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Abstract: Aerosol optical depth (AOD) can be retrieved accurately with sequential ground-based measurements of dir-
ect and diffuse solar radiance. However, spatial coverage and location frequency cause certain limitations. Hence,
satellite image data are a proper tool for obtaining aerosol optical depth products with more spatial information and
patterns of aerosol distribution. Currently, aerosol remote sensing may enhance our understanding of the optimal ap-
proach to AOD retrieval over urban and rural areas, and how it differs due to the characteristics of surface reflectivity.
The article deals with the concepts of contrast reduction, and dark target approaches are examined using Landsat
imaging and the observation of a sun photometer for integrating aerosol optical depth distribution over the city of
Taipei in Taiwan. For areas with bright surfaces, such as urban areas, the above concepts were applied using the dis-
persion coefficient method with a sun photometer, in order to reduce errors considerably in the product. In contrast, a
dark target algorithm with a relationship of surface reflectance between the blue (0.49 pym), red (0.66 pm), and in-
frared (2.1 pm) spectral bands is suitable for moist soils and vegetation areas. The retrieval of AOD spatial distribution
is compared with MODIS AOD products and AERONET to verify the accuracy of the results. The RMSE ranged from

1 Introduction

Aerosols are known to be associated with pollu-
tion in the local atmosphere (Fenger 1999). Small
particle matter (PM) under 10 micrometers (um)
poses a risk to human health when inhaled (Harris-
on et al. 2000). Inhalation of aerosol particles leads
to a variety of complications, including irregular
heartbeat, decreased lung function, non-fatal heart
attacks, and aggravated asthma (Pope et al. 2002).
Therefore, crucial importance is placed on aerosol
research for PM concentrations to monitor the
level of air pollution and take the necessary steps to
prevent any further increase. Aerosols also play an
integral role in a wide range of small and large scale

0.2 t0 0.4, and about 50% of the data were within expected error margins (EE=x (0.05+0.15 AODgnpnotometer)-
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weather and climate phenomena (Lenoble 2013).
The need to establish aerosol optical depth distri-
bution is therefore necessary for continuously
monitoring changes over time and predicting in-
fluence on climate.

Air pollution occurs when gases or aerosol
particles emitted anthropogenically and high ag-
glomerate concentrations cause direct or indirect
damage to humans, plants, animals, other life
forms, ecosystems, structures, or works of art
(Giese-Bogdan 1995). Taipei is a rapidly developing
city where the high concentration of PM has a neg-
ative impact on the health of its residents. Owing to
the extreme weather conditions in recent years,

Taipei was selected as a study area in order to
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Sazetak: Opticku je dubinu aerosola (AOD) moguce tocno izraCunati na temelju uzastopnih mjerenja izravnog i difuznog Sunceva
zracenja na tlu. Medutim, prostorna pokrivenost i frekvencija lokacije uzrokuju odredena ogranicenja. Stoga su satelitske snimke
ispravan alat za dobivanije proizvoda opticke dubine aerosola s viSe prostornih informacija i obrazaca raspodiele aerosola. Daljin-
skim istrazivanjima aerosola mozemo bolje razumieti najbolji pristup racunanju opticke dubine aerosola u urbanim i ruralnim po-
drucjima i mogu se uoditi razlike zbog svojstava povrSinske reflektivnosti. Ovaj se ¢lanak bavi konceptima smanjenja kontrasta i
pristupima tamnih meta koji se ispituju snimkama Landsata i opaZanjima Suncevog fotometra za povezivanje raspodijele opticke
dubine aerosola iznad grada Taipeija u Tajvanu. Za podrucja sa svijetlim povrSinama kao S$to su gradovi navedeni se koncepti pri-
mjenjuju metodom koeficijenta disperzije zajedno sa Suncevim fotometrom kako bi se u velikoj mjeri smanjile pogreske. Za razli-
ku od toga, algoritam tamne mete s odnosom povrSinske refleksije izmedu plavih (0,49 pm), crvenih (0,66 um) i infracrvenih (2,1
um) spektralnih pojaseva prikladan je za vlazno tlo i podru¢ja s vegetacijom. RaCunanje prostorne raspodiele opticke dubine
aerosola usporeduije se s proizvodima MODIS AOD-a i AERONET-a kako bi se provjerila tocnost rezultata. RMSE je bio u rasponu

0d 0,2 do 0,4 i oko 50% podataka bilo je unutar granica ocekivane pogreske (EE=x (0,05+0,15 AODgypometer)-

Klju€ne rijeéi: optiCka dubina aerosola, daljinsko istrazivanje aerosola, Taipei, Tajvan

1. Uvod

Aerosoli su povezani sa zagadenjem lokalne atmo-
sfere (Fenger 1999). Cestice koje su manje od 10 mikro-
metara (um), ako se nadu u pluéima, opasnost su za
ljudsko zdravlje (Harrison i dr. 2000). Udisanje Cestica
aerosola dovodi do razli¢itih komplikacija ukljuujuéi
nepravilne otkucaje srca, smanjenu funkciju pluca, ne-
fatalne sréane udare i pogorSanje astme (Pope i dr.
2002). Stoga je klju¢no istrazivati koncentraciju malih
Cestica u aerosolu kako bi se nadgledala razina zagade-
nja zraka i poduzimale mjere sprecavanja daljnjeg za-
gadenja zraka. Aerosoli takoder igraju veliku ulogu u
nizu vremenskih i klimatskih pojava malih i velikih
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razmjera (Lenoble 2013), stoga je odredivanje raspo-
djele opticke dubine aerosola neophodno za nepre-
kidno nadgledanje promjena kroz vrijeme i pred-
vidanje njihovog utjecaja na klimu.

