter one of the six shis. In the double monochromator
(Mark 111) instrument the spectrum is then focusmdo another grating (GR2) by
another mirror (SM2). Finally, the spectral elensenpassing through the
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spectrometer are amplified by the PMT detector gmaton counts (raw counts) are
then transmitted to a counter.

Foreoptics

Spectrometer

Figure 3.130ptical Elements of Brewer Spectrophotomeg&ai{Te¢ 1999].

{Solar UV-B radiation)

quartz dorme
Brewear Spactrophotometer cover
0

- - . [lzenith)

/ ! ~ | e quartz window
teflon diffuser ! diract-sun
L . observalion angles
: Ia_nlth '\f {U - gunJ
! prism { _'% (harizon)
o N
{UV-B angle) + —

™ zenith angle (-30 to 1807}

LB prism
-+—— standard lamp
LU-B Subassembly —— mercury lamp

Figure 3.14Zenith prism targetsSci-Te¢ 1999].
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The spectrophotometer located on the roof of thes@abuilding at the University
of Manchester is a Brewer Mark Ill model (Figurel®. which is a double
monochromator spectroradiometer, and the specimmeder at the University of
Reading is a Brewer Mark IV single monochromatog(Fe 3.16).

Figure 3.15The Brewer spectrophotometer (#172) installeth@tiniversity of
Manchester.

Figure 3.16 The Brewer spectrophotometer (#075) located aUtteersity of
Reading.
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For ozone measurement at zenith angles betweemd 90, the grating (GR1) is

fixed to adjust the light onto the slit mask thatests single wavelengths used for
total ozone calculation. From the slit mask possicselected, the direct sun is
measured at six wavelengths: 303.2 nm, 306.3 nf,13im, 313.5 nm, 316.8 nm
and 320.1 nm, with resolution of 0.6 ni&cj-Te¢ 1995]. The spectral radiation is
counted and amplified in term of photon counts bing PMT. Total column ozone

can be calculated by using differential absorpbbselected wavelengths in the UV

range, a process performed by the Brewer software.

To monitor UV irradiance, the spectral UV data tancollected by using the quartz
dome and Teflon diffuser for the zenith angle prisit9C. The slit mask (SL1) is
fixed to allow for dark count measurement. The igta{GR1) is moved to enable
UV wavelengths to reach the PMT in turn as the Jength incident on the slit
changes with the grating rotation. The softwareUd measurement is set to scan
from 286.5 nm to 363.0 nm for Mark Il and from 20Ghm to 325.0 nm for Mark
IV, in steps of 0.5 nm, which takes about six masuto complete. The raw counts
are converted throughout to counts per second ameéated for instrument dead
time. Then the corrected raw counts are dividedheyinstrument response values
and multiplied by the erythema weighting value atre wavelength (see Equation
2.2). The weighted spectrum is then integratedue the erythemal irradiance. Note
that the Brewer UV spectral data do not extend srhe full waveband of
erythemally effective UV (290-400 nm), although timost erythemally effective
wavelengths are measured. However, the erythental wised in this thesis was
corrected automatically for the missing wavelenigghthe retrieval software of the
Brewer spectrometer. The uncertainty incurred bg thAck of longer UVA
wavelengths is less than 2% for the solar zenitflealess than 70[Fioletov et al,
2003;Fioletov et al, 2009].

The wavelength calibration of the instruments isgrened regularly by using the
internal mercury lamp and the sensitivity of thstinments is monitored by using an
internal halogen lamp. Regarding the intercomparisb Brewer#075 and #172 in
2005, 2007 and 2009, the UV calibration of the B¥ewpectrophotometers was

maintained in between the ozone calibration intemgarisons by calibration checks
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against a series of 50 W tungsten halogen lampshwallow any drift in the
calibration to be identified. If necessary the Upemation of the Brewer can be
calibrated with NIST traceable 1000 W tungsten gafolamps. The new response
files of years 2007 and 2009 were compared withctidbration file of year 2005,
and the results for both instruments showed thkilgyaof the systems with the
differences within 8% for Brewer#075 and 3% for\Beg#172. The results of ozone

data showed the agreement within approximately H2 D

3.3 Overall Uncertainty of Ground-Based Instruments

The broadband radiometer has a typical uncertaih@.2% or more. This includes
the uncertainty of calibration procedure (~3.1%§ tincertainty of converting from
detector weighted irradiance to erythemally weidhteadiance (~1.7%), and the
uncertainty of the cosine correction (1.7%-4.3%lllsen and Grébner2007].
However, as discussed earlier, the broadband radessiused in this study have the
overall uncertainties withiee®9% (i.e.,£8% for the Thai sites, ant¥ to +9% for the
UK sites).

Overall uncertainty in spectral UV data measured dayefully calibrated and
maintained Bentham and Brewer spectrometers isllysiess than that from
broadband radiometers. The uncertainty of UV iaade measured by Brewer
spectrometer is estimated to be withi®?o depending on sites for all known major
sources of error such as straylight and cosing ggabburg et a).2002] and within

+5%, measured by Bentham spectrométéelpb et al.1999].

3.4 The Ozone Monitoring Instrument

3.4.1 General Information

The Ozone Monitoring Instrument is one of the imstents onboard NASA Earth
Observing System (EOS) Aura spacecraft. It wasdaed on 15 July, 2004.¢velt
et al, 2006a], and from 6 September, 2004 OMI has medstire composition of
the earth’s atmosphere on a global scabngkanen2008].
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Aura/OMI is a sun synchronous polar orbiting sételbassing near the earth’s poles
at an altitude of around 705 km above the earthiéase, with an inclination of
98.2 [Laan et al, 2001;Levelt et al. 2006b]. The telescope of OMI provides a large
FOV of 114 as can be seen in Figure 3.17. This results igleeh spatial resolution
(13 kmx24 km at nadir) compared with TOMS and GOME. Treohation can reach
up to around 13 kwil50 km at the largest swath-angle (b[Levelt et al. 2006b].
OMI is a nadir-viewing spectrometer with a 2600 Wide swath that can cover most
of global area in a day using a two dimensionalgé&a&oupled device detector. One
dimension detects the spectral information and harotdetects the spatial
information. The equator overpass time of the bige$ usually about 1:45 pm local
solar time, which can be varied &$0 minutes, and at high latitudes there are often

several overpasses per daafskanen et gl2007].

binmed +co-added 2-dimentional CCD
to 13%24km groundpixels =

T

~580 pizels wavelength

~T30 prxels
flight direction
==T mfsec

wewing angle

Figure 3.170MI measurement principle modified frdoevelt et al[2006b].

The instrument contains two spectrometers measthiegarth radiance and solar
irradiance spectrum between 270 nm and 500 nm ricgv&)V and visible ranges.
The light entering the telescope and then passpwaization scrambler is split into
two channels: the UV channel (270-365 nm) and tistb\é channel (365-500 nm),
using a dichroic filter. The UV channel is dividiedio two sub-channels: UV-1 (270-
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310 nm) and UV-2 (310-365 nm).gvelt et al. 2006b], to reduce an excess of
straylight below 290 nm.

OMI requires not only on-ground but also in-fligtetlibration Levelt et al. 2006b].
The on-ground calibration provides several parametéor example, absolute
radiance, absolute irradiance, straylight, deteatal electronics characteristics. The
purpose of the in-flight calibration is for measgrithe sun once per day using an
internal white light source and light emitting dexd to check the overall
performance. More extensive information about tihd @alibration can be also seen
in Laan et al[2001] andDobber et al[2006].

With regard to the science objectivégyelt et al. 2006a], OMI can provide data on
trace gases including Ozone, Nitrogen dioxide, Budpdioxide, Formaldehyde
(HCHO), Bromineoxide (BrO) and Chlorinedioxide (@J! Furthermore, OMI can
also retrieve aerosol characteristics, cloud taghte and surface UV irradiance. In

this thesis, we aim to use the OMI surface UV iimade and OMI aerosol data.

3.4.2 Surface Ultraviolet Irradiance from OMI

3.4.2.10MI Surface UV Algorithm

The OMI UV algorithm is based on the TOMS UV algiom developed by NASA
Goddard Space Flight Centrigdk et al, 1995;Krotkov et al, 1998;Krotkov et al,
2001; Tanskanen et gl2006]. However, the OMI UV product has a higheatsl
resolution of 1824 knf at nadir. The OMI surface UV algorithm relies on
“TOMRAD radiative transfer modellJave 1964] and input data such as total
column ozone from OMI and climatological surfaceealo based on TOMS data
[Tanskanen2004]. Firstly, clear sky UV irradiance is calatdd by assuming that
the atmosphere has no cloud and no aerosols. Tieerclear sky irradiance is
multiplied by a cloud and nonabsorbing aerosol exiron factor (i.e., aerosol
scattering which is included in the backscatter suesment) derived from further
OMI products, e.g., the measured 360 nm radiancthetoverpass time. Note,
however, that the backscatter measurements on wHigleorrection is based still do
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not fully probe the lower boundary layer and theoaels therein §jicKenzie et aJ.
2008]. An overview of the OMI UV algorithm is shownFigure 3.18.

364 nm
rdiance
€ . Ref, 8524
i i Table of rad
l vs cloud optical —— Cloud
depth Corrected: E=C, -E

Clear sky
Cp= Cloud Factor

Table of cl irradiance
Lol i EiEEE 331360 nm

sky irradiance residue
l OR
Ahsorhing
aerosol —p- Ahs. Aerosol
correction Corrected: E = e FATR=d) Eumﬂq,

ATl = Aerosol Index
R, =LER at 360nm

Figure 3.180MI UV algorithm overview modified frorKrotkov et al[2002b].

In the algorithm, the non-clear sky conditions adbstinguished into
cloud/nonabsorbing aerosol, and absorbing aerdbelse can be separated by using
the two values of Lambertian Equivalent ReflectiitER) at 360 nm (see Equation
3.7) Krotkov et al, 2002ajKrotkov et al, 1998;Krotkov et al, 2001;Krotkov et al,
2002b] and Aerosol Index (Al), (see Equation 3Kotkov et al, 2002aKrotkov et
al., 2002b].

R360T360 (e’ eo ' PS)

lo = 1,(6,8, ,Py) +
360 0( S) 1_ R36OSb (PS)

(3.7)

where |, is the LER radiance at near 360 nm,
|, is the radiation reaching the instrument fromuaepRayleigh atmosphere

with zero surface reflectivity,
0 is the viewing angle,

6, is solar zenith angle,
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R is the LER at 360 nm,
T,eo IS the total amount of direct plus diffuse radiatreaching the surface,

multiplied by the atmospheric transmission of thiffude reflected radiation in the

direction of the satellite,

P is surface pressure, and
S, is the diffuse reflection of Rayleigh atmosphiéiteninated from below

by an isotropic source.

AI = _10qloglO(| 3311m/ l 3601m)meas_ IoglO(I 3311m/ I 36mm)calc] (38)

where | is the upwelling radiance at the top ofdhmosphere at 331 nm and 360 nm,
these being the shortest and longest available lefagths where gaseous absorption

is negligible.

- Clear-Sky UV Irradiance
For a cloud- and aerosol-free atmosphere, the sleasurface UV irradiancg,,,,,

is calculated for a Lambertian reflecting surfacg using the formula below
[Krotkov et al, 1998;Tanskanen et g12006]:

— 5 Eqr + Egi

clear_dz 1_ASSb (39)

where E,, is direct irradiance at the ground for unit sdlax and zero surface

reflectivity,

E, is diffuse irradiance at the ground for unit sdlax and zero surface
reflectivity,

d is the sun-earth distance,

E_ is the extraterrestrial solar flux at 1 AstronoahiUnit,

[o]

A is the surface albedo, and
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S, is the fraction of reflected radiation that istimn backscattered to the

surface by the Rayleigh atmosphere.

For the purpose of estimating the E,, , E;« andS, in Equation 3.9 were

clear?
solved from the radiative transfer equation in thé range (290-400 nm) using the
auxiliary equations methodpve 1964]. This process accounts for all orders of
scattering and polarization effects. In additionspdnerical geometry correction is
required Krotkov et al, 2002b]. Therefore, the irradiances at solar heaitgles up

to 85 are more correct.

The model was separated for a set of 26 ozoneamngedrature profiles to calculate
the numerical parameters using ozone absorptiofficieats based on the laboratory
measurements dBass and Pauf1985], and the Rayleigh scattering coefficients
based on the work bBates[1984], cited inKrotkov et al.[2002b]. The ozone and
temperature profiles are based on the Nimbus-7/SBthstfument measurements
above 15 km and on balloon ozonesonde measurenientsower altitudes
[McPeters et a). 1998]. The profiles have been generated for tm@ees: low
latitude (15) covering a range of 225-475 DU, midlatitude °(4&nd high latitude
(75°) covering a range of 125-575 DU.

To estimate surface albeddA{), it is assumed that the albedo is spectrally

independent in the UV range. Monthly Minimum Lanther Equivalent
Reflectivity at 360 nm or 380 nm (MLER) retrievetbrh the Nimbus-7/TOMS
during 1978 to 1993 was used. A linear interpofaiio space and time method is
then used for estimating MLER on a given day fahe®MI FOV [Krotkov et al,
2002a;Tanskanen et gl2003;Tanskanen2004].

The irradiance values were convoluted using the emigal parameters with a
triangular slit function (FWHM=0.55 nm) centred 345, 310, 324, 380 nm and 22

additional wavelengths to generate lookup tablescdlrulatee Finally, the

clear*
surface albedo correction and sun distance cooreatiere applied according to
Equation 3.9.
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- Correction for absorbing aerosols

Aerosols can absorb both direct and diffuse UV atin. Additionally, they also
attenuate the outgoing diffuse radiation. If theeliée algorithms do not account for
absorbing aerosol, overestimation of UV irradiaocae result. The situation becomes
more complicated in cases where aerosols are bbaatestly in the atmospheric
boundary layer under a cloud layer. However, noodddsg and absorbing aerosols
can be separated by LER and Al. Absorbing aerasulse the satellite-derived LER
to decrease with decrease in wavelength while rsmraing aerosols typically cause

the LER to increase with decrease in wavelenigtbtkov et al, 2002a].

In the case that LER<0.15 and AI>0.5, the absorlaiagsol correction factor is

applied. Using Al, the correction factor for abdogb aerosol is determined as

e ¥R« Herman et al. 1999a; Krotkov et al, 2002a; Krotkov et al, 1998;
Krotkov et al, 2002b;Tanskanen et gl2006]. Therefore, the UV irradianc&] in

this case can be calculated by using the equagtmwb

E= e—g(Al R360) EECIear (310)

The g factor is a function of aerosol height, olaagonal geometry and aerosol type,
which is set to a constant value of 0.25 in therentr version of the OMI UV

algorithm.

- Cloud/nonabsorbing aerosol correction

For the other conditions, surface UV irradiance ¢&) be found by multiplying the
cloud correction factor@; ) [Krotkov et al, 2001] with clear sky UV irradiance as

in the equation below:

E= CT |:IECIear (311)

To estimate the cloud correction, the assumptioashat cloud is homogeneous, the

plane-parallel cloud model is embedded into a sdag molecular atmosphere with
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known ozone absorption and surface albedo, andl@ptical thickness is spectrally
independent. The cloud correction is based on tigdi&ransfer calculations and is
generated as lookup tables as functions of clotidaighickness, surface albedo and
solar zenith angle. The cloud optical thicknes®hsgained by using the 360 nm
radiance measured at the overpass time by OMIl.a8earralbedo is taken from a
climatology databas& hnskanen2004].

3.4.2.2Data Products

The Level-2 OMI Surface UV irradiance and ErytherDalse (OMUVB) products
are provided in terms of surface spectral UV irmades at 305 nm, 310 nm, 324 nm,
380 nm, erythemal dose rate both at overpass &ntk local solar noon, and
erythemal daily dosd_pvelt et al. 2006b;Tanskanen et al2006].

For specified sites, these data can be accessed Mitgp://avdc.gsfc.nasa.gov/.
However, this requires a formal request to the @d4im, who will then provide the
data for the stations requested. This data praadlilidbe used in Chapter 4 to Chapter

6. The data product is written as text files camtey the data as shown below:

Datetine : Date and tine

MID2000 : Modified Julian Day 2000

Year © Year

DOY : Day OF Year

sec. (UT) : Elapsed tine (seconds, UT)

O bit : Aura orbit nunber

CTP : OM Cross Track Position (0-59)

Lat. . CTP center latitude (degree)

Lon. : CTP center |ongitude (degree)

Di st. : Distance between the station and the CTP (km
SZA . Solar Zenith Angle (degree)

GPQF : Ground Pixel Quality Flags (dinensionless)
OVAF . OMI3 Al gorithm Fl ags (di nensi onl ess)

OVIQF : OMI3 Quality Flags (dinmensionless)

UVBQF : Quality Flags on Pixel Level (dinensionless)

CSEDDose : Cear Sky Erythenmal Daily Does (J/nt2)
CSEDRate : Cear Sky Erythenal Daily Does Rate (W nt2)
CSIrd305 : dear Sky Irradiance at 305 nm (Wnt2/ nm
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CSIrd310 : dear Sky Irradiance at 310 nm (W nt2/ nm
CSlrd324 : dear Sky Irradiance at 324 nm (Wnt2/ nm
CSIrd380 : Cdear Sky Irradiance at 380 nm (W nt2/ nm

Cl dOpt : Coud Optical Thickness (di nensionl ess)
EDDose . Erythenmal Daily Does (J/ nt2)

EDRat e : Erythenal Daily Does Rate (W nf2)

I rd305 : Irradiance at 305 nm (Wnt2/ nm

I rd310 : Irradiance at 310 nm (W nt2/ nm

I rd324 : Irradiance at 324 nm (W nt2/ nm

I rd380 : Irradiance at 380 nm (Wnt2/ nm

OPEDRate : Overpass Erythenmal Dose Rate (W nt2)

OPIrd305 : Overpass Irradiance at 305 nm (Wm2/nm
OPIrd310 : Overpass Irradiance at 310 nm (W m2/ nm
OPIrd324 : Overpass lrradiance at 324 nm (W m2/ nm
OPIrd380 : Overpass Irradiance at 380 nm (W m2/nm
LanbEquRef: Lanberti an Equival ent Reflectivity at 360 nm
(di mensi onl ess)

Suf Al bedo : Surface Al bedo at 360 nm (di mensi onl ess)

Ter r Hgt : Terrain Height for center co-ordinate of ground

pi xel (m.

