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Abstract. Total Column Ozone (TCO) has an impact on the Eagtmosphere. In
this article the measurements are used for modettie spatial distribution of the
TCO in the atmosphere to observe the values of @a@®dthe state of the ozone layer
as a whole. Spatial interpolation allows an extlajian of large TCO point data sets
to a larger area of interest and is an importarthatefor such purpose. This article
focuses on modelling spatial distribution of globaCO using two spatial
interpolation methods applying the free open sowafévare Quantum GIS (QGIS)
and GRASS GIS. The priority is given to elabordte tvorkflow showing how to
apply Quantum GIS and GRASS GIS and how to implémsome spatial
interpolation methods making a contribution to tiee of geographic information
systems (GIS) in modelling spatial distributiontloé TCO in Earth's atmosphere. The
main goal is, therefore, to demonstrate differeefans for integration of raw TCO
data into GIS and modelling its spatial distribatiosing free and open source GIS
software. The results show that QGIS and GRASS &IS appropriate tools for
modelling spatial distribution of TCO. There areotmain advantages of this use: no-
cost for software and GIS application that allosoainore complex spatial analysis of
TCO in GIS environment using additional geograpiiéta and analytical tools for
spatial analysis.
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I ntroduction

The ozone is one of the so-called "small compotiesftshe Earth's atmosphere
(Schwartz et al. 2005). It represents allotropicmfoof oxygen gas with a triatomic
molecule containing three oxygen atoms. In the aphere it is presented through very
small concentrations, in total, the ozone makesonly 0.6 parts per million of the
atmosphere. Despite these low concentrations, Zzbaeoplays a vital role in the existence
and development of the Earth's biosphere, becabses ithe ability to absorb this amount of
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solar ultraviolet radiation that penetrates the tlEsr stratosphere and prevents the
ultraviolet radiation to reach dangerous quanfity living creatures. Absorption of solar
energy, on the other hand, has an impact on terpereonditions of the stratosphere and
its dynamics.

The part of the ultraviolet radiation of the Surhieh is absorbed by the ozone,
depends on TCO (Total Column Ozone): a measureafghe total amount of atmospheric
ozone in a given column. TCO is measured in Dolioits (DU). One Dobson unit refers
to a layer of gas that would be 1@n thick under standard temperature and pressure,
sometimes referred to as a 'milli-atmo-centimg@chwartz et al. 2005). A baseline value
of 220 DU is chosen as the starting point for annezhole since total ozone values of less
than 220 Dobson Units were not found in the histoliservations over Antarctica prior to
1979. Also, from direct measurements over Antaacte column ozone level of less than
220 Dobson units is a result of the ozone loss fahorine and bromine compounds
(Ozone Hole Watch 2007). The Dobson unit is nanfest &ordon Dobson, who was a
researcher at the University of Oxford. In the 192 built the first instrument to measure
total ozone from the ground, now called the Dobspone spectrophotometer. The modern
measurements of TCO are made through satellitgoewarit (Ozone Monitoring Instrument
(OMI) Data User’s Guide, 2008).

In this article TCO data is used from the Ozone Nwimg Instrument (OMI).
OMI is a nadir-viewing near-UV/Visible CCD spectretar aboard NASA's Earth
Observing System's (EOS) Aura satellite. OMI meaisiants cover a spectral region of
264-504 nm (nanometers) with a spectral resolutietwveen 0.42 nm and 0.63 nm and a
nominal ground footprint of 13 x 24 km2 at nadiheTOMI instrument observes Earth's
back scattered radiation with a wide-field telesofeeding two imaging grating
spectrometers (Ozone Monitoring Instrument (OMIjddser’s Guide, 2008).

Essentially complete global coverage of TCO is aohil in one day (OMI
Ozone). Those data is available as large datairsetbular form (e. g. in delimited text
format) which contain geographic coordinates (&t and longitude) and TCO-value at
each measured sample point. This format allows ftingespatial distribution of TCO
using different methods of interpolation and sofeva

The main purpose of this work is to perform spaiidérpolation methods for
modeling global TCO using Free and Open Sourcensoé (FOSS). The priority is given
to elaboration of workflow showing in detail how apply QGIS and GRASS GIS making
a contribution to the use of geographic informatgystems (GIS) in modelling spatial
distribution of global TCO. It includes processipgcise tasks like data input into QGIS
and GRASS GIS, spatial interpolation of TCO datal 2D and 3D visualization.