0 zagadenju zraka govorimo kada velika koncen-
tracija plinova ili Cestica aerosola uzrokovanih ljud-
skim aktivnostima u dovoljnoj mjeri uzrokuje izravnu
ili neizravnu tetu ljudima, biljkama i drugim oblicima
Zivota, ekosustavima, gradevinama i umjetnickim
djelima (Giese-Bogdan 1995). Taipei je grad koji se br-
zo razvija i u kojem visoka koncentracija malih Cestica
negativno utjeCe na zdravlje gradana. Zbog ekstrem-
nih vremenskih prilika posljednjih godina Taipei je
odabran kao podrudje istrazivanja za bolje razumije-
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understand better PM interaction. In the aerosol
retrieval algorithm, the key factor estimated was
the surface reflectance of the object. Two methods
were employed: a) dispersion coefficient and b)
dark target.

2 Methodology

The dark target and dispersion coefficient (con-
trast reduction) methods were applied to dark and
bright surfaces in rural and urban areas. Ground-
based measurements and MODIS-AOD products
were used to validate AOD retrieval and identify the
characteristics of types of aerosol. The general
workflow followed to achieve the objective is shown
in Figure 1.

2.1 Dispersion Coefficient Method

The dispersion coefficient method is based on
contrast reduction, assuming ground reflectance is
unchanged over time, and changes in aerosol prop-
erties are shown by variations in the apparent re-
flectance observed. If the environmental effect is
considered identical in two adjacent pixels, the
standard deviation of satellite observed radiance
within a window area can be expressed as (Sifakis &
Deschamps 1992):

T otelen] 7, |

= . 1)

alp

If variations of surface reflectance are constant,
which means it is constant, the proportion of stand-
ard derivation at the time can be obtained from the
following equation (2):

A= T(tz )/,Uvz_f(t1 )/,Uv1= In

where p is reflectance; z is the optical thickness of
the atmosphere; T(u,) is the total transmission func-
tion on the Sun’s ground path, and A is the difference
between the pixels’ ground reflectance. Equation (2)
shows AOD at the time can be calculated if AOD at the
reference time is known. This theory is supported by
(Tanré et al. 1988).

2.2 The dark target method

As aerosols normally brighten a dark scene, the
reflectance that satellites measure is larger than the
surface reflected radiance (Lenoble et al. 2013). The
dark target method is based on a technique proposed
by (Kaufman et al. 1997), called the atmospheric cor-
rection technique. Using this method, the darkest
pixels in an image can be detected. If the surface re-
flectance of these pixels is assumed, the amount of
aerosol can be extracted.

In this study, whether the target was land or
ocean, the criteria for method excluded water,
clouds, ice, and snow pixels. After that, the dark tar-
gets were chosen according to their reflectance;
2.13um within the range 0.01< p, ,, < 0.25. The pixels
remained relative to their visible reflectance p, .
The darkest 20% and brightest 50% of the pixels were
removed in reflectance p, .. They were discarded
because of cloud shadows or unusual surfaces at the
dark end, or residual cloud. The remaining 30% of
the pixels were selected for calculation, the surface
reflectance at 0.47 ym and 0.6 um was estimated
from the average measured value, assuming the em-
pirical relationship of the surface reflectance in the
blue (0.49 um), red (0.66 um), and infrared (2.1 um)
followed this proportion (3) (Remer et al. 2005):

Po.ag = (100,66 ) /2= (pz.l )/ 4 ©)

where p is the reflectance.

Both Rayleigh correction and aerosol correc-
tion were estimated for each image by using the
known altitude and 6s radiate transfer code. There
are two tips for employing this method: finding
dark, dense vegetation, and assuming the surface
reflectance at the wavelength of retrieval in the
image. The flowchart of the processing procedure
is shown in Figure 2.

3 Evaluation of aerosol retrieval

In order to assess the satellite aerosol retrieval,
we used the aerosol obtained by the sun photomet-
er on the ground as the reference data. Several
statistical indicators such as correlation coeffi-
cient (R), mean absolute error (MAE), root mean
square error (RMSE), standard deviation (S), and
expected error (EE) were employed. While the cor-
relation coefficient (R) showed the agreement
between the AOD retrieved by the satellite and sun
photometers on the ground, the root mean square
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Slika 1. Prikaz tijeka rada.
Fig. 1 Overview of workflow methodology.

vanje utjecaja malih Cestica. U algoritmu racunanja
aerosola klju¢ni je ¢imbenik procjena povrsinske re-
fleksije objekta. Upotrijebili smo dvije metode: a) ko-
eficijent rasprSenja, b) tamnu metu.

2. Metodologija

Metode tamne mete i koeficijenta rasprienja (sma-
njenje kontrasta) primijenjene su na tamnim i svijetlim
povrSinama u urbanim i ruralnim podrucjima. Mjere-
nja na tlu i proizvodi MODIS-AOD-a upotrijebljeni su za
odredivanje valjanosti racunanja opticke dubine aero-
sola. Takoder su utvrdena svojstva razli¢itih tipova
aerosola. Op¢i tijek rada prikazan je na slici 1.

2.1. Metoda koeficijenta rasprsenja

Metoda koeficijenta rasprienja temelji se na sma-
njenju kontrasta (pod pretpostavkom da se refleksija
tla ne mijenja), a promjene svojstava aerosola utvr-
duju se na temelju promjena u vidljivoj refleksiji. Ako
je utjecaj okoline jednak u dvama susjednim pikseli-
ma, standardnu devijaciju sjaja unutar podruéja pro-
zora moguce je izraziti kao (Sifakis i Deschamps 1992):

7( us)[a(p)exp[%zvﬂ.