For the global view, the Level-3 OMI Surface UVaidiance and Erythemal Dose
(OMUVBA) product is now available at
http://disc.sci.gsfc.nasa.gov/Aura/OMI/omuvbd_v@®Bnl. The OMUVBd data
product is written as Hierarchical Data Format (HHHOSS5 data files. This product
will be described in more detail in Chapter 7.

3.4.2.3Error of OMI UV Irradiance

Since the OMI UV irradiance is calculated by usitige extraterrestrial solar
irradiance, clear sky surface UV irradiance, cland aerosol correction factors, the
errors can be caused by any or all of these fachorsrotkov et al.[2002b], error
analysis of OMI UV irradiance was investigated. 8ymparing three sets (Solar
Stellar Irradiance Comparison Experiment, Solarrdviblet Spectral Irradiance
Monitor and SBUV/2) of extraterrestrial solar irradce, the differences found are
less than £3% in the UV range. This can be assumsdtie absolute uncertainty of

+3%. The error in clear sky irradiance dependsheninput data used in the radiative
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transfer models. This typically gives an uncertaiot less than 5%. The error for
cloud/aerosol correction factors can be significamtthe region of 20% or more.
This includes errors in properties of cloud (egqud shape and cloud altitude,
given the assumption of a homogenous, plan pacdteld layer), ozone, and type of
aerosols, which are used in models. In additionerwhalidating against ground-
based observations, there is the issue of tempadhbpatial matching.

3.4.3 Aerosol Optical Depth and Aerosol Absorption Opticd Depth
from OMI

A further two satellite products, not themselvelyyfincorporated into the OMI UV
algorithm, were used in this thesis work. There tare methods used to estimate
aerosol optical depth, aerosol absorption optiegdtll and single scattering albedo
for cloud free conditions: the OMI Near-UV Aerogoptical Depth (OMAERUV)
and the OMI Multi-wavelength Aerosol Optical Deg®MAERO) algorithms. The
OMAERUV algorithm uses the relationship between tWé wavelengths (354 and
388 nm) and a set of assumed aerosol models tmatstiaerosol index, aerosol
extinction and absorption optical depth, as beesdus TOMS aerosol algorithm
[Torres et al. 1998]. The aerosol models consist of three magoosol types: desert
dust, biomass burning and sulfate-based aerosdigreweach aerosol type is
represented by seven aerosol models of varyinglesiagattering albedo. Each
subtype depends on size distribution and refragtidex. The OMAERO algorithm
uses up to 19 wavelengths in the 330 nm to 500 pettsal range, which are
independent from Raman scattering and gas absorptimibutes Torres et al.
2002b]. This algorithm is based on four main adrosodels: desert dust, biomass
burning, volcanic and weakly absorbing aerosol wékieral subtypes represented by
each models according to their properties (partsize and refractive index). The
particle size distributions and refractive indexdisn the OMI aerosol algorithm are
taken from long-term Aerosol Robotic Network (AERBEN ground-based
observations. The difference between the two meti®that the OMAERO method
is mainly used over the oceans while the OMAERUMhud is used over land. The

reason for this is that over land the availablecspé surface reflectivity database
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may not be good enough to apply the multi-wavelengethod which relies on
spectral surface reflectivity data.

In this study, the OMAERUYV aerosol data product waed. This product includes
aerosol optical depth, aerosol absorption optiegitld at 354, 388 and 500 nm, and
UV aerosol index. The data is written as an HDF-BE®#ich can be downloaded
from  http://avdc.gsfc.nasa.gov/ for the specific tesi and from
http://disc.sci.gsfc.nasa.gov/Aura/data-holdingsi@ktaeruv_v003.shtml for the
global view (Level-3 OMI Near-UV Aerosol Optical pgn, OMAERUVA).

The overall accuracy of aerosol optical depth eged from the OMI product is
estimated to be about 30% or more, and the accurfattye single scattering albedo
is 0.1, depending on the main uncertainties suckhasaerosol size distribution,
refractive index, layer height, the surface reflagt and the cloud mask. The
aerosol absorption optical depth is estimated te l@root mean square error about
0.01 [OMI Team 2009;Torres et al. 2002a;Torres et al. 2002b].Ahn et al.[2008]
compared aerosol optical depth and aerosol absarptitical depth retrieved from
OMI with that from Aqua/Moderate Resolution Imagingpectroradiometer
(MODIS) and found that the OMI aerosol optical drepalues were generally higher
than the MODIS valueslivingston et al.[2009] also showed that OMAERUV
aerosol optical depth retrievals are within 20%tled AERONET values for the
nonabsorbing aerosols but are higher for the udeaosols.

3.4.4 Total Column Ozone from OMI

Total ozone column from OMI is derived from two @lghms Kroon et al, 2008]:
OMI Total Ozone Mapping SpectrometerOMI-TOMS”) and OMI Differential
Optical Absorption SpectroscopydMI-DOAS) technique developed by the Royal
Netherlands Meteorological Instituteévdefkind et a). 2006]. The differences
between the two algorithms are describeHliioon et al.[2008].

The total column ozone from TOMS and DOAS algorghare in the OMI Total
ozone data products, written as an HDF-EOSS5. It bandownloaded from
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http://avdc.gsfc.nasa.gov for the specific sites, nd a from
http://disc.sci.gsfc.nasa.gov/Aura/data-holdingsi@d the global view.

The relative differences of total ozone column frthva different methods vary from
0% to 3% depending on latitude and season. The DS total ozone column is
slightly lower than that measured from Brewer smauoeters by about 2%. For
OMI-DOAS ozone data, the bias is about 1.4%tpn et al. 2009].

3.4.5 Overall Uncertainty of OMI Data

Several OMI products are used in the following warld each product has its own
uncertainty. The smallest uncertainty is in tot@llonn ozone and is within 3% when
compared to a range of ground-based instrumentgliwdo not themselves agree
perfectly). The uncertainty of indirect measuremsewit UV from OMI data can be
much greater (20% or more). According to the comspas of the OMI UV and
ground-based UV at several siteBufhard et al. 2008; lalongo et al, 2008;
Kazadzis et al. 2009a; Tanskanen et al.2007], OMI data has been found to
generally overestimate UV with respect to grounddoadata, e.g., by 20% for
erythemal data at the overpass tirKe4adzis et al.2009a] and up to 50% at sites
affected by absorbing aerosolslapskanen et al. 2007]. In contrast, the
underestimation of the OMI UV data can be foundeateral sites affected by snow
covered surfaceTlanskanen et gl.2007], while for clean sites agreement with
ground-based measurements is within the measuresmems Fioletov et al, 2002;
McKenzie et aJ.2001]. The uncertainty of OMI aerosol optical thepan be about
30% or more dependent on condition. This is bomeby the level of agreement
with other measurements (which are themselves ifeqt@r

Data of the types, and from the sites, describedhis chapter are used in the
following chapters to assess the success of OMIrefvevals in the Tropics — a
region for which the OMI retrieval has not previgubeen tested, and for which
there are few ground-based measurements. Succeggflitation of the OMI UV

algorithm would therefore provide valuable data thanot available by other means.
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Chapter 4— Comparison between OMI and Ground-Based
UV Data

In this study, the erythemal irradiance at locdasaoon, when the sun is highest in
the sky, was used. This is a standard OMI dataymtoalvailable for anywhere on the
globe, and represents the expected maximum UV viauehe day under stable
conditions. The time difference between the OMI OVerpass and ground-based
measurements at local solar noon varies more K sites (-1.5 to 2.5 hours)
than that for Thai sites (0.5 to 2.5 hours). The IOAIgorithm assumes that
atmospheric conditions stay constant between therpags time and noon, in
calculating local noontime UV irradiance. This asgtion and the time difference
can introduce an additional uncertainty into them&V data product. This becomes
an intrinsic part of the uncertainty in the OMI duzet. However, the mean ratios at
overpass and noon differ by only 2% and the nosedlroot mean square deviations
are also similar (0.16 for Songkhla at overpass@fé at noon, with the other sites
showing a corresponding result). For a broad agptin, e.g., one aimed at public
health information, noon UV dose rate is more gasihderstood and more

applicable and thus we use this in the followinglgsis.

In this chapter, erythemal dose rates at localrsob@n retrieved from OMI were
compared with those from ground-based measurena¢rte UK sites (solar noon
+4 minutes) and Thai sites (solar nat® minutes). These sites represent different
geographical and environmental conditions from janew studiesArola et al, 2009;
Buchard et al. 2008;lalongo et al, 2008;Kazadzis et al.2009a;Tanskanen et al.
2007; Weihs et al. 2008], which focused mainly on comparisons fa ttorthern
midlatitudes and high latitudes. The period of tla¢a used for the comparison is
from August 2004 to December 2007. The resultshefdomparison are shown as
scatter plots for all sky conditions and the suledetioudless conditions, and can be
evaluated against the one-to-one line with thetéitron of£30% as shown in Figure
4.1. To determine cloudless days, the ground-bas$édirradiance (10 minutes
averages for Thai data and 5 minutes for UK data¥ wlotted from sunrise to
sunset: days with an uninterrupted smooth belleuwegre manually selected as clear

days.
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Figure 4.1 Comparison of the OMI erythemal UV irradianceoatl solar noon

(EUVowmioricinaL) With those measured from ground-based instrum@&ti¥/ cnp)

for all sky conditions<) and cloudless conditions)(for the years 2004-2007. The

one-to-one linel{ ) and 30% limits (----) are also shown.
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In order to indicate the agreement between the timoenerythemal irradiance
retrieved from the OMI and the ground-based measeng, the ratios of the OMI
data and the ground-based data were calculatedhandistribution of the ratio at
each site was plotted as shown in Figure 4.2. Smu#t of the distributions were not
normal, mean and median of the ratio were calcdlffanskanen et gl2007]. The
percentages of the OMI data that agree withi®%, +20% and+30% of the
ground-based data were determined and denoted asgo, %W, and %W,
respectively Kazadzis et al. 2009a; Tanskanen et gl.2007]. Additionally, the
agreement between the erythemal irradiance rettiénam OMI (y) and ground-
based (¥ sources was calculated in terms of the averagedeptage differences
(%AvgDiff ) and the biag%Bias gs

: 13 Yy =X, . 1&(Y X
%AvgDIff =— » | ———— |[1100, %Bias=— ) |——— |00,
Y N;((xi+yi)/2j ’ NZ( j

where N is the number of data taken into accounhéncomparisongiani 2007].
All the statistical data described above are shawiiable 4.1 for Thai data and

Table 4.2 for UK data.
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Figure 4.2 Distributions of the ratio of the OMI data and gnd-based (GND) data

for all sky conditions.
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Table 4.1 Statistical analysis of the ratio of the OMI t@gnd-based data for Thai sites under all sky aoddiéss conditions during 2004-

2007.
Sites All sky conditions (Original OMI) Cloudless conditions (Original OMI)
N Median | Mean| %W, | %W,y | %W | %AvgDIff | %Bias | N | Median| Mear] %W | %W, | %Wso | %AvgDiff | %Bias
Chiang Mai 1158| 1.30 1.62 14 30 48 32 62 | 180| 1.30 1.37 1 19 51 30 37
Ubon Ratchathani | 1203| 1.14 1.32 30 53 67 18 32 | 178| 1.14 1.19 34 67 82 16 18
Nakhon Pathom 1206| 1.24 1.44 21 38 52 23 44 | 108| 1.29 1.31 7 34 52 26 31
Songkhla 1094| 1.09 1.32 39 62 70 15 32 79 1.09 1.09 52 95 100 8 9
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Table 4.2 Statistical analysis of the ratio of the OMI t@gnd-based data for UK sites under all sky anddtess conditions during 2004-2007.

) All sky conditions (Original OMI) Cloudless conditions (Original OMI)

Sites N Median | Mean| %W, | %W,y | %Wz, | %AvgDIff | %Bias | N | Median| Mear] %W | %W | %W | %AvgDiff | %Bias
Camborne 1650| 1.59 1.92 7 15 26 51 92 103| 1.42 1.54 0 3 21 40 54
Chilton 1697| 1.46 1.64 10 19 30 38 64 70 1.52 1.50 0 0 11 40 50
Glasgow 1866| 1.63 1.92 8 16 23 50 92 72 1.65 1.71 0 1 4 50 71
Kinloss 1973 1.77 2.06 5 12 20 57 106 83 1.70 1.83 0 5 10 55 83
Leeds 1682 1.52 1.94 8 18 28 49 94 67 1.41 1.50 4 7 21 38 50
Lerwick 2066 | 1.99 2.34 4 9 14 67 134 | 39| 203 | 2.01 0 0 3 64 101
Manchester 1481 1.27 1.73 17 34 48 31 73 65| 1.25 | 1.23 9 40 66 20 23
Reading (Bentham) 2052| 1.34 1.54 12 25 42 33 54 151| 1.32 1.32 5 13 43 27 32
Reading (Brewer) | 1919 1.23 1.48 17 37 55 25 48 153 | 1.22 1.21 8 35 89 19 21
Snowdon 480 211 2.58 5 14 25 68 158 15 1.25 1.24 0 20 93 21 24
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We can see from the results in Figure 4.1 and Bable and 4.2 that the noontime
erythemally weighted irradiances obtained from Ojéherally overestimate those
from ground-based measurements, particularly foudiess conditions. The ratios
for the all sky conditions show greater scattentfa the cloudless conditions and
include instances of underestimation by OMI. Sorhéhts scatter can be due to
changing cloud conditions between overpass time lacal solar noon. The bias
values for all sky conditions are greater than tlee cloudless conditions; for
example, the bias values of Reading sites are ™ %illfsky conditions and 32% for
cloudless conditions. The scatter is greater imayoconditions, as expected, but the
median values are found to be independent of cimsdi as a few outliers skew the
mean values upwards in cloudy conditions, but doaffect the median. The results
for the cleaner air site at Songkhla (mean=1.32diam=1.09) are in better
agreement than the more urban sites such as Chianmean=1.62, median=1.30).
Comparing the results from the two regions, théteggrams in Figure 4.1 show that
the data for Thai sites are more scattered thasetlfiar the UK, which may result
from more variations in cloud type (tropical cumwnd aerosol loading (biomass
burning) in Thailand, but also from the range ofdidifferences between overpass
time and local noon allowing more time for conditao change. The bias values for
UK sites are generally higher than for Thai sifEsis might be due to the fact that
the absolute amount of erythemal irradiance forlikeis lower than for Thailand
and the low UV levels can result in large relatdiéferences because of rapid
changes in cloudineséiola et al, 2009;Buchard et al. 2008]. The ratios between
the OMI and ground-based data in this study wergeneral slightly higher than
those from previous studie8rola et al, 2009;Kazadzis et al.2009a;Tanskanen et
al., 2007]. This may be due to the fact that the nomatdata was used in our study
while the overpass time datArpla et al, 2009;Kazadzis et al.2009a] and daily
doses Tanskanen et gl.2007] were used for the other studies, but dffer
environmental and climatological conditions mayoaleave some bearing on the

results.

In order to investigate the effect of aerosol, thvepec modelNayer and Kylling
2005] as described in Chapter 2 was run for aerbs@ and realistic polluted
aerosol cases for clear sky days in the years 20052006. The data used in this

section are from Chiang Mai, Nakhon Pathom, Sorajkilanchester and Reading,
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where there are ground-based measurements thaprogide some indication of
aerosol properties. The radiative transfer modet wet as follows: the standard
atmospheric profiles were assumed as midlatitusenser and winter for UK and
tropical atmosphere for Thailand. The extraterralsgolar spectrum was based on
Atlas_Plus_Modtran The DISORT was selected as a radiative trangfeiateon
solver with 6 streamdChandrasekhar1960]. Total ozone column was taken from
Brewer spectrophotometers for Reading and Manchestd the satellite data from
OMI was used for the other sites. Ground albedo taksn from OMI products, at
values between 0.03-0.07 for UV wavelengths. Sodaith angle was matched with
that for local solar noon from the OMI UV produéterosol type above 2 km was
assumed as background type and that below 2 knaggasned as maritime type for
Songkhla and urban type for the other sites.