Data

TCO data from OMI is available on the website lttizoneaq.gsfc.nasa.gov/ in
tabular form. OMI daily global data set is reprodddy using equal angle grid 1 degree x
1 degree cover the whole globe. The data for poiche ground in many cases is missing
due to technical reasons, which demands, when vesl ram overall picture of the
distribution of TCO, to resort to interpolation. tinis work is shown the global distribution
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of TCO on 21.01.2009 during Stratospheric suddemmivey. Stratospheric sudden
warming (SSW) is one of the most prominent phenariarthe middle atmosphere. The
selected day coincides with the maximum of SSW élial., 2012). This is a large-scale
stratospheric anomaly that manifests itself in d@dgt increase in stratospheric temperature
in the North polar region with dozens of degreesl amange the direction of the
stratospheric zonal wind. During such anomaliesbiserved an uneven distribution of total
ozone at high latitudes, which is evident in thigifes in this article.

Additionally, we have used the free geographicéh dats for land borders and for
country boundaries on land and offshore for mapspmsition from the public domain map
dataset ‘Natural Earth’ (Source: http://www.natesathdata.com/).

Software

Quantum GIS and GRASS GIS are free open sourcetafedRIS software
projects. QGIS project is established as a propeciSourceForge in June 2002 (QGIS
Development Team 2004-2013). It is developed asrsép projects for GNU/Linux,
Windows, Mac OSX, and Androids. The current stabégsion of Quantum GIS on
Windows is 2.0.1.

During the period 1982-1995 GRASS GIS (Geograph&sdrrces Analysis
Support System) was developed as software by tBe Akmy Construction Engineering
Research Laboratories (CERL) to support land manage in military installations. In
1999 the new development team of GRASS GIS hastedofine GNU GPL license
(Blackwell Publishing Ltd. 2004).

Currently GRASS GIS is open source project thapasmanent developed for
GNU/Linux, Windows, Mac OSX and sponsored by nurosrasites worldwide (e. g.
Centre for Scientific and Technological ResearohTtento, Italy, http://grass.itc.it). The
current stable version of GRASS GIS on Windows.&x GRASS GIS is also integrated
as a tool in QGIS. GRASS GIS is a hybrid geograpifarmation system for vector, raster,
image analysis, modelling and 2D and 3D-visualorati

QGIS and GRASS GIS were released under the GNU r@eReiblic License
(GPL). This license means “...that users have tkedom to distribute copies of free
software (and charge for this service if they wishit users receive source code or can get,
that users can change the software or use piedésnofiew free programs; and that users
know they can do these things.” (Free Software Hatian, Inc. 1991).

QGIS and GRASS GIS provide a powerful collectioriaafls for the management,
spatial data analysis and visualization. TherefBRASS GIS and QGIS are used for
different applications around the world by academgovernmental agencies and
commercial institutions.

In this work we have used the capabilities of thes#tware to demonstrate how
raw TCO data can be imported into QGIS and GRASS &ld how can be modelled in
order to create spatial surfaces of global TCO.
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M ethods

According to Burrough (1986) the values of propertat unsampled locations on
the set of observed values at known locations can ebtimated through spatial
interpolation. Interpolation is therefore, procedsestimation unknown values that are
located between surrounding known values acrossemand is used to create a surface of
models a sampled phenomenon. Spatial interpolg@tiooedures are reviewed by different
authors, e. g. Burrough (1986), Burrough and Mcinf2000), Mitasova and Hofierka
(1993), Mitasova et al. (1995), Mitas and Mitas@¥899), Cressie (1993). They can be
grouped as follow:

* local neighborhood approach (Inverse Distance Wedyinterpolation -
IDW, Natural Neighbor interpolation, interpolatiotbased on a
Triangulated Irregular Network (TIN),

e geostatistics approach (e.g. Kriging),

e variational approach to interpolation and approtiara (Thin Plate
Spline - TPS function, Regularized Spline with TiengdRST), and other
forms of smoothness semi-norm) (Mitas and Mitast®@09).

According to Chiles and Delfiner (1999) the qualitf/any analysis depends on
interpolation of observed data and is subject taleggree of uncertainty. Different
interpolation techniques that are performed ondhne data sets can therefore generate
different spatial predictions at same locations.