1=(p)s

@

olv')-
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Ako se zanemare razlike u refleksiji povrsine (tj.
ako je ona konstantna) i proporcionalnost standardne
devijacije s vremenom, moZe se dobiti jednadZba (2):

Ar:r(tz)/ﬂvz_r(tl)/luvl:ln

gdje je p refleksija, v optic¢ka debljina atmosfere,
T(u,) funkcija ukupnog prijenosa na putu Sunca na
tlu, a A razlika izmedu refleksija tla medu pikselima.
JednadZba (2) pokazuje da se AOD u nekom vremenu
moZe izralunati i ovisi o poznavanju AOD-a u refe-
rentnom vremenu. Tu teoriju podrzavaju takoder
Tanré i dr. (1988).

2.2. Metoda tamne mete

S obzirom na to da aeorosoli u pravilu osvjetlja-
vaju tamnu scenu, refleksija koju sateliti mjere veéa
je od sjaja koji se odbija od povrsine (Lenoble i dr.
2013). Metoda tamnog cilja temelji se na tehnici koju
su predlozili Kaufman i suradnici (1997), a koja se

7
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Fig. 2 Flow chart of the dark target algorithm.
Slika 2. Dijagram toka algoritma tamne mete.

error was used to measure the difference between
them (Bilal et al. 2013). The larger R is, the better
they agree, and the smaller the RMSE is, the higher
the accuracy of the satellite AOD retrieval.

The RMSE was calculated as follow (4):

1 n 2
RMSE = \/n > (AOD i)~ AODsseonsr ) @)
The mean absolute error (MAE) was estimated as:

1
MAE = " 2?:1

AOD(sateltite) ~ AOD aproneT ‘ (5)

where AOD(, ) and AOD,ponery Were satellite
AOD retrieval and AOD measured by the sun photo-
meter (Bilal et al. 2013), respectively.

Standard deviation (STD) was calculated using
the following formula:

STD = /%Z?:](Xﬂ;)z (6)

where x and x were AOD;,) and the average
AOD .11 TESPECtIVELY.

Expected error (EE) was used here for the confidence
envelopes of the retrieval algorithm over land to evalu-
ate the quality of satellite retrieval (Bilal et al. 2013):

EE = +(0.05+0.15 AOD g photometer ) (7)

Good matches (quality) of satellite-retrieved AOD
were reported when the satellite-retrieved AOD fell
within the following envelope (Levy et al. 2010):

AOD

- ‘EE‘ <AOD = AODsunphotumeter+ ‘EE‘ . (8)

sunphotometer satellite =

4 Results and analyses
4.1 AOD retrieval by the dispersion coefficient method

4.1.1 Results of AOD retrigval

The dispersion coefficient method was conducted on
the data for 29 May 2011, 25 August and 5 November 2011
for AOD retrieval over 8 locations (First Hotel Taipei,
Banquiao Recreation Center, Luzhou, Sanchong, Taishan,
Jieshou Park, Central Weather Bureau, and National
Taiwan Museum). Six different window sizes were tested,
including 5x5, 10x10, 16x16, 20x20, 32x32, and 40x40. The
results for window size 5x5 are outlined in Figure 3.

Table 1 illustrates the AOD observed from the
AERONET station on the CWB site at wavelengths of
500, 675, and 870 nm. These AOD were used in the
next stage (Table 2). They comprise the mean, max-
imum, minimum, and standard deviations for each
window size (5x5, 10x10, 16x16, 20x20, 32x32, 40x40).
The accuracy of AOD retrieval was verified by two
statistical parameters, including root mean square
error and mean absolute error.
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Slika 3. Opticka dubina aerosola dobivena iz stanice na tlu u veli¢ini prozora 5x5.
Fig. 3 AOD retrieval at the ground base station in 5x5 window size.

naziva tehnikom atmosferske korekcije. Tom je me-
todom mogude otkriti najtamnije piksele na slici.
Ako pretpostavimo povrsinsku refleksiju tih piksela,
moZzemo utvrditi koli¢inu aerosola.

U ovom istraZivanju, bez obzira na to je li cilj kopno
ili ocean, kriteriji za metodu isklju¢uju piksele vode,
oblaka, leda i snijega. Nakon toga ¢e tamna meta oda-
brati refleksiju 2,13 um koja mora pasti u raspon 0,01=
a5 < 0,25. Preostali se pikseli odnose na njihovu vidlji-
vu refleksiju pg .. Dvadeset posto najtamnijih i 50%
najsvjetlijih piksela micu se u refleksiju p, . Razlog za
to su sjene oblaka, neobi¢na povrsina na tamnom kraju
ili preostali oblak. Preostalih 30% piksela odabrano je
za racunanje. Povrsinska refleksija na 0,47 um i 0,6 ym
procijenjena je iz prosje¢ne izmjerene vrijednosti pod
pretpostavkom empirijskog odnosa plosne refleksije u
plavom (0,49 um), crvenom (0,66 um) i infracrvenom
(2,1 um) te slijede proporciju (3) (Remer i dr. 2005):

Po,40 = (po,ee ) /2= (pZ,l )/4 ©)
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gdje je p refleksija.