For Reading and Manchester, the daily aerosol aptiepth data were taken from
Brewer spectroradiometers, based on direct sun ureragnts. These data are
available at ftp://o3uvdata.seaes.manchester.ad i/ aerosol optical depth can be
set as a routine Brewer output, calculated as muasof the ozone and SO
measurements. As such it is subject to uncertaintiethe order of 1% when
evaluated against other methods of AOD measurerf\t Kumharn personal
communication). The aerosol optical depth at the $ites shows seasonal variation
with a maximum (up to 2.32) in summer and a minimiess than 0.14) in winter.
The mean valuet(standard deviation) from years 2003 to 2008 i$£0708. The
aerosol single scattering albedo for these sitestis a constant value at 0.85. This
value was from running the uvspec model for clégrdays of years 2005 and 2006,
and varying aerosol single scattering albedo &@,0&5 and 0.95. The smallest bias
between ground-based and uvspec erythemal irraeBamccurred when the aerosol

single scattering albedo was set at 0.85.

For the three Thai sites, the aerosol optical dapthaerosol single scattering albedo
data were taken from AERONET Ilevel 15 (data awd#la at
http://aeronet.gsfc.nasa.gov¥dlben et al. 1998]. The AERONET stations were not
installed until late 2006, and this limited the rhen of clear sky days available for

use with our ground-based UV dataset. For thisorease used mean monthly
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averaged aerosol optical depth data at 340 nm fnenyears 2006 to 2008, matched
to clear sky UV data from a given month. The statiddeviation on the monthly
mean aerosol optical depth data is about 40% foh sde. For the two inland sites
(Chiang Mai and Nakhon Pathom), there is a cleas@®al cycle in aerosol optical
depth with maximum (up to 1.2) in February-Apriledto biomass burningKjft et
al., 2006]. This reduces to 0.3-0.6 for the rest @& ylear. Songkhla in contrast
exhibits very little seasonal cycle, having aerasgtical depth values in the range
0.2 to 0.5 throughout the year. Long-term averayehrs 2006 to 2008) single
scattering albedo values at 440 nm (the shortegelagth available) were used as

constant values: 0.89 for urban sites and 0.9thfmaritime site.
The erythemal irradiances calculated from uvspeth veind without effects of

aerosol, plus OMI UV erythemal irradiance, werettgld against the ground-based

data shown in Figure 4.3.
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erythemal UV irradiances retrievexit OMI (0),

modelled by uvspec with aerosel) @nd without aerosol+], and measured by

ground-based instruments.

As we can see, the values calculated from the dibma model with aerosol were
closer to the ground-based values than those witherosol, particularly for UK

sites. This may result from the monthly averagews# optical depth values used
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for the Thai sites while the daily values were ukedhe UK sites. For the cleaner
site of Songkhla, the erythemal irradiance caleddtom uvspec with and without
aerosols are similar, since maritime aerosol alssorly a small amount of the
radiation (SSA=0.97).

This result supports the hypothesis that a largeqgiahe differences between OMI
and ground-based data may be attributed to aerbketefore to improve the OMI
UV data, a correction for the aerosol absorptioausth be applied as this is not
included in the standard OMI UV algorithm (althouagrosol scattering has already

been included).

In summary, the noontime erythemal irradiance eeéd from OMI data from years

2004 to 2007 were compared with those measuredduyng-based instruments at
four Thai sites and nine UK sites. The results sttban overestimation of UV data
in the OMI product compared with the ground-basathdThe biases between the
OMI data and the ground-based data were 9% fordtdss conditions and 32% for

all sky conditions at the clean site. These werehrhigher for the urban sites (37%
and 62%, respectively). Most of the biases for thé data were greater than for

Thai data. It should be noted that each data setamaassociated uncertainty,
described in Chapter 3, which should be consideénethe comparison results.

Nonetheless, the overall results suggest that alecosrection is needed to improve
the OMI UV data and this will be discussed in made¢ail in Chapter 5.
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Chapter 5— Improving Satellite Estimates for Clear Skies

(Using Aerosol Data)

Aerosols play an important role in the change of tddiation reaching the earth’s
surface Chou et al. 2006]. The effects of aerosol on the UV radiataam occur
through both scattering and absorption. Aeroscdé #ibsorb the UV radiation can
attenuate both direct and diffuse radiation, witheffect greater than nonabsorbing
aerosols at the same optical depth. The scattesiifgct is included in the
cloud/nonabsorbing aerosol correction in the OMI Wgorithm while the
absorption effect is not. Thus, the overestimationthe OMI UV data when
compared to the ground-based data that has beemmeéoted in several previous
studies is likely attributable to the lack of atien to aerosols in the OMI algorithm.
The results shown in Chapter 4 support this hymihir the sites in the UK and
Thailand. Having identified that the OMI UV produptquires a correction to
account for absorption by aerosols, a broadly apple method of performing such

a correction and a source of aerosol data is needed

In this chapter, two empirical methods that can romp the noontime OMI
erythemal irradiances for clear sky conditions iateoduced. The first method is
based on the uvspec radiative transfer calculasnsuggested biazadzis et al.
[2009a]. The uvspec model helps to generate aupdiable of the aerosol correction
factor as a function of aerosol optical depth amwsol single scattering albedo. The
second method shows the aerosol correction facsora afunction of aerosol
absorption optical depth, and this follows the rodtlsuggested in previous studies
[Arola et al, 2005;Arola et al, 2009;lalongo et al, 2010;Kazadzis et aJ.2009a;
Krotkov et al, 2005].

It should be noted that all data analysed in thigpter are erythemal irradiance at

local solar noon under clear sky conditions.
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5.1 The Aerosol Optical Depth Correction

5.1.1 Modelling

Based on the result from the uvspec model in Chaptide erythemal data retrieved
from OMI can be brought closer to the ground-badath when aerosols are taken
into account (see model results with and withoubsa). In this section, the uvspec
model was used to calculate the erythemal irraédi@bdocal solar noon for clear sky
days of year 2005 (to match the OMI retrievals) Varying aerosol optical depth
(AOD) and aerosol single scattering albedo (SSA)ke ROD values were varied
from 0.0 to 1.2 with 0.1 step and SSA values wemged between 0.80 and 1.0. The
data used for comparison were from four sites: @hidai, Nakhon Pathom,
Songkhla and Reading, where AOD and SSA were dlail#s described in Chapter
4. The erythemal irradiances at local solar noofcutaied from the uvspec
sensitivity study were then plotted against thosteiaved from OMI. The plot is
separated into two different cases (urban and mmegjtas shown in Figure 5.1. The
data of Songkhla was used as a reference mariitmevkile the combined data of

the other three sites represented the urban case.
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Figure 5.1 Examples of comparisons between the noontime emyahirradiance
from OMI (EUVowmi) and uvspec (EUMsped by varying aerosol optical depth
between 0.0 and 1.2.

From Figure 5.1, we can see that for the free-aér@0OD=0.0, top red line) the
uvspec values were close to the OMI values andi¥spec values got progressively
less as aerosol increases. At a fixed AOD, the etvsplues were closer to the OMI
values when SSA was higher. This is due to the tfaat absorbing aerosol is not
included in the current OMI surface UV algorithntof the above results, the
erythemal irradiance calculated from the uvspecehodn be written as a function
of AOD, SSA and the OMI erythemal data as showowel
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EUV,org = F(AOD,SSA) [EUV,,, (5.1)

where EUV s is the erythemal irradiance at local solar n@amrected in this
study, EUV,,, is the original erythemal irradiance at localas noon retrieved from

OMI, and F(AOD,SSA) is an aerosol correction factor.

In order to determiné-(AOD,SSA ))the slopes of the linear lines at each AOD and

SSA (see Figure 5.1) were then obtained. The slopesalised at AOD=0 were
plotted against AOD at each SSA as illustratediguie 5.2.
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Figure 5.2 Normalised irradiance as a function of AOD and S&#4wo aerosol

types.

From Figure 5.2, the best fit between the normdlisend AOD is shown in term of

an exponential relationship, of the form:

F(AOD,SSA) = exp <SSAROD (5.2).

The coefficient value (k) is a function of SSA aadn be estimated by using a
regression method as described ®tpecker W.F[1971], to give the results in
Equation 5.3.
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k=28(1-SSA)?”+1301-SSA + 0.1 forurban (5.3)

k=01(1-SSA)? + 14(1-SSA) + 0.1 for maritime

The semi-empirical method illustrated above (Equei 5.1-5.3), allows the
erythemal irradiance retrieved from OMI to be coted if the aerosol optical depth
and single scattering albedo are available.

5.1.2 Validation Based on Ground-Based Aerosol Optical D&h
Data

To validate the erythemal irradiance at local salawn calculated from the empirical
model, the data of year 2007 which is independatd ¢fom that used to generate
the model was used. The daily aerosol optical degptl320 nm retrieved from
Brewer spectrophotometer was used for Reading, @@ at 340 nm from
AERONET was used for the Thai sites. The aerosuajlsiscattering albedo values
were set as constant values: 0.89 and 0.97 forutban and rural Thai sites

respectively, and 0.85 for Reading, as describ&chiapter 4.

The validation and associated statistical analggsshown in Figure 5.3 and Table
5.1. These include median and mean of the ratio,; %YW, %Wso, %AvgDiff
and %Bias. The results also show the comparisomdegt the original OMI data and

corrected OMI data.
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Figure 5.3Comparison of erythemal irradiance at local sotaon from the original
OMI (EUVomi, +) and the AOD empirical model (EUMpeL, 0) with ground-based

measurements (EUNp) under clear sky conditions using AOD from theugrd-

based measurement. The 1:1 correlation &nd +30% limits (---) are also shown.
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Table 5.1 Statistical analysis of the ratio of the origi@\l data and the AOD modelled data to ground-bassd under cloudless conditions
using AOD from independent ground-based measurement

) Cloudless conditions (Original OMI) Cloudless cdimdis (AOD and SSA model)

Sites N | Median| Mean| %W, | %W, | %Ws3o | %AvgDIff | %Bias | N | Median| Mean %\ | %W | %Ws | %AvgDIff | %Bias
Chiang Mai 5 1.28 1.26 0 20 60 23 26 5 1.09 1.10 80 100 100 9 10
Nakhon Pathom 22| 1.32 1.32 5 32 45 27 32 22| 1.07 1.09 64 95 100 8 9
Songkhla 8 1.02 1.05 88 88 100 4 5 8 1.00 1.01 88 100 100 1
Reading (Bentham)| 32 1.34 1.34 0 16 44 28 34 32 1.04 1.06 59 91 100 6 6
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As can be seen from the above results, after theeps of aerosol correction, all of
the median ratios were close to one (less than ft®&b unity) which were generally
better than those from the original OMI data (uB#96). Most of the empirically
corrected data was close to the ground-based dataithin +20%, which was a
significant improvement on the uncorrected data aérosol correction factor could
improve the OMI erythemal data by 2%-30%, with gmealler improvement at the

cleanest site, where there is least aerosol.

5.1.3 Validation Based on OMI Aerosol Optical Depth Data

The above validation was based on the ground-basexsol optical depth which is

not always widely available. The OMI aerosol praduygrovide the same coverage,
and are spatially matched with the OMI UV produdtserefore the aerosol optical

depth at 354 nm taken from the OMI overpass time @ansidered, as described in
Section 3.4.3, to investigate the performance ef émpirical model. The single

scattering albedo values were assumed as consthrdsv 0.89 for the urban Thai

sites, 0.97 for the maritime site, and 0.85 forthé sites. Since aerosol information
comes from the satellite, all ground-based sitegdcbe used in this evaluation. The
noontime erythemal irradiance was calculated udiegempirical model (Equations

5.1-5.3) for the four Thai sites and nine UK sit&l.data used in this part were from

years 2004, 2006 and 2007 for Thai sites, and y2@@$ and 2007 for UK sites,

which are independent data from the generatioh@iodel (year 2005). Note, that
in this study the HPA data is available until Ap#D07, except for Snowdon that has
no data in year 2007. The empirically correctecdatre compared with those from
the ground-based measurement as shown in Figuan8.Zable 5.2.
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Figure 5.4 Comparison of erythemal irradiance at local sotaon from the original
OMI (+) and the AOD empirical modeb) with ground-based measurements under
clear sky conditions using AOD from OMAERUYV produthe 1:1 correlation’()

and £30% limits (---) are also shown.
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Table 5.2 Statistical analysis of the ratio of the origi@\l data and the AOD modelled data to ground-bassd under cloudless conditions
using AOD from OMAERUYV product.

) Cloudless conditions (Original OMI) Cloudless cdimdis (AOD and SSA model)

Sites N | Median| Mean| %W, | %W, | %Ws3o | %AvgDIff | %Bias | N | Median| Mean %\ | %W.o | %Ws | %AvgDIff | %Bias
Chiang Mai 98| 1.29 1.37 0 20 54 30 37 98| 1.21 1.25 11 49 76 21 25
Ubon Ratchathani | 94 | 1.12 1.13 40 80 93 12 13 94| 1.03 1.02 73 93 97 1 2
Nakhon Pathom 45| 1.24 1.27 11 44 60 22 27 45| 1.10 1.12 42 76 93 10 12
Songkhla 27| 1.08 1.09 63 93 100 9 9 27| 1.03 1.03 89 100 100 3 3
Camborne 27| 1.34 1.38 0 4 19 31 38 27| 1.25 1.29 7 15 67 25 29
Chilton 15| 1.52 1.50 0 0 7 40 50 15| 1.43 1.42 0 20 34 42
Glasgow 7 1.48 1.48 0 0 0 38 48 7 1.40 1.41 0 34 41
Kinloss 14| 1.55 1.53 0 7 7 40 53 14| 1.40 1.45 0 7 7 35 45
Leeds 8 1.34 1.30 13 13 38 26 30 8 1.25 1.17 0 25 63 13 17
Lerwick 4 1.45 1.47 0 0 25 38 47 4 1.33 1.37 0 25 50 30 37
Manchester 17| 1.28 1.27 6 29 59 24 27 17| 1.14 1.16 24 65 82 14 16
Reading (Bentham)| 20 | 1.37 1.36 0 5 20 30 36 20| 1.21 1.17 15 40 80 14 17
Reading (Brewer) | 20| 1.25 1.25 5 10 85 22 25 20| 1.11 1.07 35 80 95 6 7
Snowdon 6 1.25 1.26 0 0 83 23 26 6 1.20 1.20 0 50 100 18 20
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From the results shown in Figure 5.4 and Table &ft2r the OMI aerosol optical
depth correction was applied, the corrected OMthenyal data at all sites were
closer to the ground-based values. The mediansrateye reduced by 5%-16%, for
example, the median ratio was reduced from 1.08G8 for Songkhla and from 1.37
to 1.21 for Reading. Most of the corrected data wékin £30% of the ground-

based data. The exceptions were the sites at @Gh@Basgow, Kinloss and Lerwick,
but the median values of these sites were stilsarioto one after the aerosol

correction was applied.

When the results in Tables 5.1 and 5.2 were condpfme Chiang Mai, Nakhon
Pathom, Songkhla and Reading, the results in Talileusing ground-based aerosol
optical depth, were better than the results in &2, using the OMI OMAERUV
aerosol optical depth. This may be due to the uaicey of OMI aerosol optical
depth. Comparing aerosol optical depth retrievechfAERONET with that from the
OMI product (not shown), it was found that mosttted OMI aerosol optical depth
data was lower than the AERONET aerosol opticalttdepnd would therefore
produce less correction. Once again this may leatife of the inability of satellites

to probe the lowest levels of the boundary Igfi@nskanen et gl2006].

From the results, it could be concluded that thepigoal model based on the
sensitivity study with the uvspec calculation leadsan improvement in the OMI
erythemal irradiance at local solar noon for akksiof either tropical or temperate
climatologies. As might be expected, the perforneamicthe model strongly depends
on the accuracy of aerosol optical depth used éennttodel, and is most effective

where ground-based aerosol optical depth at acpéatisite is available.

5.2 The Aerosol Absorption Optical Depth Correction

The first method to correct the OMI erythemal ddéscribed in Section 5.1 was
based on aerosol optical depth and aerosol siegltesing albedo. These parameters
relate to aerosol absorption optical depth (AAO@yjtten as AAOD=AOD(1-
SSA). In this section, an aerosol absorption ctimedactor (Faaop) is introduced as

a function of OMI AAOD at 354 nm. This uses a saniimethod, but different

aerosol inputs, to previous worlrola et al, 2005;Arola et al, 2009;lalongo et
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al., 2010;Kazadzis et al.2009a;Krotkov et al, 2005]. For exampleArola et al.
[2009] used a merge of model and AERONET data wKiitetkov et al.[2005] used

UV multifilter rotating shadow band radiometer data

5.2.1 Modelling

In this section, the ratio of the OMI erythemahdiances to the ground-based data
in year 2005 at Chiang Mai, Ubon Ratchathani, NaklRathom, Songkhla and
Reading, were plotted against OMI AAOD values a4 8k taken at overpass time
(OMAERUV, as described in Section 3.4.3) for cleas#l cases as illustrated in
Figure 5.5. The data of Songkhla was used as aerefe maritime site while the
combined data of the other four sites represerttedutban case; the latter having a

correlation coefficient of 0.47 and a standard reirdhe slope of 0.26.
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Figure 5.5The ratio between the erythemal irradiances allsalar noon derived
from OMI (EUVowm) and from ground-based instruments (Edd) as a function of
OMI aerosol absorption optical depth (AAOD) at 384 for urban and maritime

areas.