Assessment of error (uncertainty) or comparisorsarfie interpolation methods
were presented by different authors and applicati@n g. MacEachren and Davidson
(1987), Mitas and Mitasova (1999), Siska and HU2@06), Collins and Bolstad (1996),
Hunova et al. (2012) and others. According to MacEachand Davidson (1987) data
measurement accuracy, data density, data distilhugind spatial variability had impact on
interpolation accuracy.

Siska and Hung (2005) concluded that IDW, Krigifbjessen polygons and TIN
interpolations performed almost on the same ldu#ll, TIN appears to be a leading method
in predicting the unknown values on a more unifdess varied data set (flat surface).

The results of Collins and Bolstad (1996) outlidett certain a priori data
characteristics (in their research they are tentperarange, temperature variance and
temperature correlation with elevation), spatialalsc relative spatial density and
distribution of sampling locations impact on intelation and affect the choice of spatial
interpolation technique.

The results of Knova et al. (2012) confirm the importance of assesd of
performance of different interpolation methods.

Generally, can be concluded that the spatial iofatijpn accuracy is crucial in
accurate estimation of different type of samplethdsuch meteorological, soil, terrain,
bathymetry and others and should be took into attdauspatial modelling and analysis.

Spatial interpolation procedures that were usedhis article are the Inverse
Distance Weighted interpolation (IDW) and Regionadi Spline Interpolation with Tension
(RST) without focus on estimating the interpolatiancuracy, but on methodological
approach for spatial modeling in GIS environment.
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The IDW interpolation is a local and exact deteiistia interpolation technique.
The value in an unsampled location is computed amjived average considering the
values of the sample points and the distance betttes and the estimated cell. According
to Burrough (1986) weights are inversely propotioto a power of distance. That means
that points closer to the evaluated cell are maghted than sample points that are further
away. The result is a surface that does not pasadh the data points. IDW produces local
maxima and minima at the sample points (Mitas aitdddva 1999).

Spline methods belong to the variational approaoh ihterpolation and
approximation (Mitas and Mitasova 1999). They aamsda on the assumption that the sum
of deviations from the sample points should be miréd in order to pass exactly or
closely as possible to them and smoothing surfatkeeasame time (Mitasova et al. 1995;
Mitas and Mitasova 1999).

The Regionalized Spline Interpolation with Tensi®@ST) method used in this
article incorporates the properties of Thin Plgtére (TPS) with tension and function with
regular second- and possibly higher-order derieatiMitas and Mitasova 1988, 1999).
The mathematical functions of TPS with tension &8Il are presented and discussed in
detail by Mitas and Mitasova (1988), Mitasova andall (1993), Mitas and Mitasova
(1999). According to Mitasova et al. (1995) and iddda et al. (2002) the RST method
enables smoothing of noisy data. This interpolatisthod is implemented in GRASS GIS
(Neteler and Mitasova 2004).

Interpolation methods are integrated at most GIiSveoe packages and are used
in different applications. For example, interpadatimethods are often used in climatology
(e.g. Hutchinson 1995; Hofierka et al. 2002; Hamkcaod Hutchinson 2006; Luo et al.
2008), geomorphology and geomorphometry (e.g. Mitasand Mitas 1993; Mitasova and
Hofierka 1993; Mitasova et al. 2004, Mitasova eR8I05 and others), and others.

Resaults

The spatial analysis is the most important funetliiy of geographic information
systems (GIS). Including other GIS capabilities rsgpatial data processing, storage in
geographical database and visualization, GIS isowepful tool that is widely used
currently as technology and method in differentl@ptions. The choice of methodological
approach in each GIS application depends on theifspgoal. Therefore the selection or
the elaboration of appropriate work processes Imasnportant role in each GIS project
(Tcherkezova 2004).

In this article the following methodological appecbas for processing and
visualization of global TCO data in QGIS and GRASHS environment were
demonstrated:

e TCO data processing and visualization using QGIS,
e TCO data processing and visualization using GRAES énd
e TCO data processing and visualization using GRAES& a QGIS tool.
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Fig. 1. Flowchart of raw global TCO data processing gratial modelling in QGIS environment
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Fig. 2. Global TCO spatial distribution based on IDW ipigation method overlapped with some
main TCO contours and land boundaries

Figure 1 shows in detail how to import raw TCO yalhta with ‘no data’ values
as delimited text into QGIS and how to generatéaserof global spatial distribution using
IDW method that is implemented in QGIS. The firs¢pswas to open the raw data in
Notepad++a free and source code editor for Windows (htkvid.notepad-plus-plus.org/)

" in order to proof the data format and if necessamgonvert it in "delimited text format".