Rayleighjeva korekcija i korekcija aerosola proci-
jenjene su za svaku sliku upotrebom poznate nad-
morske visine i prijenosnog koda zracenja 6s. Postoje
dva trika za primjenu te metode: pronalaZenje tamne
guste vegetacije i pretpostavka refleksije povrsine na
valnoj duljini pronalaska na slici. Dijagram toka pri-
kazan je na slici 2.

3. Procjena ratunanija aerosola

Da bismo procijenili satelitske podatke o aerosolu,
podatke dobivene Sunéevim fotometrom na tlu upotri-
jebili smo kao referentne podatke. Izratunali smo neko-
liko statistickih pokazatelja kao S$to su: koeficijent
korelacije, srednja apsolutna pogreska, korijen iz sred-
nje kvadratne pogreske (root mean square error - RMSE),
standardna devijacija i oekivana pogreska. Dok koefi-
cijent korelacije pokazuje sli¢nost opticke dubine aero-
sola dobivenu uz pomo¢ satelita i one dobivene
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Table 1 AOD obtained from the AERONET station
on the CWB site.
Tablica 1. Opticka dubina aerosola dobivena na
stanici AERONET u Central Weather Bureauu.

The dispersion coefficient method was tested on 29
May 2011 with different window sizes, and the results
showed a fluctuation in the value of standard deviation.
Standard deviation evidently decreases with an increase

of window size (there was an expected minor exception in Date/Datum 870nm  675nm 500 nm
10x10). There was no significant divergence between the
results. Furthermore, the results of AOD retrieval errors 29/05/2011 0.157 0.214 0.325
did not show a linear relationship between window sizes. 29.5.2011. 0,157 0,214 0,325
Figure 4 and Figure 5 show the distribution of 25/08/2011 0.064 0.017 0.128
land cover types in the study area and the AOD dis- 25.8.2011. 0,064 0,017 0,128
tribution estimated from LANDSAT imagery ac- 5/11/2011 0.108 0.136 0.198
quired on 29 May 2011. 5.11.2011. 0,108 0,136 0,198
Table 2 Descriptive statistics of AOD retrievals in each window size.
Tablica 2. Deskriptivna statistika optiCkih dubina aerosola za svaku veliinu prozora.
Size/ Veli¢ina 40%40 32x32 20%20 16x16 10x10 5x5
Median/ Medijan 0.695/ 0,695 0.765/0,765 0.96/ 0,96 1.28/1,28  0.91/091  0.67/0,67
Min/ Najmanja vrijednost ~ 0.28/0,28  0.28/0,28  0.05/ 0,05 0.02/0,02  0.062/0,062 0.02/0,02
Max/ Najveéa vrijednost 135/135  135/1,35  202/202  217/217  235/235  1.16/1,16
Mean/ Aritmeticka sredina  0.69/0,69  0.77/0,77  0.92/ 0,92 1.04/1,04  112/1,12  0.90/0,90
STD/ Standardna devijacija  0.23/0,23  0.26/0,26  0.57/0,57 0.64/0,64  0.61/061  0.97/0,97

Table 3 Statistic of the AOD dispersion method and AERONET.
Tablica 3. Statisticki podatci o optickoj dubini aerosola dobiveni metodom koeficijenta rasprSenja i AERONET-a.

Location/ RMSE/ MAE/ MIN/ MAX/ Data within EE/
Lokacija Korijen iz srednje Srednjaapsoluthna  Najmanja  Najveca Podaci unutar granice
kvadratne pogreske pogreska vrijednost  vrijednost  ocekivane pogreske
First Hotel 0,35/ 0.35 0,27252/ 0.27252 0,07/0.07 0,96/ 0.96 50%
Taipei
Banquiao City 0,41/ 0.41 0,36105/ 0.36105 0,01/0.01 0,90/ 0.90 40%
Luzhou 0,44/ 0.44 0,38441/ 0.38441 0,01/0.01  097/0.97 45%
Shanchong 0,37/ 0.37 0,39287/ 0.39287 0,08/0.08 0,74/ 0.74 50%
Taishan 0,28/ 0.28 0,32075/ 0.32075 0,06/ 0.06  0,88/0.88 60%
Jieshou Park 0,357/ 0.357 0,31174/ 0.31174 0,06/ 0.06  0,82/0.82 45%
Central 0,42/ 0.42 0,39258/ 0.39258 0,06/0.06  0,81/0.81 45%
Weather Bereau
National 0,43/ 0.43 0,35881/ 0.35881 0,04/0.04 0,96/ 0.96 40%
Taiwan Museum

4.1.2 Comparison between AOD Satellite Retrieval and These locations were Luzhou, Sanchong, First Hotel

AERONET data

Table 3 presents a comparison between AOD re-
trieval using the dispersion coefficient method and
AERONET data at the CWB in Taipei. Statistical indicat-
ors such as root mean square error (RMSE), mean abso-
lute error (MAE), minimum, maximum, and expected
error (EE) were used for comparisons in eight locations.

Taipei, Banquiao Recreation, Taishan, Jieshow Park,
Central Weather Bureau, and the National Taiwan Mu-
seum. As presented in table 3, the AOD retrieval from
the dispersion coefficient method achieved EE of nearly
50%. Specifically, Taishan had the best result with 60%
EE, followed by First Taipei Hotel and Sanchong with
50%. At the other stations, the value of EE fluctuated
between 40% and 45%.

—1
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Suncevim fotometrima na tlu, korijen iz srednje kvadri-
rane pogreske pokazuje razliku medu njima (Bilal i dr.
2013). Sto je vedi koeficijent korelacije, to je veca sli¢nost
medu optickim dubinama aerosola, a $to je manji kori-
jen iz srednje kvadratne pogreske, veéa je to¢nost optic-
ke dubine aerosola dobivene uz pomo¢ satelita.