Using Figure 5.5, the OMI data must be divided iy équation for the straight line
fit to get the ground-based values. Thus, the akrosrrection factor, Fop

becomes:

104



Chapter 5 — Improving Satellite Estimates for Cl&kres (Using Aerosol Data)

Frason = [1+ 3.33D\AOD]_1 for urban aerosols
(5.4)
and Frasop = [1+ O5ODXAOD]_1 for the maritime case.

This can be compared witf,,., =[1+160[AAOD @20nm)|™"as introduced by

lalongo et al.[2010] andF,,,, = [1+3AAOD B325nm)|™ as suggested krotkov
et al.[2005].

To correct the OMI erythemal irradiance for clely sonditions, these factors were

then applied to the equation as follows:
ECORR = I:AAOD |:HEOMI (55)

where E_zz and E.,, are noontime erythemal dose rates corrected fsoramg
aerosols and retrieved from OMI product, respebtivand F,,,, is the aerosol

absorption correction factor.

5.2.2 Validation Based on Ground-Based Aerosol Absorption
Optical Depth Data

The erythemal irradiance at local solar noon inry2@07 calculated from the
empirical model was compared with the concurrenbugd-based erythemal
irradiance at the four sites: Chiang Mai, NakhornhBia, Songkhla and Reading.
The AAOD values (AAOD=AO1-SSA)) at the four sites were calculated by
using AOD and SSA as described in Section 5.1.2 \didation and the same

statistical analysis are shown in Figure 5.6 anold &.3.
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Figure 5.6 Comparison of erythemal irradiance at local sotaon from the original
OMI (EUVowmi, +) and the AAOD empirical model (EUMpeL, 0) with ground-
based measurements (EENS) under clear sky conditions using AAOD from the

ground-based measurement. The 1:1 correlafiohand +30% limits (---) are also

shown.
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Table 5.3Statistical analysis of the ratio of the origi@\l data and the AAOD modelled data to ground-baksgd under cloudless conditions
using AAOD from the ground-based measurement.

) Cloudless conditions (Original OMI) Cloudless cdiatis (AAOD model)

Sites N | Median| Mean| %W, | %W, | %Ws3o | %AvgDIff | %Bias | N | Median| Mean %\ | %W | %Ws | %AvgDIff | %Bias
Chiang Mai 5 1.28 1.27 0 20 60 23 27 5 1.06 1.07 80 100 100 6 7
Nakhon Pathom 22| 1.32 1.32 5 32 41 27 32 22| 1.05 1.06 77 100 100 5 6
Songkhla 8 1.02 1.05 88 88 100 4 5 8 1.02 1.05 88 88 100 4 5
Reading (Bentham)| 32 1.34 1.35 0 6 41 29 35 32 1.04 1.03 66 91 100 3 3
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As can be seen from the results abowben the aerosol correction factor was
applied, the corrected OMI data showed an improverog about 30%. The median
values of the corrected OMI data were closer to (xe¢ween 1.02 and 1.06) while
those of the original OMI data were higher (up 184). Most of the OMI corrected

data was withirt20% of the ground-based data.

5.2.3 Validation Based on OMI Aerosol Absorption Optical Depth
Data

The AAOD based on ground-based data was used iraltbge validation. The
following validation used AAOD values based on &l OMAERUV product
taken from OMI overpass time, as described in 8ec.4.3. The noontime
erythemal irradiances in this section are the sset¢hat was used in Section 5.1.3.
Using the above method (Equations 5.4 and 5.5)ety#hemal irradiances corrected
for aerosol absorption were validated by companvith ground-based data for
independent years (2004, 2006 and 2007), as shoviAlgure 5.7. The mean and
median of the ratio between the corrected datagaodnd-based data, and also the
%W10, %0Woo, %Ws0, %AvgDiff and %Bias are given in Table 5.4, togathvith the
corresponding values for the original OMI data.
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Figure 5.7 Comparison of erythemal irradiance at local sotaon from the original

OMI (EUVomi, +) and the AAOD empirical model (EUMpeL, 0) with ground-

based measurements (EEN) under clear sky conditions using AAOD from

OMAERUYV product. The 1:1 correlatiofl() and £30% limits (---) are also shown.

109



Chapter 5 — Improving Satellite Estimates for Cl&&res (Using Aerosol Data)

Table 5.4The ratio of OMI corrected data and the grouncedatata and the ratio of original OMI data andglmind-based data statistics
under clear sky conditions using AAOD from OMAERvbduct.

Cloudless conditions (Original OMI)

Cloudless cdiatis (AAOD model)

Sites N Median | Mean| %W, | %W,y | %Wz, | %AvgDIff | %Bias | N | Median| Mear] %W | %W | %W | %AvgDiff | %Bias
Chiang Mai 70 1.30 1.40 0 26 50 31 40 70 1.17 1.21 26 57 71 17 21
Ubon Ratchathani | 59 1.11 1.13 42 80 92 12 13 59 0.90 0.93 37 81 100 -8 -7
Nakhon Pathom 26 1.24 1.29 15 42 58 24 29 26 1.01 1.03 46 85 96 2
Songkhla 24 1.08 1.08 67 92 100 8 8 24 1.04 1.03 92 100 100
Camborne 20 1.33 1.32 25 27 32 20 1.09 1.07 60 90 90
Chilton 9 1.42 1.46 11 37 46 9 1.19 1.25 22 56 67 21 25
Glasgow 1.46 1.47 38 47 1.29 1.26 29 57 23 26
Kinloss 13 1.39 1.42 34 42 13 1.34 1.29 38 38 24 29
Leeds 8 1.37 1.38 13 13 13 31 38 1.15 1.14 13 63 88 12 14
Lerwick 1.38 1.39 0 0 20 33 39 1.14 1.18 0 60 100 16 18
Manchester 13 1.27 1.26 0 38 62 23 26 13 1.08 1.08 54 85 85 8
Reading (Bentham) 23 1.33 1.33 0 4 43 28 33 23 1.10 1.10 52 87 87 9 10
Reading (Brewer) | 23 1.24 1.23 4 26 91 21 23 23 0.99 1.02 78 91 100 1 2
Snowdon 7 1.25 1.26 0 0 86 23 26 7 1.21 1.15 43 43 100 13 15
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It is apparent from Figure 5.7 and Table 5.4 thirathe absorbing aerosol
correction was included, all of the corrected esytlal irradiances at local solar noon
were closer to the ground-based data especiallthtohai sites. The median ratios
were reduced by 4%-24%, for example the mediao raéis reduced from 1.08 to
1.04 for Songkhla and from 1.24 to 0.99 for ReadMgst of the corrected OMI UV
data were withint30% of the ground-based data, apart from Chiltdas@w and
Kinloss. For Ubon Ratchathani, the corrected OMadwas slightly underestimated,
which shows that the averaged urban aerosol caynentay be slightly too high for
this site. It is known that Ubon Ratchathani isadler than Chiang Mai, and also not
subject to so much biomass burning. The cleandst Siongkhla, has its own
correction factor for maritime aerosol. Even sar¢his improvement particularly in
%W, With 85% of corrected OMI measurements lying with0% of the ground-

based data.

From the results, it could be concluded that theigoal model using aerosol
absorption optical depth can also lead to an imgmmnt in the OMI erythemal
irradiance for all sites. The performance of thedel@epends on accuracy of aerosol
absorption optical depth used in the model as @asden when the ground-based

AAOD values were used in the model.

5.3 Summary

In this chapter, two empirical models used for abisg aerosol correction were
introduced. The empirical models were generatedgutiie erythemal irradiances at
local solar noon of the year 2005. The correctedl @Mthemal irradiances of the
years 2004, 2006 and 2007 for Thai sites, and 2006 and 2007 for the UK sites
were calculated and then compared with the growsdd data. Initially, there was
overestimation of UV in the uncorrected OMI datp {0 ~47%). After the absorbing
aerosol correction factors were applied, for clesdl conditions, the differences
between the OMI and ground-based data improvetidtr the Tropical sites (by up
to 28%, site and method dependent) and the tengpsitais (by 5%-30%, site and
method dependent). These results are comparabdhés recent studies taking a
similar approach but using different input datatfoe correctionArola et al, 2009;

lalongo et al, 2010;Kazadzis et aJ.2009a]. For example, a correction for absorbing
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aerosol based on ground-based measurements wdietafgading to improvements
in the OMI UV retrieval for several locations: 5%9% at various sites across
Europe Arola et al, 2009], 8%-25% in Romddlongo et al, 2010], and 7%-23% in
Thessaloniki Kazadzis et a].2009a]. Our results also show that the improvensen
much better if the ground-based aerosol data goéedpin the empirical models,
since they are site specific and expected to reptebe boundary layer better than
the satellite data. Nonetheless, the correctiongugiidely available satellite data is
still significant, particularly when the AAOD cor#on is used.

Some of the work presented in Chapters 4 and Sbkas published in Journal of
Geophysical Research and can be citedBastoung, S., and A.R. Welgp010),
Comparison of erythemal UV irradiances from Ozonenkbring Instrument (OMI)
and ground-based data at four Thai statiahsGeophys. Res.115, D18215,
doi:10.1029/2009JD013567, as presented in Appehdix
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Chapter 6— Extending Results to Cloudy Conditions

The erythemal irradiance at local solar noon re&defrom OMI under clear sky
conditions was investigated and improved as desdrib Chapter 5. Two empirical
models were introduced and used to correct the @MIdata under clear sky
conditions. From the results, it can be seen tftar ghe aerosol correction was
applied, the difference between the corrected OMIand ground-based UV data
was reduced, and at some (but not all) sites thdianebias was within the
uncertainties of the ground-based data with whieh dorrected satellite data were
compared. However, for all the sites considered,dlear sky case is not the norm

and conditions with some degree of cloud cover ralsst be assessed.

It was shown in Chapter 4 that most of the OMI daterestimated the ground-based
data, as it did for clear skies, but for all skywditions there was considerably more
scatter in the data (see, for example, Figure Zh)s might be due to the fact that
the noontime OMI UV and noontime ground-based UMadare not exactly
synchronous and cloud is assumed constant in thé WMalgorithm, which may
not be true. In addition, OMI UV data is the ave@dgalue of a large area while
ground-based UV data is taken from a specific peutiich can cause discrepancies
particularly in broken cloud conditions. These magohes can result in the
additional differences (which may be positive ogaitve) between the two datasets

when cloud appears.

In this chapter, an empirical method to improve @MI erythemal irradiance at
local solar noon for cloudy conditions is conductdthe corrected values were
validated with ground-based data for cloudy condsi The correction method was
then extended to correct and validate the OMI eryidl data for clear sky
conditions. The correction can be split into twquieements: to reduce the bias (as
was the case for clear skies) and to reduce théesdthat is a feature of the great

variability of cloud in both time and space.
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6.1 Cloudy Sky Modelling

Since cloud effects on UV radiation are complex dagend on cloud type and sky
coverage, cloud height and depth, and microphygicaperties, data that are not
available, a simple empirical model to improve t©&I noontime erythemal

irradiance for cloudy conditions is introduced mstsection. The aim of this is to
reduce the bias in the cloudy sky data, while ratogg that reduction of the scatter
in the data is not possible without significantlyora information, which is not

routinely available: recall that we aim to impraye UV data available for regions
where there is little or no ground-based informatamnd standard satellite products

must form the basis of all corrections.

Reducing the bias is essentially the same taskatspresented in Chapter 5, and
involves accounting for absorbing aerosols — nbtd the median bias was very
similar for both cloudless and all sky conditiorsed Chapter 4). However, the
correction derived in Chapter 5, for two differemrosol types, rather than location,
depends on input aerosol data from the ground om fisatellite. In cloudy
conditions, this data is not available. Aerosoliagtdepth measurement from the
ground relies on the availability of direct sun, igth may be intermittent but
unreliable in broken cloud conditions, and absanbvercast conditions. Similarly,
aerosol optical thickness, aerosol single scatiedalbedo and aerosol absorption

optical thickness data from OMI can only be derif@dcloud free conditions.

In the simplest approach to this problem, the OMtheemal irradiances at local
solar noon for cloudy conditions were plotted aghitme ground-based erythemal
data as shown in Figure 6.1, separated into twescakhai and UK sites, for year
2005. The erythemal irradiance used to generatenttdel was from the OMUVB
product that is available at http://avdc.gsfc.nged. and ground-based measurement
for the four Thai sites and nine UK sites in thary2005.

While the clear sky corrections were based on aétgpe at the site (i.e., urban or
maritime), the all sky data also includes the éffgiccloud. Cloud influences can
dominate the aerosol dependent effects, and thedchnd aerosol effects can

interact, with the end result on radiative transfiepending on both cloud and
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aerosol properties. Urban aerosols seem to haviasieffects on UV radiative

transfer under clear skies in any climate (Chap)ebut Tropical clouds can be quite
different to those experienced in the temperate Akypical example would be the
comparison of towering Tropical cumulonimbus clowessus the stratus layer that
accompanies a midlatitude warm front. For this eeasand the fact that the
correction does not depend directly on aerosol,da&acloudy sky correction was

based on sites allocated by region (cloud typéleraihan by aerosol type.
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Figure 6.1 Comparison between the noontime OMI erythemal (&ti/oy ) and
the noontime ground-based erythemal data (E4dYfor cloudy conditions of year
2005.

As can be seen in Figure 6.1 most of the OMI eryiddarradiance for UK sites and

over half those for Thai sites are higher thangtoind-based erythemal data. There
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is a great deal more scatter in the Thai data,gpsridue in part to the range of times
between OMI overpass and noon, but also to theaaituTropical cloud. The slope
of the Thai graph was lower than that of UK grapalues being 1.12 and 1.26,
respectively. Thus, the OMI erythemal data can djested by using the slopes as

follows:

ECORR = I:CLOUD EEOMI (61)

where E_.x iS the corrected OMI erythemal irradiance forudy conditions,E,,
is the original OMI erythemal irradiance for cloudgnditions, and. , is cloud

correction factor shown below:

1 .
Felowo = 112 for Thai sites
1 (6.2)
and Felown = E for UK sites.

6.2 Validation for Cloudy Sky Conditions

To validate the empirical model for cloudy conditsp the erythemal irradiances at
local solar noon in the years 2004, 2006 and 2007 hai sites, and 2006 and 2007
for UK sites, which are independent from the modata, were used. Using the
empirical model as expressed in Equations 6.1 a?dlte corrected OMI erythemal
irradiances for cloudy conditions were calculat@étien the modelled erythemal
irradiances were compared with the ground-basedhe&mal irradiances. The
comparison results are shown in Figure 6.2 andstagstical analysis such as the
median of the ratio, %W, %W,, and %W, are also shown in Table 6.1, including

the comparison between the original OMI data andected OMI data.
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Figure 6.2 Comparison of erythemal irradiance at local sotaon from the original
OMI (+) and the empirical (cloudy) model)(with ground-based measurements

under cloudy conditions. The 1:1 correlatiah)(and +30% limits (---) are also

shown.
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Table 6.1The ratio of the original OMI data and the mod#kkata to ground-based data for cloudy conditions.

Cloudy conditions (Original OMI)

Cloudy conditions (cloudy model)

Sites N Median | Mean| %W, | %W,y | %Wz, | %AvgDIff | %Bias | N | Median| Mear] %W | %W | %W | %AvgDiff | %Bias
Chiang Mai 568 1.28 1.69 17 34 50 30 69 |568| 1.14 151 26 49 65 19 51
Ubon Ratchathani | 653 1.13 1.36 30 53 66 19 36 | 653| 1.01 1.21 32 56 73 8 21
Nakhon Pathom 723 1.25 1.48 21 37 51 24 48 | 723| 1.11 1.32 24 45 61 13 32
Songkhla 634 1.08 1.29 38 60 69 14 29 |634| 0.96 1.16 35 61 72 4 16
Camborne 473 1.56 1.91 8 17 29 50 91 |473| 1.23 151 25 42 55 28 51
Chilton 494 1.49 1.65 7 18 28 40 65 |494| 1.18 1.31 24 44 62 18 31
Glasgow 487 1.66 1.94 6 13 19 53 94 | 487| 1.32 1.54 14 29 45 32 54
Kinloss 490 1.84 2.16 4 10 18 61 116 |490| 1.46 1.72 17 30 39 40 72
Leeds 494 1.48 1.83 8 20 30 46 83 |494| 1.18 1.45 25 47 60 25 45
Lerwick 503 2.09 2.46 3 7 13 70 146 |503| 1.66 1.95 15 23 30 50 95
Manchester 572 1.26 1.68 18 37 51 30 68 | 572| 1.00 1.34 28 49 65 8 34
Reading (Bentham) 649 1.35 1.55 11 24 42 34 55 | 649| 1.07 1.23 31 52 63 12 23
Reading (Brewer) | 619 1.25 1.43 18 38 53 25 43 | 619| 0.99 1.13 30 54 68 3 13
Snowdon 94 2.37 2.82 2 10 19 77 182 | 94 1.88 2.23 16 22 33 58 123
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It can be seen from the results in Figure 6.2 aablel 6.1 that the modelled data
were closer to the one-to-one line. The medianeslof the ratio post-correction
were closer to one for all data. Some datasets sigjtatly over-corrected compared
with the ground-based data such as the data ofkBtmdout this was, and remains,
close to the ground-based data on averdye. average differences between the
modelled data and ground-based data were witt80% for all sites except
Glasgow, Kinloss, Lerwick and Snowdon. It is notibke that these sites can all be
described by some combination of high latitude,hhigjtitude and low data
availability, where local or seasonal microclimatesy influence the observed local
UV irradiances (best captured by the ground-basea) dDespite this, the UK-wide
empirical correction was improved from the OMI espondence with ground-based
data even at these challenging sites. Overall, tf@thod can improve the original
OMI erythemal irradiances by about 12%-14% for T$ites and about 30% for UK
sites. As can be seen the correction method canreduce the bias between the

OMI UV data and the ground-based data, but doesech affect on the scatter.