The result is presented in Figure 2 and outlines$ the ‘no data’ values are not
interpolated as zero values.

In the Figure 3 were presented three possible wiafs for integration of the raw
TCO data into GRASS GIS. In the first case theilaite table was transformed in DBF
format and imported using the GRASS GIS commanthding (File— Import database
table — Multiple import formats using OGR). It includesrdle fields: longitude, latitude
and TCO. The imported table was used to createctovgoint layer in GRASS GIS
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environment (v.in.db , Vector Generate points> Generate from database). The created
vector point layer was used then to interpolatéasess that models the global TCO spatial
distribution using IDW and RST interpolation metkofRaster - Interpolate Surfaces -
IDW from vector points whereby the TCO values ig #ttribute table of the vector layer
should be selected as Z value field) and commasutfuist (Raster - Interpolate Surfaces -
Regularized Spline Tension whereby the TCO valuethé attribute table of the vector
layer should be also selected as Z value field).

Start GRASS :.-'BEDgraphiu:al
art ' — wectar
GIS & [_[ {Import geographical data setf  of  mapsin
create new — | inGRASS GIS [vinaorg] ! GRASS T
location "wTCO" GIs
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Fig. 3. Flowchart of raw global TCO data processing aratiapmodeling in GRASS GIS
environment and visualization

The layers that are stored in GRASS GIS geo-da¢abas be opened, analysed
and visualized also in QGIS environment (Figuren 3hie ellipse). This is another way to
manipulate the geodata combining QGIS and GRASS GIS

The result of IDW interpolation and created consowas presented as 3D map
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using the NVIZ tool for visualization and animatiof GRASS data (Figure 4). In the
interpolation IDW and RST procedures in GRASS GihSimnment the ‘no data’ values
were ignored.

Fig. 4. Spatial model of global TCO which is generateidgi$DW method in GRASS GIS
environment

The three dimensional visualization helps for betiaderstanding the spatial
distribution of the Total Column Ozone. We haveusitzed the interpolated IDW surface
of TCO spatial distribution using ‘invert grey coléegend (Figure 4).

The figure below shows the result of spatial madgllof Total Column Ozone
using Regularized Spline Tension method ignorimgdata’ values (Figure 5). In order to
highlight better the differences by close contnaaues, the legend was colored in grey
using histogram equalization. The raster image easlapped with land boundaries and
created TCO contours.

Fig 5. Spatial model of global TCO which is generateid@fRST method in GRASS GIS
environment

Although the results of IDW and RST are visuallynitar, but there are
differences which can be presented trough visuaipasison of IDW and RST contours
(Figure 6) or through analysis of errors.
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Fig. 6. Differences between IDW and RST interpolatioruliss(black lines: contours of RST
interpolation; grey point line style: contoursIDW interpolation)

The results present that the spatial distributibrglobal TCO can be modelled
using different methodological approaches. The impbraw TCO data in table format in
QGIS is more user-friendly as their import in GRASSS, but the GRASS GIS offers
more interpolation methods than QGIS and an easyaafess 3D visualization.
Additionally, the functionality of GRASS GIS foreation of an own GRASS geodatabase
in PERMANENT and users map sets allows using tbeedtdata in QGIS. The stored data
in the PERMANENT map set can't be changed or dachdigen additional users (Dassau
et al. 2004-2005).

For this reasons the mostly appropriate methodoégapproach includes the
following steps:

e Import of raw TCO data in table format in QGIS.

e Save the imported data as vector data (points).

* Import of TCO point vector layer in GRASS GIS.

* Interpolate surface using different interpolatiopthods in GRASS GIS
environment.

« 3D visualization of the results or mapping TCO i&IQ environment.

The results demonstrate that the QGIS and GRASSaBSappropriate for the
article’s purposes and offer a realistic alterrati’ commercial GIS and to other software.
The advantages of this use are the following:

* no-cost for software and

e GIS application that allows also more complex spathalysis of TCO in
GIS environment using additional geographic dathamalytical tools for
spatial analysis.

