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Abstract: Projects focusing on spatio-temporal modellinghef living environment need
to manage a wide range of terrain measurementstirgxispatial data, time series, results
of spatial analysis and inputs/outputs from nunargmulations. Thus, GISs are often
used to manage data from remote sensors, to praddanced spatial analysis and to
integrate numerical models. In order to demonsttla¢eintegration of spatial data, time
series and methods in the framework of the GISpresent a case study focused on the
modelling of dust transport over a surface coalingjrarea, exploring spatial data from 3D
laser scanners, GPS measurements, aerial images, series of meteorological
observations, inputs/outputs form numerical modeld existing geographic resources. To
achieve this, digital terrain models, layers inahgdGPS thematic mapping, and scenes
with simulation of wind flows are created to vismaland interpret coal dust transport over
the mine area and a neighbouring residential zAnemporary coal storage and sorting
site, located near the residential zone, is ond@fdominant sources of emissions. Using
numerical simulations, the possible effects of wilmvs are observed over the surface,
modified by natural objects and man-made obstadles.coal dust drifts with the wind in
the direction of the residential zone and is plyt@eposited in this area. The simultaneous
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display of the digital map layers together with tleeation of the dominant emission
source, wind flows and protected areas enableskaagsessment of the dust deposition in
the area of interest to be performed. In orderltimio a more accurate simulation of wind
flows over the temporary storage and sorting $ie,laser scanning and GPS thematic
mapping are used to create a more detailed digitehin model. Thus, visualization of
wind flows over the area of interest combined v map layers enables the exploration
of the processes of coal dust deposition at a Iscale. In general, this project could be
used as a template for dust-transport modellinglvisouples spatial data focused on the
construction of digital terrain models and themati@pping with data generated by
numerical simulations based on Reynolds averageteNStokes equations.

Keywords: 3D laser scanning; GPS; Spatio-temporal modellidgst transport; GIS;
Spatial database; Visualization; RANS equations.

1. Introduction and the general approach

The impacts of mineral dust on the natural envirentmn the neighbourhood of surface coal mines
have long been recognized. One prerequisite famashg these impacts is a determination of wind
flows over the precisely mapped surface. Despitistieg studies on the subject [1-3], practical
numerical calculations have not been possible waténtly. This is because the processes governing
emissions and transport by wind flows over a safare very complex. There is a dependency on
terrain morphology which causes difficulties iniestting the dust emission rate and determining dust
transport. In addition to wind flows, a set of plegs$ processes in soils predetermines the conditadn
primary dust dispersion. These processes are effeay highly variable natural factors, such as
climate, soil state, and surface roughness. Inscateoal mine surfaces, other factors include ngni
activities, especially temporary storage, coalisgrtexcavators, conveyors, and moving vehicleg Th
transport of coal dust is characterized by turbuileteraction in the atmospheric boundary layetse T
dust particles are often driven by intensive mesadesto synoptic-scale systems over long distances.
At the more local spatial scale of the surface coiale and neighbouring areas, a more precise spatio
temporal modelling of the mine surface and windvBaare needed for better predictions of coal dust
transport.

In order to achieve this spatio-temporal modeltfiglust transport over the surface of a mining area
and neighbouring residential zones, a geograpliarnration system (GIS) is used to create spatial
data structures and modelling tools. Then, numiesitaulations of the wind flows supported by a
digital terrain model (DTM) can be carried out mgnecisely. In order to carry out this advanced
spatial analysis, recent GIS are used to manag@leandata structures and to create spatial models.
Finally, visualization methods assist in the cregatof map compositions for the presentation of
modelling results. Running of GIS on advanced caepsystems allows the implementation of these
types of time consuming numerical algorithms foduse environmental research [4, 5]. The GIS
development tools can assist in creating domaigispecomponents dedicated to data exchange or
numerical modelling.
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This paper describes GIS methods for the constmuctif a DTM and visualization of dust
dispersion based on numerical modelling. In orderptovide spatio-temporal modelling, a GIS
database is created to manage data from 3D suldsee scanners, GPS measurements, existing
thematic maps, numerical models and meteorologitaiions. The system is then applied to a
simulation of dust transport over part of a surfagal mine located in the Czech Repubilic.