6.3 Validation for Clear Sky Conditions

As it is noted in Chapter 5 that the absorbing s@rcorrection for clear sky data
depends on the availability of aerosol data, itudthdve useful if the empirical model
for cloudy conditions described above can also fiydied for the clear sky data.
However, this may result in lowering the originad/lOUV data and make it closer to

the one-to-one line.

To compare performance of the empirical model intiSas 5.2 and 6.1, the same
dataset of the erythemal irradiances at local sateom under clear sky conditions
used in Section 5.2.3 was used in this section. O erythemal data was
corrected using the model in Equations 6.1 ancdi6d2then compared to the ground-
based data as shown in Figure 6.3 and Table 6.2.
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Figure 6.3 Comparison of erythemal irradiance at local snt@wn from the original
OMI (+) and the empirical (cloudy) model)(with ground-based measurements

under clear sky conditions. The 1:1 correlatiaon) @nd +30% limits (---) are also

shown

120



Chapter 6 — Extending Results to Cloudy Conditions

Table 6.2The ratio of the original OMI data and the mod#kkata to ground-based data for clear sky condition

Clear sky conditions (Original OMI)

Clear sky cotiolns (cloudy model)

Sites N Median | Mean| %W, | %W,y | %Wz, | %AvgDIff | %Bias | N | Median| Mear] %W | %W | %W | %AvgDiff | %Bias
Chiang Mai 70 1.30 1.40 0 26 50 31 40 70 1.16 1.25 39 57 73 20 25
Ubon Ratchathani | 59 1.11 1.13 42 80 92 12 13 59 0.99 1.01 81 95 100 1 1
Nakhon Pathom 26 1.24 1.29 15 42 58 24 29 26 1.11 1.15 42 65 85 12 15
Songkhla 24 1.08 1.08 67 92 100 8 8 24 0.96 0.97 71 100 100 -4 -3
Camborne 20 1.33 1.32 25 27 32 20 1.05 1.04 95 100 100 4 4
Chilton 9 1.42 1.46 11 37 46 9 1.13 1.16 33 67 89 14 16
Glasgow 7 1.46 1.47 0 38 47 1.16 1.17 29 71 100 15 17
Kinloss 13 1.39 1.42 34 42 13 1.10 1.13 23 69 77 11 13
Leeds 8 1.37 1.38 13 13 13 31 38 1.09 1.10 50 75 88 8 10
Lerwick 1.38 1.39 0 0 20 33 39 1.10 1.11 60 80 100 10 11
Manchester 13 1.27 1.26 0 38 62 23 26 13 1.01 1.00 85 100 100 0 0
Reading (Bentham) 23 1.33 1.33 0 4 43 28 33 23 1.06 1.06 74 96 100
Reading (Brewer) | 23 1.24 1.23 4 26 91 21 23 23 0.98 0.98 91 100 100 -2 -2
Snowdon 7 1.25 1.26 0 0 86 23 26 7 1.00 1.00 | 100 100 100 0 0
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It can obviously be seen from the results thatraddelled data were closer to the
one-to-one line. The median ratios were betwee @l 1.16 for the two countries,
where the negative biases were shown for the déatzecclean aerosol sites such as
Songkhla. Over half of the modelled erythemal degae within+20% compared to
the ground-based data. What is interesting is thatimprovement by using the
cloudy model as described above is slightly bettt@an that using the AAOD or

AOD correction methods that are shown in Secti@n 5.

6.4 Summary

In this chapter, the empirical method used to imprthe OMI noontime erythemal
irradiance for cloudy conditions was introducedtefAfthe empirical model was
applied, the modelled OMI erythemal irradiancesvskite better agreement than the
original OMI erythemal irradiances, compared witte tground-based data. This
method can adjust the OMI data to be closer to rgtchased data by about 12%-
14% for Thai sites and about 30% for UK sites, Hoes not solve for cloud
variation causing the remaining scatter data. Iditesh, the empirical model was
tested with the clear sky erythemal data. The aéilich results were slightly better
than the results that were described in Chaptevhere the aerosol correction was
applied. This may be due to the uncertainty of @l aerosol data. In general,
therefore, it seems that the empirical model sugges Section 6.1 can be used for

both cloudy and clear sky conditions, and whetleeosol data is available or not.

As can be seen the empirical method discusseddrchiapter can be used to adjust
the OMI noontime erythemal irradiance for anywhei@, example, the whole
country of Thailand, as far as the OMI erythemdhda available. In addition, this
simple empirical method does not depend on aerdstd that is not always

available.
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Chapter 7— Extending Results to Generate UV Maps for
Thailand

The amount of erythemal irradiance is normally eted (scaled) to UV Index for
public dissemination. As described in Chapter 2, thV Index is a dimensionless
number of value between zero and 12 (or more),igealvin public broadcasts as an
integer number that indicates the sunburning pafeghe sun at a given time and
place. Maps of UV Index have been provided in ssveountries for example the
U.S., Europe and Australia. In Thailand, the UVdrcdas been presented at only
four sites; Chiang Mai, Ubon Ratchathani, Bangkakd aSongkhla by Thai
Meteorological Department. In a study d#njai et al.[2010], they generated maps
of the monthly average erythemal daily dose andydeely average erythemal daily
dose from years 1995 to 2002 over Thailand. Theidys used satellite-derived
earth-atmospheric albedo (obtained from Geosyndu®riMeteorological Satellite-
5), total column ozone (retrieved from TOMS) andestground-based ancillary data
(e.g., visibility and aerosol single scatteringealb) as the input parameters. The root
mean square difference and mean bias differenceekeat the monthly average
erythemal daily doses calculated from the model grmind-based measurements
were 12.3% and 0.7%, respectively.

In this study, we have attempted to extend theydalontime erythemal dose rate
and thus the UV Index information to the entiresané Thailand. While the work of
Janjai et al.[2010] provides climatological data in terms of mttdy means and
daily doses, the current work indicates the aatoeaintime (assumed maximum) UV
Index for the day in a format with which the pubdice familiar. This study takes
advantage of satellite OMI UV retrievals, and tloerections based on the methods
described in Chapter 5 (for clear sky conditionsd e&Chapter 6 (for cloudy
conditions) to generate maps of the noontime enyttherradiance and then the UV
Index over Thailand. Our method needs only two n@mamameters as the inputs,
which are the OMI erythemal dose rate at local rsatzon and the OMI aerosol
absorption optical depth. Additional informationniseded to identify sky conditions

either clear or cloudy.
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7.1 Operational Approach

In an operational environment, where the aim igrtmuce corrected daily noontime
UV Index on a regular basis, a decision tree isiireq to adopt the most appropriate
correction for each day. This is particularly imjaot at the present time because
some satellite data products have not been avaifablvery many years, so this
work dealt with incomplete data sets. This is pattrly true for AAOD data where
in some regions there is not enough informatiometee provide a monthly mean
value. The cloudy correction (Chapter 6) is emplhicbased and aerosol correction
is intrinsic in the overall correction. However, &b more precise data for a given
location/time are available then the clear sky exion (Chapter 5) is more

appropriate.

The initial pragmatic approach has to be basedwvanadbility of data. Using this
criterion, the data to consider are:

a) Satellite noontime UV data — usually available &wery pixel for every day
(sometimes a few pixels are missing if the overpassmisses an area. Typically a
“strip€’ of blank pixels occurs across the country, segifg 7.1)

Figure 7.1 An example of a stripe of blank pixels of OMI ndiome erythemal data
across Thailand on 07/08/2009.
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b) Satellite AAOD data — available for most pixelsthe area is cloud free (daily
basis)

— monthly means for each year have been genematbdsi
work, but still lead to missing pixels (see secffo8, Figure 7.8)

— monthly means based on all three years availa@ee
section 7.3, Figure 7.9) provide the best estinttadé would be available at present.
With time, the monthly means will be based on mada¢a until they become true
climatological variables.

c) Cloud plus aerosol information — for cloudy cibiwahs, there is no aerosol data
available (although this does not define cloud d@bos). Thus a correction of

satellite UV data under cloudy conditions must tise empirical model which

includes, implicitly, effects of aerosol and cloud.

Given this less than ideal access to the data nexjuihe correction applied to the

OMI erythemal data would be chosen according tddHewing criteria:

1) For clear sky conditions, satellite daily erytted and AAOD data are widely
available for the day. Then the clear sky correcisoapplied.

2) For clear sky conditions, satellite daily erytied data is widely available, but
daily AAOD data is missing. Then the clear sky eotion is applied incorporating
best available monthly mean data for AAOD. If oalyew pixels of data missing,
use daily values from adjacent pixels.

3) For cloudy regions or country, satellite daitytbemal data is widely available,
but no AAOD data is available. Then the cloudy eotion which implicitly includes
aerosol is applied.

4) In case of no information on cloud/aerosol, l§tgedaily erythemal data is only
available. Then the cloudy correction, i.e. theadé#f correction that also works
reasonably well for clear skies (Chapter 6) is isgpl

5) For default case, no satellite daily erythematiads available. Then the cloudy

correction is applied to satellite monthly erythéhata.

The problem then becomes one of identifying clégr @onditions, using only the
satellite overpass data. Earlier we used groundebeata to identify clear sky days.

This is no longer an option as there are few grehbagbed stations. The sky
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conditions in the examples given in the followingrw were identified manually
from satellite visible images retrieved from Met@ogical satellite. However,
another method to identify sky conditions, thatesbnly on OMI data, was used in
Arola et al. [2009]. This would negate the need to use mora thiae satellite
product, and would be preferable for widespreadraipmal use. Therefore, this
method is included in the outline decision makibgJow. The OMI clear sky
erythemal dose rate (EYV and the OMI erythemal dose rate (Eldyat local solar
noon included in the OMUVBd product were used tbget Sky conditions are
separated by using OMI cloud modification factoME=EUVo/EUV,). Clear sky

data is determined when the cloud modificationdais higher than 0.95.

Overall approach is summarised as a flow chart shawigure 7.2.

Cloud MModification Factor

(CME)
]
1 1 1 1
Clear 3ky conditions Cloudy condition Indeterminate Diefault
(CMF =095 (CMF =095 sky conditions
: I I |
1 1
Draily OWI EUV Draily CWI EUV
+ + Daily OMI ETV Diaily OMI EUV Monthly OMI ETV
Draily CII A50D Ilonthly OIVIT AACD I I

Clear sky Correction Cloudy Correction

Corrected OMI EUV

UV Index

Figure 7.2 Operational approach to correct OMI noontime exgial dose rate in

this thesis.

7.2 Mapping Input Data

For the mapping process, there are two main pasmeeeded as input data into the

empirical models described in earlier chapters. fiise parameter is erythemal dose
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rate at local solar noon taken from the OMUVBd Gddta product, and the second
data is AAOD at 388 nm included in the OMAERUVd ONM&ta product. Both
datasets are in the OMI level 3 data products amdbe acquired from the NASA’s
Goddard Earth Sciences Data and Information Sesvicentre (GES DISC, data
available at http://disc.sci.gsfc.nasa.gov). Thea dain the HDF-EOS format.

The OMI level 3 data products contain data forGadegree by 1.0 degree longitude
by latitude grid covering the whole glob®NI Team 2009]. These products are
produced by weighted averages of best pixel data &ingle orbit level 2 OMUVB
swath observations over the fixed grids from lal#si -180 to +18C0 and longitudes
-90° to +90 [McPeters et a).1998]. The dimensions of the grids are 360 by. 180
The centre of the first grid cell is located atddande -179.%5 and latitude -89.5
The centre of the final grid cell is located atddode +179.5 and latitude +895
The centre of the grid itself is located at lond&u0.0 and latitude 0.9 and
corresponds to the corners of four grid cells. Epdas of the noontime erythemal
dose rate and AAOD data are shown in Figure 7.3 Add Note, the stripes of

unavailable data are shown in Figure 7.3, and &ueipy of data in Figure 7.4.

OMUVHA.OA3 VB thamal Dose Rate [W/m"2
E?Enctzous?) [w/ ]

BON

B I I I E— [ [
o 50 100 150 200 250 300 350 400 450 500

Figure 7.3 An example of noontime erythemal dose rate fromUUMBd data
product of 16 October, 2009. This figure was pradlwith the Giovanni online
data system, developed and maintained by the NAES& BISC.
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OMAERUVA.003 Aerasol Absorﬂ:iga ?f&l&:il)l Depth at 388 nm [unitlesa]
c

BON

Figure 7.4 An example of AAOD from OMAERUVd data product & Dctober,
2009. This figure was produced with the Giovanrdirendata system, developed
and maintained by the NASA GES DISC.

The OMUVBdA product (accessed for this work on 2y 2010) was available from
2 January, 2007 to 27 February, 2010 and the OMA¥RProduct was available
from 1 October, 2004 to 18 July, 2010. It is expdcthat both data sets will be
available in the future. In this study, the coiritidata during 2 January, 2007 to 31

December, 2009 were used.

In this study, the OMI noontime erythemal dose eatd OMI AAOD data covering
Thailand are selected. The original OMUVBd and OMRE/d products in HDF-
EOS format contain data as an array (3D pixels) covering the latitudes from
90°S to 90°N and the longitudes from 180°W to 180%e data covering Thailand
l.e. the latitudes of 5°N to 21°N and the longituadé 96°E to 107°E, were then
selected (1811 pixels) by using a program written in Interaetibata Language

program.
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7.3 Methodology

As we can see from the examples of the erythemse date at local solar noon and
AAOD data in Figures 7.3 and 7.4, the data setsrem@mplete, especially for the

AAOD data. This is likely due to cloud contaminatiand algorithm flags (see in
README for OMAERUVd available at http://disc.scifgsrasa.gov/Aura/data-

holdings/OMI/, which provides details of conditionken data are not valid).

To overcome this problem for Thailand, first thentidy mean AAOD data by year
was calculated to see whether this would providéicgent data. The results are
illustrated in Figures 7.5-7.7. This still leavewrik pixels (white pixels), so the
average for all three years was generated (Fig@®e [T there still are blank pixels,
the average value of adjacent pixels is used te gomplete monthly AAOD data
(Figure 7.9). Note that monthly AAOD data averafjeuin the three year period is
not enough (which is far from ideal ~30 years) build up to more complete
climatology as years pass and data increases. Emenfigures we can see that
AAOD each year are similar in pattern, being highMarch/April and again in

October, which can result from biomass burning.

The OMI aerosol absorption optical depth is thenvested to aerosol correction
factor (Faaop). Since the calculation ofakop depends on aerosol types: urban and
maritime, as shown in Equation 5.4, we assumed tti@tpixels higher than the
latitude of 13°N are occupied by urban aerosoldemiie others are occupied by
maritime aerosolsJganjai et al, 2005].
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Figure 7.5The monthly maps of AAOD over Thailand from OMAERW product,

for year 2007 (white pixels represent no data).
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Figure 7.6 The monthly maps of AAOD over Thailand from OMAERW product,

for year 2008 (white pixels represent no data).
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September October November December
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Figure 7.7 The monthly maps of AAOD over Thailand from OMAERW product,

for year 2009 (white pixels represent no data).
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Figure 7.8 The monthly maps of AAOD over Thailand from OMAERW product

for 3 years (white pixels represent no data).
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Figure 7.9 The monthly maps of AAOD over Thailand from OMAERW product

for 3 years with adjacent filling gaps.
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The UV data is generally more complete. Howeveraataily basis there may still
be missing pixels. It is however possible to getgeraonthly means of erythemal
data for each year (see Figures 7.10-7.12), and hasomplete data set averaged
from the three years data (see Figure 7.13).
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Figure 7.10The monthly maps of erythemal irradiance at I@cdér noon over
Thailand, for year 2007.
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Figure 7.11The monthly maps of erythemal irradiance at I@cdér noon over
Thailand, for year 2008.
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Figure 7.12The monthly maps of erythemal irradiance at Iecdér noon from
OMUVBd product over Thailand, for year 2009 (no OMBH data in February).
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Figure 7.13The monthly maps of erythemal irradiance at Iecdér noon from

OMUVBd product over Thailand, for three years.
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From the maps we can see that the general patténe ononthly average erythemal
dose rates at local solar noon is similar for egehr, but details can be variable.
There are distinct year to year differences. Franmudry to April, the sun path
moves northward from the southern celestial spheneard the northern celestial
sphere. Therefore, high erythemal dose rate areasase progressively from the
South to the North. From mid-May to mid-Octobeg thfluence of the South-West
monsoon causing rain for the whole country decie#ise erythemal dose rate over
the country especially the western part of the agurFrom mid-October to mid-
February, the North-East monsoon brings cool agdadrto the northern and north-
eastern part but causes rainfall in the easterh giathe South. However, at this
period the apparent sun path moves southward fnencdlestial equator causing low
erythemal dose rate in the North, the Northeasttheentre.