Korijen iz srednje kvadratne pogreske racuna se
na sljededi nacin (4):

T ’
RMSE = \/ ;Zizl (AOD(satellite) ~ AOD peroner ) (4)

Srednja apsolutna pogreska (mean absolute error -
MAE) procjenjuje se kao:

1
MAE = ;Z?:I

AOD (satellite) AOD ygroneT (5)

gdje su AOD( i) I AODypponery OPticke dubine
aerosola dobivene satelitima i Suncevim fotometrom
(Bilal i dr. 2013).

Standardna devijacija (STD) racuna se s pomocu
sljedeée formule:

STD = ,%z;(x—i)z (6)

gdje suxix oznake za AOD ., 0dnosno sredina
od AOD (satellite)*

Ovdje je upotrijebljena ocekivana pogreska
(expected error - EE) za intervale pouzdanosti algorit-
ma ratunanja opticke dubine aerosola na tlu kako bi
se procijenila kvaliteta podataka dobivenih pomoéu
satelita (Bilal i dr. 2013):

EE= i(0705 +0,15 AODsunphotometer ) (7)

O dobroj kvaliteti opti¢ke dubine aerosola dobi-
vene satelitima govorimo kada se ona nalazi u inter-
valu (Levy i dr. 2010):

AOD - |EE| = AODsatellite = AODsunphotometer+ |EE| . (8)

sunphotometer

4. Rezultati i analize

4.1. Opticka dubina aerosola dobivena metodom
koeficijenta rasprenja

4.1.1. Rezultati raCunanja opticke dubine aerosola

Metoda koeficijenta rasprenja primijenjena je na po-
datcima od 29. svibnja 2011., 25. kolovoza i 5. studenog

KiG Br. 32, Vol. 18, 2019, https://doi.org/10.32909/kg.18.32.1

2011. na 8 lokacija (First Hotel Taipei, Banquiao Recre-
ation Center, Luzhou, Sanchong, Taishan, Jieshou Park,
Central Weather Bureau i National Taiwan Museum).
Testirano je Sest razli¢itih veli¢ina prozora, ukljucujuci
5x5, 10x10, 16x16, 20x20, 32x32 i 40x40. Rezultati za ve-
li¢inu prozora 5x5 prikazani su na slici 3.

Tablica 1 prikazuje opti¢ku dubinu aerosola opaze-
nu sa stanice AERONET u Central Weather Bureauu na
valnim duljinama od 500, 675 i 870 nm. U sljedeloj fazi
upotrijebili smo optitku dubinu aerosola (tablica 2).
Sastoji se od artimetitke sredine, najmanje i najvece
vrijednosti te standardne devijacije za svaku veli¢inu
prozora (5x5,10x10, 16x16, 20x20, 32x32, 40x40). To¢nost
dobivene opticke dubine aerosola provjerena je uz po-
mo¢ dvaju statistickih parametara, korijena iz srednje
kvadratne pogreske i srednje apsolutne pogreske.

Metoda koeficijenta rasprSenja primijenjena je
29. svibnja 2011. s razli¢itim veli¢inama prozora, a
rezultati upu¢uju na kolebanja vrijednosti standard-
ne devijacije. Ona se oCito smanjuje s poveéanjem
veli¢ine prozora (uz olekivanu manju iznimku za ve-
li¢éinu 10x10). Takoder nema znalajne razlike medu
rezultatima. Nadalje, odnos izmedu veli¢ine prozora
i pogreske opticke dubine aerosola nije linearan.

Slike 4 i 5 prikazuju raspodjelu tipova pokrova tla
u istraZivanom podrudju te raspodjelu optic¢kih du-
bina aerosola procijenjenih na temelju slika LAND-
SAT-a dobivenih 29. svibnja 2011.

4.1.2. Usporedba optickih dubina aerosola dobivenih sateli-
tima s podatcima AERONET-a

Tablica 3 prikazuje usporedbu optickih dubina
aerosola dobivenih metodom koeficijenta rasprsenja
i podataka AERONET-a iz Central Weather Bureaua u
Taipeiu. Pokazatelji deskriptivne statistike kao $to su
korijen iz srednje kvadratne pogreske, srednja apso-
lutna pogreska, najmanja i najveca vrijednost te oce-
kivana pogreska upotrijebljeni su za usporedbu na
osam lokacija. Te su lokacije Luzhou, Sanchong, First
Hotel Taipei, Banquiao Recreation, Taishan, Jieshow
Park, Central Weather Bereau i National Taiwan Mu-
seum. Kao §to je prikazano u tablici 3, opti¢ka dubina
aerosola dobivena metodom koeficijenta rasprsenja
ima oCekivanu pogresku od gotovo 50%. To¢nije, Ta-
ishan ima najbolji rezultat sa 60% u ocekivanoj po-
greSci, nakon Cega slijede First Taipei Hotel i
Sanchong s 50%. Vrijednost olekivane pogreske na
ostalim stanicama varira od 40% do 45%.

Opticka dubina aerosola dobivena metodom koefi-
cijenta rasprSenja ima vecu razluéivost od proizvoda
MODIS-AOD za urbana podrudja. Nesigurnost se moze
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Fig. 4 Land cover classification map in the study area on 29 May 2011.
Slika 4. Karta klasifikacije pokrova tla u podru€ju istrazivanja, 29. svibnja 2011.
121°25'0°E 121°2T0"E 121°29'0°E 121°31'0°E 121°33'0°E

25°50°N ST
N 25°4°0°N
25°3'0°N 25°30°N

S 25°20°N B 0.83-097

0.71-0.83

o 5 1oN B 057-0.71

B 0.27-057

121°25'0"E 121°27'0°E 121°29'0"E 121°31'0"E 121°33'0"E

Fig. 5 AOD distribution over urban areas by the dispersion coefficient method.
Slika 5. Raspodiela opticke dubine aerosola iznad urbanih podrucja dobivena metodom koeficijenta rasprsenja.