Conclusions

In this article were demonstrated different methodizal approaches for
integration, manipulation and interpolation of rglebal TCO data using free and open
source QGIS and GRASS GIS.
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The results show how the global TCO can be modétie@IS environment. The
elaborated flowcharts present in detail the wonkfldor import, processing and
visualization applying QGIS, GRASS GIS and GRASS @ a QGIS tool.

The presented methodological approaches can beaeatfy modelling of TCO
and other meteorological phenomena such as airtfwoilat regional scale.

This work also link interdisciplinary expertise kelp investigation and spatial
modelling of TCO at more advanced level which resalan be used directly in other
studies or for more complex spatial analysis andhelp the understanding variation of
TCO. Additionally, QGIS and GRASS GIS effort higegtee of customisation and users
can develop scripts for other interpolation methods

Acknowledgment. In this work we have used only Free and Open So&uftware
(QGIS, GRASS GIS and Notepad++) and free availdata (OMI Ozone data and Natural
Earth land data sets) those links are presentdgtireferences.
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Mouennpaﬂe NMPOCTPAHCTBEHOTO PpasnpeaejiecHue Ha rJ1002JIHOTO ChbABbP/KAHHE HA
o30m upes QGISu GRASSGIS

E. Yepxesosa, I1. Kanevna, Iln. Myxmapos

Pestome. ToranHoTO chabpskanie Ha 030H (TCO) oka3Ba BIMsHHE BBPXY aTMocdepaTa Ha
3emsaTa. B Tasum cratus umsmepBanusATa Ha TCO ca HM3MON3BaHM 3a MOJENHpaHe Ha
MPOCTPAHCTBEHOTO pazmpenenenne Ha TCO B aTtmocdepara, ¢ 1en ga ce HabmojgaBaT
croiinocture Ha TCO U CHCTOSHMETO Ha O30HOBHS CIIOM KaTo Isu10. IIpocTpaHCTBEHA
MHTEPIIOJIAls TI03BOJISIBA €KCTparojamus Ha rojleMu 0a3u ToukoBW gaHHH 3a TCO 3a
TOJISIMH TUIOIIM M € BaXKCH METoJ 3a Ta3u wen. Tasum crarusi ce (GoKycHpa BbpPXY
MoJienupane Ha riiobannute nannu 3a TCO, u3mon3Baiiku 1Ba MeToia 3a MPOCTPAHCTBEHA
MHTEpIONaIKs upe3 Oe3rmiataus oTBopeH copryepa Quantum GIS (QGISy GRASS GIS.
OCHOBHUSI IPUOPHUTET HA CTATHUSITA € Ja Ce HPEACTaBAT (PUTYpU-TAONHUIH, TTIOKA3BAIHM KaK
ma ce npuwrarar Quantum GISu GRASS GIS,kak nma ce mpuiaraT HIKOM METOIH 3a
MPOCTPAHCTBeHA HHTEPHONALMS NPU HM3M0JN3BaHeTO Ha reorpadckure UHOOPMALMOHHU
cucremu (GIS) B MoenupaHeTo Ha MPOCTPAHCTBEHOTO pasmnpenenenune Ha TCO B 3eMHaTa
atMoc(epa. OCHOBHATa IEN CIIEJIOBATENIHO €, Jia Ce IOKaXKaT pa3inuHH CpelcTBa 3a
HHTErpupane Ha HeoOpaborerute maHHu 3a 1CO B GIS m MomenupaHe Ha HETOBOTO
MPOCTPAHCTBEHO pasmpeeicHe, H3Moa3Baiiku Oe3riateHus cohTyep ¢ otBopeH kox GIS.
Pesynrature mokassar, ye QGIS m GRASS GIS ca momxomsid HHCTPYMEHTH 32
MO/IeJIMpaHe Ha MpocTpaHcTBeHO pasnpezeienue Ha TCO. Mima 1Be OCHOBHU MPEIUMCTBA
npu usnoa3BaneTo Ha GIS: 6e3mtaten codryep u GIS nprtokeHne, KOETO MO3BOJISABA OIIE
O-CJIOKEH mpocTpaHcTBeH aHanu3 Ha 1CO B GIS cpenma, ¢ momomnra Ha JOMBIHATSIHU
MHCTPYMEHTH 32 MPOCTPAHCTBEH aHaJIN3 Ha reorpa)CKi U aHATUTUYHU JaHHH.
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