The following figures illustrate, for specific casehe generation of UV Index maps
based on varying amounts of data availability, tstgrwith the worst case (no
AAOD and missing UV pixels), and proceeding to lest case (fully available daily
data). Since a goal of this thesis is to extendréiselts for public use, the corrected
noontime erythemal dose rate (m##) in each case was divided by 25 in order to
calculate the noontime UV Index over the countee(Eigures 7.14-7.17, whexan

the UV Index maps represents the position of grehaskd sites).

The lowest level default for a UV map of Thailardg if a data blank covers much
of the country for a day), based on the maps gesrabove and the work of
Chapters 5 and 6, would then be the year specibictinly mean UV corrected with
the default cloud correction, to give monthly meamrected UV for year 20XX (see
Figure 7.14). This would apply for past data. Feamreal time data (e.g. yesterday)
a year specific monthly mean is not available, arslead the long-term monthly
mean data must be used e.g. Figure 7.13 whicheistbrage of years 2007-2009,

but can be improved upon as more data becomesblail
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Figure 7.14An example of noontime erythemal map on 07/08/20@4te pixels
represent no data).

Given that the underlying daily erythemal dataeseyally available, and a decision
can be made about clear or cloudy conditions,pbssible for most days to improve
upon this. If the daily UV data is available butsitcloudy or cloud is indeterminate,

then the cloud correction is applied to the dai dlata (see Figure 7.15).
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Figure 7.15An example of noontime erythemal map on cloudy @3y08/2008).

Where conditions are known to be clear, but full @@ data is not available, the
clear sky correction can be used with the montryamAAOD data from Figure 7.9
(see Figure 7.16).
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Figure 7.16 An example of noontime erythemal map on cleardsky (02/04/2007)
with the monthly AAOD correction.

In the ideal case, both erythemal and AAOD datafally available and a day
specific correction can be applied (see Figure)7.17
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Figure 7.17 An example of noontime erythemal map on cleardsky (02/04/2007)
with the daily AAOD correction (white pixels repesg no data).

7.4 Validation

To validate the model performance, noontime UV dedi at the four Thai sites:
Chiang Mai, Ubon Ratchathani, Nakhon Pathom andyBda, were selected from

the maps. The comparison results are presentedhile 7.1.
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Table 7.1Validation of the corrected OMI UV Index with resg to ground-based
UV Index.

- uv AAOD N Ground- Corrected
Conditions | 415 data Model | Sites™| pased uvi OMI UVI
CM 2.8 9.9
Undefined Cloudy UB 4.2 10.9
(07/08/2009) Monthly | No correction | NP 42 9.5
SK 11.4 10.4
CM 14.1 10.6
Cloudy . Cloudy uB 9.3 8.1
(03/08/2008) D&Y No correction | NP 9.1 10.3
SK 10.1 9.6
CM 10.7 12.7
Clear sky Dail No Cloudy uB 13.3 13.3
(02/04/2007) y correction NP 11.3 13.0
SK No data 13.1
CM 10.7 13.2
Clear sky . Clear sky uB 13.3 13.5
(02/04i2007)| PaY | Monthly | o ection [ NP 11.3 14.2
SK No data 14.7
CM 10.7 13.8
Clear sky Dail Dail Clear sky uB 13.3 14.8
(02/04/2007) y y correction | NP 11.3 14.2
SK No data 14.7
CM 7.1 8.1
Clear sky Dail No Cloudy UB 7.2 8.9
(11/01/2008) y correction | NP 6.9 8.8
SK 10.3 10.6
CM 7.1 8.9
Clear sky : Clear sky uUB 7.2 9.1
(11/01/2008)| DAY | Monthly | o ection [ NP 6.9 8.9
SK 10.3 11.8
CM 7.1 8.6
Clear sky Dail Dail Clear sky uUB 7.2 9.9
(11/01/2008) y y correction | NP 6.9 9.8
SK 10.3 11.8
CM 7.0 8.1
Clear sky Dail No Cloudy UB 6.8 8.1
(12/01/2008) y correction NP 7.4 8.8
SK 11.6 10.4
CM 7.0 9.0
Clear sky : Clear sky UB 6.8 8.3
(12/01/2008) Daily Monthly correction NP 7.4 9.0
SK 11.6 11.7
CM 7.0 9.1
Clear sky Dail Dail Clear sky UB 6.8 No data
(12/01/2008) y y correction NP 7.4 9.5
SK 11.6 No data

*CM = Chiang Mai, UB=Ubon Ratchathani, NP=Nakhorifeah, SK=Songkhla

145




Chapter 7 — Extending Results to Generate UV Map§$liailand

The validation results in Table 7.1 show that fug tlefault case where the monthly
erythemal data was used with the cloudy correcttbe, differences between the
corrected OMI and ground-based UV Index are lavgéhin £7 UVI) as expected.
Smaller differences were achieved when the dailyl QW data was used with
either clear sky or cloudy correction. Using theacl sky correction, the corrected
OMI UV Index values are similar (3 UVI) when eithine daily or monthly OMI
AAQOD data were used. Better results (x2 UVI) areveh when the cloud correction
was applied. While one might hope that specifioser data would provide the best
correction, this assumes that the aerosol daty felbresent the conditions. It is
known that the satellite data do not fully probe lbwer boundary layer where much
of the aerosol exists, and this is evident in #sults. The cloud correction, while
empirical, intrinsically accounts for both clouddaaerosol effects through the full
depth of the atmosphere. It would appear that uhgke is an improvement in
satellite aerosol products, and broad scale, gatblhsed correction for aerosol is
not as effective as a simple empirical correctidinere ground-based aerosol optical
depth data exists, and accounts for the full depthe atmosphere, this provides the

best corrective option in clear sky conditions.

7.5 Summary

In this chapter, noontime erythemal irradiance wated from the OMI products
(i.,e., OMUVBd and OMAERUVd) were corrected over ttire area of Thailand.
There are two empirical models used in this stutBar sky correction (see Chapter
5) and cloud correction (see Chapter 6). The usthefcorrection depends on the
availability of input parameters and the sky caods. The final results were shown
in term of the UV Index over the country. The dadlgrrected satellite data was
compared to the daily ground-based data. The diffezs between the two datasets
are within £3 UVI for the clear sky correction a2l UVI for the cloud correction.

The method and results that are shown in this enape only some example taken
from different sky conditions: clear sky and cloudgys. Attempts to correct the
satellite UV data over Thailand were limited by lbatvailability and quality of the
input parameters required for the correction, egfigcthe AAOD data. The

correction method would be improved if aerosol afaid information were more
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readily available. Ideally, aerosol data that repres the full atmosphere is required
— much of the aerosol extinction takes place inltvger boundary layer which is

poorly represented in satellite products. It sHoalso be remembered that the
satellite product represents an area of 312 While the ground-based measurement
represents a specific point. Localised effects miyence one measurement and not

the other, and some uncertainty can be expectedthis scaling issue.

Given the lack of high quality AAOD data, the madtective correction for a
country wide application is the cloudy sky empificrrection that implicitly

includes cloud and aerosol typical of the regiomteNthat, as with all empirical
techniques, the details of this correction may betdirectly applicable to other

regions and climates.
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Chapter 8— Summary

Solar ultraviolet irradiance has effects on humaralth, terrestrial and aquatic
ecosystems. The erythemal irradiance affecting muskan (sunburning), taken as
the focus in this thesis, varies depending on tiar snergy output, geographical
factors (e.g., sun-earth distance, solar zenithlearagnd altitude), atmospheric
composition (e.g., ozone, aerosols and clouds)sani@ce properties (e.g., albedo).
The amount of irradiance can be measured diregtlground-based measurements;
however, ground-based instruments have been iedtaiily at limited sites. Satellite
UV estimation techniques based on radiative transf@dels and reflectivity
measurements have potential to provide UV irradiame a global basis. However,
satellite data represents average conditions @rge lareas, and is based on model
calculations that inevitably include assumptioreg Bometimes produce errors for all
or part of the region concerned. Thus, the valoabf satellite data with ground-
based data is still required. This thesis attemptedse the benefit of satellite UV
retrieval to estimate erythemal irradiance at l@mdér noon for the whole country of
Thailand where ground-based measurements are spaseompared the results to
similar validation techniques in the UK. This i®tfirst time that such studies have
been conducted for the Tropics, previous work hesnhkin midlatitudes where the

climate is quite different.

In this study, the erythemal irradiance at locdbhsmoon is investigated for two
different climate areas; Tropics and midlatitudBisere are four Thai ground-based
sites: Chiang Mai, Ubon Ratchathani, Nakhon Patloih Songkhla; and nine UK
sites: Camborne, Chilton, Glasgow, Kinloss, Leaaswick, Manchester, Reading,
and Snowdon. Most of the sites have been installddbroadband radiometers, but
Manchester and Reading have spectroradiometerstt Aqmen the ground-based
measurement, OMI onboard the Aura spacecraft meassolar reflected and
backscattered light at UV and visible wavelengthscv enable a series of data
products to be retrieved: total column ozone, tgases, aerosols, clouds and hence

finally the surface UV irradiance on a global scale
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The comparisons of the noontime erythemal irracéametrieved from OMI between
years 2004 and 2007 with respect to the groundebdata at the various sites were
detailed in Chapter 4. There was a general ovenattn of UV by the OMI data
but with considerable variation that included samstances of underestimation for
both Tropics and midlatitudes. The biases betwbenQMI data and the ground-
based data were 9% for cloudless conditions and f82%ll sky conditions at the
cleanest site sampled. Biases were much highdedat about 20% for cloudless
conditions) for the urban sites. Further investa@atndicated that the positive bias is
mainly due to aerosol absorption optical depth thatot accounted for in the OMI

UV algorithm.

As a result, two empirical models were derived ¢ooaint for absorbing aerosol

under cloudless conditions (clear sky correctidinese were introduced in Chapter
5. One correction uses aerosol optical depth freound-based instruments and
aerosol single scattering albedo, while the otlsessiaerosol absorption optical depth
from the satellite as the input parameters. Aftexr dbsorbing aerosol correction
factors were applied, for cloudless conditions, diiterences between the corrected
OMI and ground-based data were reduced by up to 28%he Tropical sites and

5%-30% for the temperate sites. The results alew ghat the improvement is much

better if ground-based aerosol data were appligdeé@mpirical models, since they
are site specific and expected to represent thadaoy layer better than the satellite

data.

Since cloudless conditions are comparatively ranegmpirical method to correct the
erythemal irradiance from OMI at local solar noendoudy conditions (cloudy
correction) was then introduced (see Chapter 6 €Gbrrected OMI erythemal
irradiances were closer to the ground-based data tine original OMI erythemal
irradiances. This method resulted in an improventerthe OMI data (relative to
ground-based) of 12%-14% for Thai sites and ab6%t Br UK sites. However, this
does not solve the issue of considerable scattieicomparison data due to the vast
variations possible in cloud type and charactesstihe cloudy correction was also
successfully used with clear sky data.
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To extend the correction methods to the whole aguof Thailand, the two
empirical models (clear sky correction and cloudyrrection) were applied
depending on the availability of inputs (especiaigrosol data) and the sky
conditions, as detailed in Chapter 7. The finaultsswere presented in terms of
daily noontime UV Index maps which are familiargaoblic health bodies and the
public themselves. The differences between theected OMI UV Index and the
ground-based UV Index were within £3 UVI for theeat sky correction when the
satellite aerosol data are available. However etheas very little daily aerosol data
available so monthly averages had to be used.sltoigtion should improve as more
data becomes available and averages can at leasisbd on a longer term data set.
The cloudy correction proved to be the overall nedctive in correcting the OMI
UV retrieval, and could be applied to the whole oy in any conditions, once a
decision about maritime and urban sites had beettemBhe resulting UV Index
maps were again tested against ground-based datad&pendent years and found
to be correct to £2 UVI for all sites and all camains, compared to the original OMI
data which had a positive bias and could overeséirtiee true UVI by up to 4 units.

Thus, OMI UV retrievals have been tested for thst fiime in the Tropics. Results
were not dissimilar to validations at midlatitudaad the main cause of discrepancy
for clear sky conditions was shown to be missingpbs@ effects in the retrieval
algorithm. This could be corrected if ground-baaetbsol data were available for a
site, and was also attempted with satellite-basedsal data. A paucity in, and lack
of quality control for, the aerosol data meant thath corrections could not be
applied on broad space and time scales. A simpkali correction proved most
effective at correcting the overestimation of dagelUV and could be applied in all
conditions. The correction was empirically derivaatt required only that Thailand
be split into a maritime region (clean) and urbagions. While not able to account
for subtle differences in aerosol and cloud thategated scatter in the ground-
satellite comparison, this method nonetheless geaviUVIl +2 for the whole of

Thailand, which is deemed valuable as a publicthgabl.

From the results presented in this thesis it iardleat some uncertainties still remain
in the corrected erythemal irradiances and thaseheeed to be addressed. In

particular, further work in the following areasréqjuired:
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- The aerosol data (AOD, AAOD and SSA) either fronowrd-based
measurements or satellite retrievals should bédurinvestigated. Improved
data availability, and data quality, would imprdte satellite UV corrections
under clear sky conditions, as highlighted in Chapt With time, it is to be
hoped that the uncertainties in the aerosol ddtdwireduced.

- To improve the background climatological data, timontime erythemal
irradiance and aerosol data should be routinellectad at as many sites as
possible, allowing climatological expectations #orhore firmly established.

- Cloud information from geostationary satellitesttican provide data more
often (every 30 minute) than the polar orbiting Oty help to improve the
cloud correction since it removes the assumpti@t tfoud conditions stay
the same between satellite overpass and noon.

- The noontime UV Index of Thailand can be producskhg results obtained
from this study and published for public use. Gomge step further to
produce a UV index nowcast (current conditions) afionately a forecast
would provide much added value. For a nowcastutiterlying data must be
available in real time. Forecasting requires a gaoderstanding of the local
climatology and conditions (which would be providegthe continuing data
collection mentioned above and the work within tiissis), combined with
weather forecasts (cloud/no cloud) and some ecan@xpectations (e.g.

biomass burning, or not).
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Appendix 1— The calibration of UV-Biometer (s/n 5809)
In this appendix, the three calibration procesded\¢-Biometer (s/n 5809), which

are cosine response, spectral response and absallitbeation, operated at the
University of Manchester in year 2009 are describHte UV-Biometer of Solar
Light Company Inc. was used as a standard instrufoecalibration purposes noted
in Section 3.1.2.

Al.1 Spectral Response Calibration of UV-Biometer &ar Light
Company Inc. (s/n 5809, Thailand) on 26 August 2009

This section details determination of the relatsectral response of the UV-
Biometer model 501A. A solar simulator with a 1080universal Xenon arc lamp
combined with a double monochromator was used kgha source. The double
monochromator of Oriel instruments (Model 77200hick has 0.1 nm resolution
with narrow slits and a 1200 line/mm grating, aléoa spectral output ranging from
200 nm to 24pum. However, in this study, we set the slits to ob@bout 5 nm

FWHM to provide enough signal for the UV-Biometeaince closing the slits
reduces the throughput of the monochromator. Ierotd identify the output of the
light source, a Bentham DTM300 double monochromat@s set to measure
spectral irradiance. The optical head of the Banthwas fixed facing the light
source. In front of the optical head of the Benth#me UV-Biometer was mounted
and able to rotate about the vertical to allow ligkt to pass intermittently to the
Bentham input optics for verification of the teadimation. The spectral calibration

setup is shown in Figure Al.1.

152



Appendix 1 — The calibration of UV-Biometer (s/1098

Figure Al.1 Setup of spectral calibration.

The monochromator was set sequentially at wavehsnigom 290.00 to 400.00 nm
with 2.50 nm step. The output of the UV-Biometesweacorded using the Campbell
21X (TG1), a data recorder of Campbell Scientifiw.L(UK), averaging over 5
minutes at each wavelength. To measure the spdatagiance from the light
source, the UV-Biometer was rotated®90 allow the light to pass to the Bentham
optical head. The Bentham was set to scan front@4900 nm with the resolution of
0.5 nm. The output of the Bentham is shown in Faghit.2.
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Figure Al1.2 The spectral irradiance output from Bentham DTM300

The relative spectral response of the UV-Biometas walculated by normalising the
ratio of the output from the UV-Biometer (mV) andm®ham (mW/rfinm). The

relative spectral response function retrieved iis #tudy was compared with the
original value from Solar Light Company Inc. fro@d3, and the erythema action
spectra defined by CIE, which are shown in Figuie3AThe new relative spectral

response values are also shown in Table Al.1.
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Figure A1.3 The relative spectral response of UV-Biometer.