The AOD retrieved by the dispersion coefficient 4.2 AOD retrieval by the dark target method
method had finer resolution in comparison with the

MODIS-AOD product for urban areas. This anomaly 4.2.1 Results of AOD retrieval by the dark target method
may be because the surface reflectance was not in-
variable at each image location. In this method, we The relationship between the reflectance in
assumed that the surface reflectance did not change the blue band (0.47 um), red band (0.66 um) and
from day to day. Therefore, the method required infrared (2.2 um) channel were corrected on two
multiple images of the same scene and near real images taken on 29 May and 5 November. Two
time. Also, the scene had to display contrasts at a locations in rural areas were chosen for aerosol
scale consistent with the sensor resolution. retrieval: Fude Temple and Shangshi Tunnel. The
—1
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Slika 6. Vidljiva refleksija crvenog pojasa (0,66 pm, (a)) i plavog pojasa (0,47 pm, (b)) iz podataka prikupljenih
5. studenog 2011.
Fig. 6 Apparent reflectance of red band (0.66 pm, (a)) and blue band (0.47 pm, (b)) from images taken on
5 November 2011.

objasniti varijabilno$¢u refleksije plohe u svakom po-
loZaju slike. U toj smo metodi pretpostavili da se re-
fleksija povrSine ne mijenja iz dana u dan. Stoga ta
metoda zahtijeva viSe slika iste scene u gotovo real-
nom vremenu. Takoder, scena mora prikazivati kon-
traste na ljestvici dosljedno s razluc¢ivos¢u senzora.

4.2. Opticka dubina aerosola dobivena metodom
tamne mete

4.2.1. Rezultati raCunanja opticke dubine aerosola metodom
tamne mete

Odnos izmedu refleksija u plavom pojasu (0,47
um), crvenom (0,66 um) i infracrvenom (2,2 um) ko-
rigiran je u dvama slikama od 29. svibnja i 5. stude-
nog. Kao lokacije u ruralnim podrudjima u kojima ¢ée
se prikupiti podatci za odredivanje opticke dubine
aerosola izabrani su Fude Temple i Shangshi Tunnel.
Vidljiva refleksija LANDSAT TM-a 0,47 um i 0,66 pm
te odgovarajuca optictka dubina aerosola dobivena
algoritmom tamne mete prikazani su na slikama 6a,
6b, 7ai 7b.

4.2.2. Usporedba prikuplianja podataka o optickoj dubini
aerosola i podataka AERONET-a

Tablica 4 prikazuje usporedbu opticke dubine
aerosola dobivene metodom tamne mete i AERONET-a
5. studenog 2011. Jasno se vidi da vrijednost o¢ekivane

KiG Br. 32, Vol. 18, 2019, https://doi.org/10.32909/kg.18.32.1

pogreske varira izmedu 4% i 26%. Osim toga, korijen
iz srednje kvadratne pogreske je izmedu 0,04 i 0,74.
Ti podatci pokazuju da taj algoritam ima veéu toé-
nost ra¢unanja opticke dubine aerosola. Atmosferska
korekcija i podatci nebeskog radiometra upotrijeb-
ljeni su za raCunanje Rayleigheve korekcije, a anali-
zarno je s pomocu nacina 6S za dobivanje AOD-a. To
je dovelo do velikog smanjenja pogreske.

Ista je metoda primijenjena i na preostalih pet lo-
kacija: Mochizuki, Yuan Tong Temple, Xindan, Zizhu
Temple i Niubu Path. Metoda tamne mete vrlo je vri-
jedna jer omoguéuje iskljucivanje raskoraka u rezul-
tatima i olakSava usporedbu rezultata na svim loka-
cijama. U tablici 5 saZeti su podatci o optickoj dubini
aerosola dobivenoj metodom tamne mete u ruralnim
podrugjima.

Dobro slaganje izmedu optic¢ke dubine aerosola
dobivene metodom tamne mete i podataka AERO-
NET-a za vrijeme opaZanja na svakoj lokaciji potvrdili
su snagu te metode. Srednji koeficijent korelacije, ko-
rijen iz srednje kvadratne pogreske i srednja apsolut-
na pogreska iznose 0,84, 0,06 i 0,05. Rezultati, dakle,
pokazuju da je metoda tamne mete bolja za dobivanje
opticke dubine aerosola u ruralnim podrudjima.

4.2.3. Usporedba dobivene opticke dubine aerosola s
podatcima MODIS-a

Na podruéju pokraj industrijskog grada uz sjever-
nozapadnu granicu dobiveno je veliko optereéenje
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Fig. 7 AOD retrieval at Fude temple on 5 November 2011.
Slika 7. Prikupljanje podataka o optiCkoj dubini aerosola u Fude Temple 5. studenog 2011.
Table 6 MODIS-AQD retrieval in this study.
Tablica 6. MODIS-AQD dobiveni u ovoj studiji.

Long/ Lat/ AOD 470 AOD 660 AOD 870 AOD 1020 AE

Geografska  Geografska

duZina §irina
121,43/ 121.43 24,954/ 24.954 0,186/ 0.186 0,104/ 0.104 0,067853/0.067853 0,053062/ 0.053062 1,784/ 1.784
121,30/ 121.30 24,931/ 24.931 0,264/ 0.264 0,148/ 0.148 0,096379/ 0.096379 0,075287/ 0.075287 1,784/ 1.784

apparent reflectance of LANDSAT TM 0.47 pym and
0.66 um and the corresponding AOD retrieved by the
dark target algorithm are shown in Figures 6a and
6b, and Figures 7a and 7b respectively.

4.2.2 Comparison Between AOD Retrieval and AERONET data

Table 4 shows a comparison between the AOD re-
trieved by the dark target method and AERONET on 5
Nov 2011. It can be clearly seen that the EE value was
between 4% and 26%. In addition, the RMSE was from
0.04 to 0.74. The accuracy of AOD retrieval using this
algorithm was thus shown to be higher. Both atmo-
spheric correction and sky radiometer data were used
to calculate the Rayleigh correction. Analysis was car-
ried out using the 6S mode for retrieving AOD. It was
highly associated with the reduction of error.

The other five locations, Mochizuki, Yuan Tong
temple, Xindan, Zizhu temple, and Niubu Path were
treated with the same method. The dark target
method proved to be extremely valuable as it helped
to exclude discrepancies in the results and made it

easier to compare the results of all locations. The
AOD retrieved by the dark target method in rural
areas are summarized in Table 5.

A good level of agreement was found between
the AOD retrieved by the dark target method and
AERONET data during the observation period for
each location, confirming the robustness of this
method. The average correlation coefficient, RMSE,
and MAE were 0.84, 0.06, and 0.05, respectively.
Therefore, the results implied that the dark target
method was better to retrieve the AOD accurately
over rural areas.

4.2.3 Comparison between AOD Retrieval and MODIS data

In the northwest border area close to an industrial
city, there was high aerosol loading (AOD~0.8). In Taipei,
despite large spatial differences, the AOD was observed
across urban and rural areas. The aerosol optical depth
ranged from 0.2 to 0.8. In this study, MODIS-AOD was
obtained at the same AERONET locations. The AOD and

Angstrom Exponent (AE) are tabulated in Table 6.

—1
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Tablica 4. Rezultati dobivanja AOD-a tamnim ciljem 5. studenoga 2011.
Table 4 Results of AOD retrieval from dark target on 5 November 2011.

/. Lokacija/ Aritmetitka Korijeniz  Standardna Najmanja  Medijan/ Najveéa Ocekivana
Location  sredina/ srednje devijacija/  vrijednost/ Median  vrijednost/ pogreska (%)/
MEAN kvadratne SD Minimum Maximum  EE (%)
pogreske/
RMSE
0,47/ Fude 0,16/ 0.16 0,04/ 0.04  0,03/0.03 0,07/0.07  0,17/0.17 0,21/0.21 19
0.47  Temple
0,47/ Shanghi 0,29/0.29 0,74/0.74 0,04/004  024/024  029/0.29 0,441/0.41 26
0.47  Tunnel
0,66/ Fude 0,48/ 0.48 0,36/0.36 0,09/ 0.09 0,27/0.27  0,51/0.51 0,65/ 0.65 4
0.66  Temple
0,66/ Shanghi 0,59/0.59 0,47/0.47 0,09/ 0.09 0,36/0.36  0,6/0.6  0,87/0.87 18
0.66  Tunnel

Tablica 5. Opticka dubina aerosola dobivena metodom
tamne mete u ruralnim podrucjima Taipeija.
Table 5 AQD retrieved by the dark target method in rural
areas of Taipei.

Lokacija/ AOD (Retrieval) AERONET
Location

Mochizuki 0,228/ 0.228 0,214/ 0.214
Yuan Tong temple 0,261/ 0.261 0,214/ 0.214
Xindan 0,163/ 0.163 0,214/ 0.214
Zizhu temple 0,32/ 0.32 0,214/ 0.214
Niubu Path 0,163/ 0.163 0,214/ 0.214

Tablica 7. Usporedba MODIS-AOD-a i optitke dubine
aerosola dobivene metodom tamne mete.
Table 7 Comparison between MODIS-AOD and the AOD
retrieved by the dark target method.

Geografska  Geografska Srednji AOD-MODIS/
Sirina/ Lat duZina/Long  Mean AOD-MODIS
24,954/ 24.954 121,43/ 121.43 0,24/ 0.24

aerosolom (AOD~0,8). Unato¢ velikim prostornim
razlikama optic¢ka dubina aerosola u Taipeiju opaZe-
na je u urbanim i ruralnim podrudjima. Opticka se
dubina aerosola krece u rasponu od 0,2 do 0,8. Na is-
tim lokacijama AERONET-a prikupili smo MODIS-
AOD. Opticka dubina aerosola i Angstromov ekspo-
nent prikazani su u tablici 6.

Kako bismo usporedili opti¢ku dubinu aerosola
dobivenu metodom tamne mete s MODIS-AOD-om,
upotrijebili smo prostor veli¢ine 20x20 piksela. Re-
zultat je prikazan u tablici 7.