We can see from Figure Al1.3 that the present velatpectral response function is
close to the original response for the shorter \emgths (below 335 nm) but

deviates at larger wavelength where there were legrysignals recorded by the UV-

Biometer. Fortuitously the current spectral respois moved closer to the
reference erythemal action spectrum that the ingni is supposed to represent. In
order to compare the influence of the two speataponses on the output of the
Biometer, the spectral responses were multipliedd®ctral irradiances measured on
1 January, 2008 at 11:00 to calculate erythemaliftAdliances as shown in Figure
Al.4. The difference between the erythemal UV iaades using the present and

original spectral response functions was about 8%.
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Figure A1.4 Comparison of erythemal UV irradiance using deferspectral

responses.
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Table A1l.1The relative spectral response function of UV-Baben calibrated on 26
August 2009.

A (nm) | Normalised spectral response A (nm) | Normalised spectral response
290.00 1.00E+00 385.00 2.23E-04
292.50 9.57E-01 387.50 3.66E-04
295.00 9.98E-01 390.00 1.77E-04
297.50 7.78E-01 392.50 5.80E-05
300.00 6.54E-01 395.00 0.00E+00
302.50 4.89E-01 397.50 0.00E+00
305.00 3.52E-01 400.00 0.00E+00
307.50 2.43E-01

310.00 1.38E-01

312.50 8.64E-02

315.00 5.00E-02

317.50 2.93E-02

320.00 1.62E-02

322.50 9.95E-03

325.00 6.51E-03

327.50 4.20E-03

330.00 3.24E-03

332.50 2.00E-03

335.00 1.27E-03

337.50 1.24E-03

340.00 9.71E-04

342.50 8.67E-04

345.00 1.06E-03

347.50 1.23E-03

350.00 7.83E-04

352.50 9.45E-04

355.00 9.28E-04

357.50 8.25E-04

360.00 7.80E-04

362.50 7.83E-04

365.00 7.54E-04

367.50 6.56E-04

370.00 3.92E-04

372.50 2.82E-04

375.00 4.75E-04

377.50 2.94E-04

380.00 2.75E-04

382.50 3.38E-04
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Al.2 Cosine Calibration of UV-Biometer Solar LightCompany Inc.
(s/n 5809, Thailand) on 10 March 2009

In general, UV-Biometers have an angular resporissecto the ideal cosine
function. It is difficult to make an instrument Wit perfect angular response due to
small imperfections in commercial quartz domes.difranally, the cosine angular
response of these instruments is deemed acceptableas less than 5% error for
zenith angles less than eWWebb et al.1998].

Regarding this calibration, a FEL 1000W standamddgs/n F318) of the Centre of
Atmospheric Science, the University of Manchesters used as a light source. This
lamp has a vertical coil and surrounding bulb amdniounted in a holder on an
optical rail via two vertical pins at the bottomtbe bulb unit. It requires an 8 amp
current-stabilised power supply. The Campbell 2IDGI) was setup to record
signals from the UV-Biometer, averaging every 1€osels. The calibration setup is
shown in Figure A1.5. The distance between thereeoit the lamp and the UV-
Biometer is about 0.65 m. The lamp was mountechatemd of an optical rail while
the UV-Biometer was mounted at the other side s ifs vertical rotation axis
passed through the plane of the receiving surfatieeoUV-Biometer. A low power
laser was used to horizontally align the centrehef UV-Biometer and the light

source by passing the beam through the lamp pogiithe centre of UV-Biometer.

Figure A1.5 Setup of cosine calibration.
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The Campbell was set to record the UV and temperaignals in mV every second
and average every ten second$fie cosine response was measured across four
quadrants (Q1, Q2, Q3, Q4) at intervals of 88 can be seen in Figure A1.6. The
centre of the UV-Biometer was set &t &hd then the receiving plane was rotated
about its vertical axis (also passing through teetral point) using a micrometer

controlled rotation plate. Rotations went from zex@8 in 4° steps.

Q3

Bubble leve

Q4

UV-Biometer connector

Figure A1.6 The definition of four quadrants using the UV-Biet@r connector and

the bubble level as referent points.

The signals recorded at each angle for each quiadvare normalised by the
reference signals measured &t @ give the relative angular response across each
quadrant. The result in Figure A1.7 shows the isdaingular response of the four
quadrants of the UV-Biometer and their averageinbthin this study compared

with the value from Solar Light and the ideal cesfanction.
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Cosine Calibration of Solar Light UV-Biometer S/ 10/03/09 with F318 Lamp
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Figure A1.7 Relative angular response of the UV-Biometer.

From the result, we can see that the values of &% Vower than the cosine function
while those of Q2 were higher. Furthermore, thei@alof Q3 and Q4 were between
those values. This might have resulted from thetipasof the UV-Biometer centre

not being exactly the optical centre of the insteat However, the average value of
the four quadrants was close to the value of the ¢osine function and the original

relative angular response from Solar Light.

In general, the relative angular response is coetpaiith the ideal cosine function.

In this study, relative cosine responsf), of the UV-Biometer is defined as the
ratio of the relative angular response of the UWBeter,AQ ) to the cosine

function, cos@ ), [Grainger et al, 1993] as follows:

A(0)
co<B

C(6) = (A1.1)

The relative cosine response of the four quadraritdshe UV-Biometer was
calculated and shown in Figure Al1.8. The averadeevaf the relative cosine
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response for four quadrants were also calculatddten compared with the original

value from Solar Light as shown in Figure A1.9 diadble Al.2.

Cosine Calibration of Solar Light UV-Biometer S/R® with F318 on 10/03/09
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Figure A1.8 The cosine response of the UV-Biometer.

Cosine Calibration of Solar Light UV-Biometer S/R(® with F318 on 10/03/09
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Figure A1.9 The relative cosine response of the UV-Biomete¢aioled from this
study and Solar Light.
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Table Al1.2 The average value of relative angular responderatéd on 3 March
20009.

Zenith angle Average angular response
0 1.0000
4 0.9990
8 0.9990
12 0.9997
16 1.0007

20 1.0018
24 1.0029
28 1.0036
32 1.0036
36 1.0023
40 0.9996
44 0.9948
48 0.9868
52 0.9741
56 0.9556
60 0.9285
64 0.8897
68 0.8313
72 0.7453
76 0.6133
80 0.3738
84 0.1168
88 0.2688

Comparing the relative cosine response obtained fhis study, and that from Solar
Light provided in 2003, shows that the relativeicesesponse of this UV-Biometer
is not appreciably different from a typical cosmsponse for such instruments. The
difference between the two sets of data was less 206% for the zenith angles less

than 78 and about 12% for the larger angles.
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A1.3 Absolute Calibration of UV-Biometer Solar Light Company
Inc. (s/n 5809, Thailand) on 30 May 2009

The purpose of absolute calibration is to determaneonversion factor called
sensitivity (V/(Wm?)) to convert signals (V) from the UV-Biometer toythemal
irradiances (Wm?). In this study, the UV-Biometer was installed sgoto the
Bentham DTM300 spectroradiometer, used as a referamn the Pariser building,
the University of Manchester as shown in Figurel@l.

Figure Al.10Intercomparison between the UV-Biometer and thetiBzam
spectroradiometer on the Parisor Building in Ma920

The Bentham scanned every 15 minutes while the ibvmBter recorded voltage
signals every 10 seconds and then averaged evemngidiites matching with the
Bentham scan times. The irradiance spectra fronBdgrgham were weighted with
the CIE erythema action spectrum to produce eryah@madiances. Then the signals
from the UV-Biometer were plotted against the eewtlal irradiance from the
Bentham as shown in Figure A1.11. The slope ofgtlagh is then the sensitivity of
the UV-Biometer which is 3.8526 V/(\W?) with the standard error values of
0.0119.
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Figure Al.11Correlation plot between signals from the UV-Bioerednd the

erythemal UV irradiance from the Bentham spectriamaéter.

The correlation between the two instruments is #tweeven at large solar zenith
angle where such calibrations tend to become m@ati This is a result of the now
excellent match between the biometer response lendeference erythemal action

spectrum.

To compare the new sensitivity (3.8526 V/(#F)) with the original value from
Solar Light (4.2589 V/(\Wn'®)) since 2003, the UV-Biometer sensitivity studiad
this work has gradually changed about 2% per ydactwis in the same range as the
other UV-Biometers (2%-5%).

In addition, we plotted the sensitivity againstasokenith angles, separated total
column ozone measured from a brewer spectroradesmétManchester as shown in
Figure Al1.12. We can see from the result that @msisivity has changed within 20%
from minimum to maximum solar zenith angles. Alg® total column ozone affects

the sensitivity at the larger solar zenith anghaere than 69).
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Presented here is a paper published in the Joafratophysical Research, cited as
Buntoung, S., and A.R. We{#010), Comparison of erythemal UV irradiancesrfro
Ozone Monitoring Instrument (OMI) and ground-baseath at four Thai stationg,
Geophys. Resl115, D18215, doi:10.1029/2009JD013567.
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Comparison of erythemal UV irradiances from Ozone Monitoring
Instrument (OMI) and ground-based data at four Thai stations

S. Buntoung' and A. R. Webb'

Recerved 19 November 2000 revised 17 June 2010 accepted 21 June 2010; published 28 September 2010,

['] The Ozone Monitoring Instrument (OMI), on board the NASA EOS Aura spacecraft
since July 2004, provides a global view of surface spectral ultraviolet (UV) irradiance
at 305, 310, 324, and 380 nm; erythemal dose rate both at overpass time and local
noontime; and erythemal daily dose. Previous studies have shown comparisons of the OMI
erythemal UV irradiances and ground-based UV measurements in areas of midlatitude and
high latitudes, predominantly in the Northern Hemisphere. In this study the noontime
ervthemal UV dose rates retrieved from OMI and measured from broadband instruments
at four sites in Thailand were compared. The comparisons show a positive bias for the
OMI data with respect to the ground-based measurements. The differences between the
two data sets were 30%-60% for all data and were 10%-40% for cloudless data. The
differences for the cleanest site showed better agreement than those for the more urban
sites. Using the Libradtran radiative transfer model, we show that aerosol is responsible for
much of the positive bias m polluted areas, Since absorbing aerosol is not taken mto
account in the OMI surface UV algorithm, aerosol absorption correction factors have been
introduced as a function of acrosol absorption optical thickness provided by OMI to
improve the OMI UV data for urban and maritime sites. The differences between the
corrected erythemal UV data and the ground-based data were reduced to less than 20%.

Citation: Buntoung, 5., and A, R, Webb (2010}, Companson of erythemal UV imadiances from Ozone Monitoring Instrument
(OMT) and ground-based datw an four Thai stations, ./, Creophvs, Res., 115, DI8I15, doi: 10,1029/ 2009T041 3567,

1. Introduction

[2] Erythemally weighted UV radiation is strongly
affected by atmospheric ozone, cloudiness, and aerosols, as
well as the predictable cyeles of solar zenith angle. Its ef-
feets on human health require an understanding of the global
distribution of solar UV [Uaited Nartions Environmental
Programme (UNEP), 2007; Waorld Meteorological
Organization (WMO), 2007, For example, for public health
purposes, the UV Index (UVI, 1 unit equals 25 mW.m™ ) is
used to express the level of erythemally effective UV, which
can be wp o the value of about UV 12 in the Tropics [flvas
et al., 1999; Janjai et al., 2009a], whereas at high latitudes,
¢.g., Southern Ontario, Canada, the value does not exceed
about 6 [Fiadetov et al,, 2004],

[3] Ground-based UV monitoring sites are relatively
sparse and unevenly distributed on a global scale [WAMO,
2007]. Since the 1970s, satellite retrievals combined with
radiative transfer models have been used to derive ervthemal
UV iradiances at the Earth’s surface for the entire globe,
initially using Total Ozone Mapping Spectrometer { TOMS),
operational from 1978, This has been superseded by Ozone
Monitoring Instrument (OMI) onboard the NASA Aura

Yechonl of Earth, Armospherie and Environmental Science, University
of Manchester, Manchester, UK,

Copyright 2000 by the American Geophysical Uniion,
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spacecraft since 2004, OMI is a nadir viewing spectrometer
that measures solar reflected and backscattered light at UV
and visible wavelengths and provides a series of data pro-
ducts: total column ozone, trace gases, aerosols, clouds, and
surface UV irradiance [Levelt et al., 2006: Tanskanen of al.,
2006].

[4] Although satellite retrievals can provide data over a
wide geographical distribution, they do so at relatively low
spatial resolution, and ground-based validation of satellite
data is required in any event. Initial studics compared
TOMS UV data with ground-based UV data [Arola et o,
2002: Fioletov er al., 2002 Kalliskora et al, 2000;
Kazamizidiv et al., 2006; McKenzie et al.. 2001]. Afier the
Aura spacecraft was launched, comparisons of the OMI UV
data and ground-based data became the focus of attention
[Buchard et al., 2008; Jalongo et al.. 2008: Kozadziy ef al.,
2000a; Tanskanen et al, 2000, Weihs et al., 2008)]. Many of
the studies used UV data from spectrophotometers to cal-
culate spectral UV dose rates and daily doses for the
northern high and midlatitudes, but several have used
broadband measurements [e.g., falongo ef al., 2008; Weihs
et al, 2008]. The broadband data are often at higher time
resolution and thus would allow the effects of rapidly
changing conditions to be examined. Overall, results
showed overestimation of UV by OMI when compared with
ground-based data; however, for some mstances ol snow-
covered surfaces, OMI underestimated measurements com-
pared to ground-based mstruments as the bright scene from

1ol s
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Figure 1. Map of Thailand sites,

the snow-covered surface was mismterpreted s cloud
[Tanskanen et al,, 2007].

[5] It would appear that the bias mamnly results from
aerosol absorption that is not accounted for in the satellite
UV algorithm and therefore causes the satellite retrieval 1o
overestimate surface UV when significant acrosols are
present. Several studies [Arola ef af., 2009; Jalongo et al.,
2009; Kazadzis er al., 2009a) have introduced various cor-
rection procedures to account for aerosol absorption with
some success, e.g., the corection method in the study by
Areda et al. [2009] reduced bias by 5%—20% at midlatitude
sites. It should be remembered that aerosols are not the only
source of uncertainty in the satellite retrievals, Other sources
include problems with defining surface albedo [Tanskanen
et al, 2007], cloudiness, and pixel inhomogeneities
[Kazadzis et al, 2009b; Weilis ef al., 2008]. In addition. the
noon UV iradiance product, which we use here as most
suitable for public health applications, is calculated from
atmospheric parameters al overpass time, giving an addi-
tional uncertainty due to the assumption that the noon
conditions are the same as those at overpass.

[¢] This paper seeks to redress the lack of UV information
and satellite validation for the Tropics. In this study, ervthemally
weighted UV dose rates at local solar noon, derived from
OMI products, were compared with ground-based mea-
surements for four sites in Thailand, The Libradtvan radia-
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tive transfer model has been used to confirm that aeresel is a
major cause of positive bias in the OMI UV estimates.
Fmally, a method to correct satellite data for absorbing
aerosols was introduced and validated against the ground-
based data.

2. OMI Surface UV Algorithm

[7] The OMI surface UV algorithm is based on the TOMS
UV algorithm developed by NASA Goddard Space Flight
Center [Eck et al, 1995 Krothov ef af, 1998, 2001;
Tanskanen er al, 2006]. However, the OMI UV product has
a higher spatial resolution of 13 = 24 km® at nadir. The
algorithm relies on radiative transfer models and input data
such as total column ozone from OMI and climatological
surface albedo based on TOMS data [Tanskanen. 2004].
Clear-sky UV irradiance is calculated by assuming that the
atmosphere has no cloud and no acrosols. Then, the clear-
sky irradiance 13 multiplied by a cloud and nonabsorbing
acrosel comection factor (i.e. aerosol scattering that is
meluded in the backscatter measurement) derved from
further OMI products, e.g., the measured 360 nm radiance at
the overpass time. MNote, however, that the backscatter
measurements on which this comrection is based still do not
fully probe the lower boundary layer and the aerosols
therein [McKenzie er al., 2008].

[#] The OMI UV irmadiance products are provided in
terms of surface spectral UV irradiances ar 305, 310, 324,
and 3B0 nm; erythemal dose rate both at overpass time and
local solar noon; and erythemal daily dose [Levelr et al.,
2006; Tanskanen et al., 2006]. These data can be freely
accessed from hup:/favde.gsfe.nasa.gov!.

3. Ground-Based Data

[#] Thailand is a country in Southeast Asia. covering lati-
tudes from 5N to 20°N and longitudes from 97°E to 105°E
(see Figure 1). The climate of Thailand is classified as
tropical wet and dry and characterized by two monsoons: the
South-West monsoon  (from mid-May to mid-October)
causing rain over the whole country, and the North-East
monsoon (from mid-October o mid-February) that brings
cold and dry air from China to northern and north-eastern
parts but causes ain along the ecasten side of the country.
Between the two monsoons (from mid-February to mid-
May) is the period April/May when the Sun is highest in the
sky for the country, and temperatures are greatest, The other
period of highest Sun coincides with the wet South-West
monsoon. The northemn part of the country 1s surmounded by
the landimass of Southeast Asia with local industry and
traffic, whereas the southermn peninsula is surrounded by the
Gulf of Thailand in the cast and the Andaman Sca in the
west, which results in cleaner air than the north,

[10] The four UV measurement stations in Thatland used
in this study are at Chiang Mai (18.78°N, 98.98°E, 240 m
above sea level, a.s.1.), Ubon Ratchathani (15.25°N, 104.87°E,
122 m a.s.l.), Nakhon Pathom (13.82°N, 100.04°E, 30 m a.s.L),
and Sengkhla (7.20°N, 100060°E, 4 m as.l). These sites
cover the four main climatic regions of Thailand and also
represent different geographical and environmental condi-
tioms from previous stadies [Aroda er al,, 2009; lafongo et al,,
2009; Kazadzis ¢t al., 2009a]. Chiang Mai is a city in
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northern Thailand. It has the highest altitude of the four sites
with a relatively cool, dry season in winter, and is situated in
4 natural bowl that tends to trap pollutants. Development
within the city drives air pollution to high levels. Nakhon
Pathom is a suburb of Bangkok characterized by urban and
industrial aerosols with dry season in winter. Ubon Ratch-
athani is in the northeast of Thailand with a dry season in
winter, and the industry is of a more agricultural nature than
the other two cities. These cities are also influenced by sea-
sonal biomass burning during January-April as rice straw is
burnt alier harvesting [Janfai ef al, 2009b]. Songkhla is in
the southeast of Thailand on the coast of the Gulf of Thailand,
which has mild weather and is wet for the whole year.
Tourism is the main industry and the aerosols are under a
maritime influence.