Iako je postojala samo jedna stanica za uspored-
bu optic¢ke dubine aerosola u podrudju istrazivanja,
rezultati pokazuju veliko slaganje izmedu opticke
dubine aerosola dobivene MODIS-om i metodom
tamne mete iz LANDSAT-a. Razlog tome su sli¢ni al-
goritmi. Na povrsini tla vrijednost povrsinske re-
fleksije u tamnim metama niska je u dijelovima
vidljivog i kratkovalnog infracrvenog spektra. Op-
¢enito govoreéi, podrudja s vegetacijom i tamnim
tlom primjeri su takvih tamnih meta. Osnovni algo-
ritam upotrebljava dvije vidljive valne duljine, po-
put 0,47 i 0,65 pm, te jedan kratkovalni infracrveni
pojas (2,1um) (Kaufman i dr. 1997, Levy i dr. 2007).
Postoji, stoga, veliko slaganje izmedu opticke dubi-
ne aerosola dobivene MODIS-om i metodom tamne
mete iz LANDSAT-a.

Slika 8 prikazuje Banquiao Recreation Center, Ta-
ishan, i First Hotel Taipei, industrijska podrudja s ve-
likom optickom dubinom aerosola koja u tim
podrugjima varira izmedu 0,89 i 1. Druge stanice, po-
put National Taiwan Museum, Jieshow Park i Central
Weather Bereau, imaju manje optereéenje aeroso-
lom (izmedu 0,6 i 0,8). Za razliku od toga, u ruralnim
podrugjima kao $to su Fude Temple, Zhizhu Temple i
Niubu Path, opticka dubina aerosola iznosi 0,16. Ta
su podrudja daleko od industrijskih podrudja i manja
se vrijednost opticke dubine aerosola moZe objasniti
manjim zagadenjem zraka.
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Luzhon °

In order to compare the AOD retrieved by the
dark target method with the MODIS-AOD retrieval,
we used a 20x20 pixel slicing window. The results are
shown in Table 7.

Although there was only one station for comparing
aerosol retrieval in the study area, the results showed a
remarkable agreement between MODIS-AOD and dark
target AOD from LANDSAT. This is because both had a
similar algorithm. Over land surface, for the MODIS-
AOD retrieval using the dark target algorithm, the value
of surface reflectance in dark targets was low in parts of
the visible and shortwave infrared spectrum. Generally,
vegetation and dark soil areas are dark targets. The ba-
sic algorithm uses two visible wavelengths, such as 0.47
and 0.65 um, and one shortwave infrared band (2.1 um)
(Kaufman et al. 1997, Levy et al. 2007). Thus, the degree
of agreement between MODIS AOD and dark target re-
trieved AOD from LANDSAT was considerable.

Figure 8 shows Banquiao Recreation Center,
Taishan, and First Hotel Taipeim which are in indus-
trial regions and have high aerosol optical thickness.
There was a fluctuation of between 0.89 and 1 in the
AOD value in these locations. Other stations, such as
the National Taiwan Museum, Jieshow Park, and
Central Weather Bureau, had a decrease in aerosol
loading from 0.6 to 0.8. In contrast, the AOD was 0.16
in rural areas such as Fude Temple, Zhizhu Temple,
and Niubu Path. This may be because these observa-
tion points are located far from industrialized areas;
the lower the value of satellite AOD retrieval depic-
ted, the less the air pollution.

5 Conclusions

AOD retrieved by the dispersion coefficient
method was associated with AERONET data. Contrast
reduction methods successfully demonstrated im-
provement in obtaining a higher accuracy of atmo-
spheric aerosol optical depth retrieval. The RMSE
was from 0.2 to 0.4, and about 50% of data were with-
in the expected margin of error (EE=¢ (0.05+0.15
AOD,, otometer)- The anomalies of this method may
be explained by simplification in variant surface re-
flectance, interaction between the surface and at-
mosphere, or atmospheric radiation assumption
when estimating the AOD. In addition, the dispersion
coefficient result showed a significant difference due
to the difference in window sizes. AOD retrieval er-
rors did not show a linear relationship with window
sizes. Urban areas had a finer resolution of AOD in
the application of the dispersion coefficient method
to Landsat data.

- 0.03-0.14
- 0.14-027

0.27-0.38
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0.98-1.09
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Fig. 8 Spatial distribution of AOD over study areas on
29 May 2011.
Slika 8. Prostorna raspodjela opticke dubine aerosola za
podrugje istrazivanja 29. svibnja 2011.

The dark target retrieval AOD was closely related
to AERONET and MODIS-AOD. The result of comparis-
on with AERONET measurements revealed a high cor-
relation between remotely sensed values and ground
base measurements, with a correlation coefficient of
0.84. The uncertainty in the derivation was due to er-
rors of 4-26% regarding aerosol optical thickness. The
selection of dark pixels ensured ‘strong pixels’, which
improved the accuracy of this method along with the
atmospheric correction process.
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5. Zakljuéci

Opticka dubina aerosola dobivena metodom
koeficijenta rasprSenja povezana je s podatcima
AERONET-a. Metodama smanjenja kontrasta vje-
rojatno je povecana to¢nost atmosferske opticke
dubine aerosola. Korijen iz srednje kvadratne po-
greske krece se od 0,2 do 0,4 i oko 50% podataka
nalazi se unutar granica ocekivanja (EE=¢
(0,05+0,15A0D,\ hotometer)-  Nesigurnost metode
moze se pojednostavljeno objasniti razlikama u
refleksiji povrSine, medudjelovanjem povrsine i
atmosfere ili pretpostavkom o atmosferskoj radi-
jaciji pri procjeni opticke dubine aerosola. Osim
toga, rezultat koeficijenta rasprSenja pokazuje
znacajnu razliku zbog razlika u veli¢inama prozo-
ra. Pogreske opticke dubine aerosola nisu bile li-
nearno povezane s veli¢inom prozora. Urbana
podrudja imaju finiju rezoluciju AOD-a kad se
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