[11] UV-Biometers (model 301A) from Solar Light
Company have been used to monitor broadband radiation at
the four sites: Chiang Mai and Nakhon Pathom since 1997
and Ubon Ratchathani and Songkhla since 2000. The
response of the sensor is close to erythemal action spectrum
defined by Commission Internationale de I'Eclairage [Differ
and MceKinfay, 1987]. These instruments were originally
calibrated to National Institute of Standards and Technology
traceable standards via quartz-halogen lamps by the Solar
Light facility in Pennsylvania, USA. By using a fifth UV-
Brometer purchased in 2003 as a traveling standard, the
calibration factors at each site have been reviewed annually
by an on-site intercomparison between the standard and
each site instrument using the method in the study by Webl
er al. [2006]. Before 2003, one site instrument per year was
sent to Solar Light for characterization and recalibration and
then used to check the calibrations at the other sites through
intercomparison. The cosine responses showed little change
while the spectral responses altered gradually with time
causing changes in calibration factors that were within 1.5%
over an & year period [Janjai er al., 2009a]. The spectral
response of the fifth, traveling standard instrument was
checked in Thailand in 2008, and both cosine and spectral
responses were independently checked in Manchester in
2009 The cosine response showed little change from the
original (within the measurement uncertainties ~2%), while
there had been a small shift in the spectral response at longer
UWVA wavelengths. However, the spectral response check in
2008 in Thailand showed no significant change in response.
Since we use data up until 2007 only, we take the statement
of Janjai er al. [2009a] that this traveling instrument was
stable for the period of concem. Therefore, the original
cosine and spectral responses from the manufacturer have
been used throughout since any observed changes during
recalibration have been small. The calibration is applied as a
matrix dependent on solar zenith angle and ozone [Webl
et al., 2006). The instruments at the four sites are well
maintained with daily cleaning of the dome, regular changing
of the desiccants, and annual field calibrations under clear-
sky conditions. The estimated overall uncertainty of the
radiometer is within +8% [Janjai er al., 2009a].

[12] At each site, signals in voltage have been recorded by
a data logger (DC100) from Yokogawa (Japan) that samples
every second and then records the averaged values every
10 min. These data are sent to Laboratory of Tropical
Atmospheric Physics, Silpakom University. The voltage
signals are then converted to erythemal UV irradiance by
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using conversion factors in V/W.m ) from the manufac-
turer and field calibrations and corrected for spectral and
COSINEG CITOrs.

4. Comparisons of the OMI Erythemal UV
Irradiances With Broadband Measurements

[13] In this study the erythemal UV irmadiances at local
solar noon, when the Sun is highest in the sky, were used,
This is a standard OMI data product available for anywhere
on the globe and represents the expected maximum UV
value for the day under stahle conditions. The time differ-
ence between the OMI UV overpass and ground-based
measurements at local solar noon is up to 3 h for Thailand.
The OMI algorithm assumes that atmospheric conditions
stay constant between the overpass time and noon, in cal-
culating local noontime UY. This assumption and the time
ditference can introduce an additional uncertainty into the
noon UV data product. This becomes an inirinsic part of the
uncertainty in the OMI product. However, the mean ratios at
overpass and noon differ by only 2% and the normalized
root-mean-square  deviations are also similar (0,16 for
Songkhla at overpass and (.18 at noon, with the other sites
showing a corresponding result). For a broad application,
e.g., one aimed at public health information, noon UV is
more casily understood and more appheable, and thus, we
use this in the following analysis.

[14] The local noontime erythemal UV  irradiances
retrieved from OMI at the four Thai siles were compared
with those measured from the broadband instruments (solar
noon =6 min). The data used for the comparisons were for
the period from August 2004 to December 2007, The results
of the comparison are shown as scatterplots for all sky
conditions and the subset of cloudless conditions and can be
evaluated against the one-to-one line shown in Figure 2. To
determine cloudless days, the ground-based UV imadiance
(10 min averages) was plotted from sunrise 1o sunset: Days
with an uninterrupted smooth bell curve were manually
selected as clear days.

[15] To investigate the level of the agreement between the
noontime erythemal UV irmadiance retrieved from OMI and
the ground-based measurement, the ratios of the OMI data
and the ground-based data were calculated and the distri-
bution of the ratio at cach site was plotted (not shown).
Since most of the distributions were not normal, mean and
median of the ratio were calculated [Tanskanen er al., 2007]
and shown in Table 1. To distinguish the effect of cloud, the
results are shown for all sky conditions and cloudless con-
ditions separately (Figure 2). Furthermore, the percentages
of the OMI data that agree within £10%, £20%, and £30%,
with the ground-based data (%W, %Way, and %%GWay,
respectively) are presented in Table 1.

[16] We can see from the results in Figure 2 and Table |
that the noontime erythemal UV irradiances obtained from
the OMI data are generally larger than those from ground-
based measurements. The ratios for the all sky conditions
show greater scatter than for the clear-sky conditions and
include instances of underestimation by OMI, Some of this
scatter can be due to changing cloud conditions between
overpass time and local solar noon. The results for the
cleaner air site (Songkhla, mean = 1.32) are in better
agreement than the more urban sites (for example, Chiang
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Figure 2. Comparison of the OMI erythemal UV irradiances at local solar noon (EUV gag) with those
measured from ground-based measurements (EUV gy for all sky condition (open circle) and clear-sky
conditions (solid circle) for the years 2004-2007. The 1:1 correlation (dash) and £30% limits (dots) are

also shown.

Mai, mean = 1.62), The ratios for cloudless conditions also
show better agreement than for all sky conditions, and most
of the OMI measurements for cloudless conditions are
within 30% of the ground-based data. The scatter is greater
in cloudy conditions, as expected, but the median values are
found to be independent of cloudiness as a few large outliers
skew the mean values upward in cloudy conditions but do
not affect the median. The ratios between the OMI and
ground-based data in our study were in general slightly
higher than those from the previous studies [Arofa er al.,
2009, Kazadzis er al, 2009a; Tanskanen el al, 2007].
This may be because the noontime data were used in our
study, whereas the overpass time data [Arofa ef al., 2009;
Kazadzis er al., 2009a] and daily doses [Tanskanen et al.,
2007] were used for the other studies. but the different
environmental and climatological conditions may also have
some bhearing on the results.

Table 1. Ratic of OMI Data and the Ground-Based Data Statistics

[17] To investigate the effect of aerosol, the Libradiran
radiative transfer model [Maver and Kylfing, 2005] has been
run with and without aerosols for clear-sky days in the years
2005 and 2006 for Chiang Mai, Nakhon Pathom, and
Songkhla, where there are Aerosol Robotic Network
(AERONET) stations that can provide some indication of
aerosol properties. Predefined aerosol types from the Libradtran
package were used [Shettle, 1989]: urban for Chiang Mai
and Nakhon Pathom and maritime for Songkhla. The aerosol
optical depth and acrosol single scattering albedo data were
taken from level 1.5 (AERONET, data available at hitp://
aeronet.gsfc.nasa.gov) [Holben er al., 1998]. The AERO-
NET stations were not installed until late 2006, and this
linited the number of clear-sky days available for use with
our ground-based UV dataset. For this reason, we used
mean monthly averaged aerosol optical depth data from the
years 2006 to 2008, matched to clear-sky UV data from a

All Data Cloudless Diata
Sites N Mledian Mean WWg TaWay YW N Median Mian SaWin LW W an
Chiang Mai 1158 1.30 1.62 14 30 48 180 1.30 1.37 1 14 51
Ubon Ratchathani 1203 .14 132 30 53 a7 178 1.14 1149 34 [h] 82
Nakhon Pathom 1206 1.24 144 21 EH 52 108 1.29 1.31 7 14 52
Songkhla 10494 .09 1.32 kL] 62 T ] 1.0 .09 52 a5 100
40f 8
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Figure 3. Comparison of erythemal UV retrieved from OMI (EUV . open circle), modeled by Librad-
tran’s UVspec component (EUV pysppe) with aerosol (open triangle) and without aerosol (cross), and
measured by ground-based instruments under clear-sky conditions. The 1:1 correlation {dash) and

+£30% limits (dots) are also shown,

given month, The standard deviation on the monthly mean
aerosol optical depth data is about 40% for each site. For the
two inland sites {Chiang Mai and Nakhon Pathomy), there is
a clear seasonal cycle in aerosol optical depth with maxi-
mum {up to 1.2) in February—April due to biomass buming
[Kifi et al., 2006]. This reduces to 0.3-0.6 for the rest of the
year. Songkhla in contrast exhibits very little seasonal cycle,
having aerosol optical depth values in the range 0.2-0.5
throughout the year. Long-term averaged (years 2006-2008)
single scattering albedo values at 440 nm (the shortest
wavelength available) were used as constant values; 0.89 for
urhan sites and 0.97 for the maritime site. The results from
the radiative transfer model are shown in Figure 3. As we
can see, the values calculated from the Libradiran model
with aerosol were closer to the ground-based values than
those without aerosol, supporting the hypothesis that a large
part of the differences between OMI and ground-based data
may be attributed to acrosol. Therefore, to improve the OMI
UV data, a correction for the aerosol absorption should be
applied as this is not included in the standard OMI UV
algorithm (although aerosol scattering has already been
included).

5. Empirical Model

[1#] Having identified that the OMI UV product requires a
correction to account for absorption by aerosols, a broadly
applicable method of performing such a correction and a

source of aerosol data is needed, AERONET data are not
always widely available, but OMI aerosol products provide
the same coverage and are spatially matched with the UV
products. Therefore, we address a comrection of the OMI UV
using the corresponding acrosol data from the same satellite.
Note, however, that while this addresses the issue of data
availability, data quality should still be considered. The data
product we used was the aerosol absorption optical thickness
{AAOT) at 354 nm taken at overpass time [Torres er al,,
2007] (Aura OMI Near-UV Aerosol Data Product level 2
Collection 3, data available at hitp:/favde.gsfe.nasa.gov/).
These data are estimated to have a root-mean-square error
about 0.01 |OMT Team, 2009].

[19] We introduce an aerosol absorption correction factor
(Fy) as a function of OMI AAOT at 354 nm following the
method used previously but with different aerosol inputs
[Arafa er al, 2008, 2000 Krotkov er al, 2005]. For
example, drola et al. [2009] used a merge of model and
AERONET data, whereas Krotkov e al. [2005] used UV-
multifilter rotating shadow band radiometer data. More
recently, a correction for absorbing aerosol based on ground-
based measurements has been applied, leading to improve-
ments in the OMI UV retrieval for several locations: 5%—20%
at various sites across Burope [Arala eral,, 2000], 8%-25%in
Rome [falongo et al., 2009], and 7%-23% in Thessaloniki
|Kazadzis et af., 2009a].

[20] In this study the erythemal UV irradiances at local
solar noon in the vear 2005 retrieved from OMI and mea-
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at local solar noon derived from OMI (EUW gag) and [rom
ground-based instruments (EUV 5wy as a function of
OMI aerosol absorption optical thickness (AAOT) for urban
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sured by the broadband instruments have been investigated
for cloudless cases, The ratios of the OMI data to the
ground-based data were plotted against the OMI AAOT
values as shown in Figure 4 for the two different aerosol
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types (urban and maritime). The data of Songkhla were used
as a reference maritime site, whereas the combined data of
the other three sites represented the urban case; the latter
having a correlation coefficient of (.30 and a standard error
in the slope of 0.27. Using Figure 4, OMI data must be
divided by the equation for the straight-line fit to get the
ground-based values. Thus, our aerosol correction factor, Fy
becomes [1 + 3.29 = AAOT(354 nm)] ! for urban acrosols
and [1 + 0.5 = AAOT(354 nm)]™' for the maritime case,
compared with [| + 1.60 = AAOQT(320 nm)] "as introduced
by lafongo ef al. [2009] and [1 + 3 = AAOT(325 nm)) ' as
suggested by Krotkov et al. [2005]. These factors were then
applied to the equation as follows:

Evore = Fa % Eown. (1
where Eqqrp and Eqyy are noontime erythemal UV dose
rate corrected for absorbing aerosols and retrieved from the
OMI product, respectively.

[21] Using the method above the erythemal UV irra-
diances corrected for aerosol absorption were validated by
comparing with ground-based data for independent years
(2004, 2006, and 2007) as shown in Figure 5. We can see
that after the absorbing aerosol correction the OMI corrected
data are closer o the ground-based data than the original
OMI data. The mean and the median of the ratio between the
corrected data and ground-based data and also the %W, %
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Figure 5. The erythemal UV irradiances at local solar noon retrieved from original OMI data (EUW oy,
cross) and the OMI corrected data (EUVyopeL. open eircle) plotied against those measured from the
broadband instrument (EUV ) for cloudless cases. The 1:1 correlation (dash) and +30% limits {(dots)

are also shown.
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Table 2. Ratio of OMI Corrected Data and the Ground-Based Data and the Ratio of Ongmal OMI Data and the Ground-Based Data

Statistics Under Clear-Sky Conditions

Omiginal O8I Data

Corrected OMI Data

Sites N Median Mean Wi oWy W i Median Mean oW ig Wy HaWan
Chiang Mai 79 1.29 1.38 i 0 53 72 115 1.20 249 57 73
Ubon Ratchathani 62 [N {1] 1.13 44 1 u 62 0.4l LIRLE] 34 ul 100
Makhon Pathom 26 1.24 1.29 15 42 58 26 1ol 103 46 u5 bl
Songkhla 26 108 1,08 62 92 100 26 105 104 45 106 10401

Wi, and %W, are given in Table 2, together with the
corresponding values for the original OMI data.

[2z] It is apparent from Table 2 that after the absorbing
aerosol correction has been included most of the corrected
erythemal UV iradiances at local solar noon are within
+20% of the ground-based data, The higgest improvement is
shown at Chiang Mai and Nakhon Pathom, both of which
approximately double the number of poinis within 20% of
the ground-based wvalues. These sites have the greatest
aerosol levels and largest seasonal variation. In the case of
Ubon Ratchathani, the mean data are now slightly under-
estimated which shows that the averaged urban aerosol
correction is slightly too large for this site. 1t 13 known that
Ubon Ratchathani is cleaner than Chiang Mai and also not
subject to so much biomass burning. The cleanest site.
Songkhla, has its own correction factor for maritime agrosol,
Even so there is improvement particularly in %W . with
85% of corrected OMI measurements lying within 10% of
the ground-based data.

[25] The correction method shown in this study has
improved the bias between the OMI and ground-based data
for the Tropical sites (5%-26%, site dependent), in a similar
way 1o recent studies at higher latitudes [Arafa et al., 2009,
lalongo et al., 2009; Kazadzis er al., 2009a). Clearly addres-
sing aerosol attenuation in the OMI UV algorithm is a global
problem. While we have used the OMI AAOT product, as
being available, there are also uncertainties in this product
[Torres et al., 2002]. Overcoming the challenges of retrieving
aerosol optical properties from the satellite would also help to
improve the L'V products.

6. Conclusions

[24] In this study noontime erythemal UV irradiance cal-
culated from OMI data from years 2004 to 2007 were
compared with those measured by broadband radiometers at
four Thai sites. The results showed an overestimation of UV
in the OMI product compared with the ground-based data.
The differences between the OMI data and the ground-based
data under cloudless conditions were generally in the range
10%—40% for urban sites, whereas the value was less than
10% for the cleaner site. After absorbing aerosol correction
factors based on OMI AAOT data were applied, for
cloudless conditions, the differences between the two data
sets were reduced to less than 20% and about 4% for urban
and maritime sites, respectively.

[25] The post correction method can be applied to the
OMI data under all sky conditions if the aerosol optical
properties data are available. However, cloud is likely to be
by far the dominant variable in cloudy conditions, and
aerosol properties are difficult to quantify in such situations.

Thus, the correction is mainly applicable to clear-sky con-
ditions and in these circumstances can improve the UV
retrieval,

[26] Acknowledgments, The authors are geateful fo the OMI and
Aura seienee teams for their efforts in producing the OMI data and 1o Serm
Janjai and the Laboratory of Tropical Atmospheric Physics at Silpakom
University, Thailand, for the ground-hased data, We would also like to
thank the Royal Thai Government for the PhDL fnancial support.
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