2. The main data sources for the spatio-temporal nutelling

Spatio-temporal modelling is generally considere@ aynthesis of GISs, which describe the spatial
environment, and environmental models, which ar&keld to dynamic processes in the natural
environment. Environmental models require data alloel environment within which the processes
occur, and simulations of environmental models gt\additional data to extend the environmental
descriptions. Thus, GIS can be used to serve asmanon analysis framework for environmental
models. Originally, GIS and environmental modellimgre developed separately, which is indicated by
their different data structures and functionality tlata exchange and the user interface. Nowadays,
however, there are some strategies for how to hiategenvironmental modelling in the GIS
environment. They range from simple data exchahgmugh shared data files to developing analytical
tools into fully functional GISs [6]. In the casé spatio-temporal modelling of dust transport, the
whole range of methods and functions can be sakgety existing GIS capabilities, but extensions are
necessary to process the numeric simulations of Warws.

The main spatial data input for wind flow simulatie a DTM that is based on 3D surface laser
scanning, GPS measurements and existing themappinta The specific selection of spatial data
inputs for the DTM and visualization was carried dapending on the required precision and actual
availability.

2.1. Data sources from surface laser scanning

3D laser scanners provided an efficient methoddoal 3D point cloud acquisition of the surface
coal mine and its associated industrial instalfeticComplete coverage with point cloud data mostly
requires data acquisition from multiple standpoiirisorder to improve existing thematic spatialagat
four scans with an average grid size of 0.2 metene performed with a Leica HDS 3000 3D laser
scanner. The selected local area of the surfadentoa is shown in Figure 1. The temporary storage
site located on the left represents the dominast dmission source. The residential zone located
approximately 500 meters from the temporary stongigee is on the right side. The measurement
equipment at one of the standpoints is illustratefigure 2.

In order to create the required spatial data ingatssuch a complex DTM construction [7],
processing of the point clouds was performed utiega Geosystems HDS Cyclone software in
cooperation with Gefos Ltd. in the Czech Repulilize final 3D point clouds for the area are shown in
Figure 3, and a detailed view of the temporaryagjersite is in Figure 4.
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Figure 1. The local area for 3D surface laser scanning (basdtie aerial images: Mapy.cz).

Figure 2. The 3D laser scanner Leica HDS3000 making poinictkcquisition for a
slope area on the left, and for the temporary geomace on the right.

Figure 3. The final 3D point clouds for the local area pr@szsby Leica Cyclone software.
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Figure 4. A more detailed view of the temporary storage aortireg place with the coal
mine installations and other equipment.

2.2 Data sources from GPS

While the 3D surface laser scanning was used fgrping of continuous parts, a GPS Trimble-
Pathfinder ProXT was used to assist in the capjuahthe lines of the surface mine slopes, the
boundaries of the temporary storage site and tbatitlns of other surface objects (transport routes,
other potential emission sources and meteorologtadions). The basic measurement scheme is shown
in Figure 5. The accuracy of the GPS measuremeassinvproved in the postprocessing phase using
data from the nearest reference station in the ICR=public (Karlovy Vary, Figure 6). The final
accuracy of the spatial data after the postproeggsiase was 0.5 m.
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Figure 5. The lines of the surface mine slopes, the bounslarfiehe temporary storage
site and the locations of other surface objects.

Figure 6. The local network of the GPS reference stationdH@AS) in the Czech Republic.

2.3 Data sources from meteorological stations

Data including wind speed, wind direction and atpi@sic pressure consisted of time series
measurements taken at local meteorological statibimsre are two meteorological stations located in
the area of the surface coal mine, and a thirdbstathich also includes soil humidity measuremesits
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located in the neighbouring residential zone. Ta& dre archived at regular intervals. A seledted t
period is shown in Figure 7. The wind rose illussathe predominant wind directions causing
increased dust transport to the residential zohe. data processing is based on observations from al
the local meteorological stations, which showedlsimmesults for the selected time period.

Figure 7. The wind class frequency distribution and the wirmse based on
observations from the local meteorological statigm®cessed by the WRPLOT View
software).

2.4 Emission sources

Dust from surface mines is emitted into the atmesplirom a wide range of sources that can be
classified as either passive emission sources (imhpoal storage sites, eroded slopes and piles) o
active emission sources (sorting sites, excavat@ssport routes and other mining equipment). The
term dust is non-specific with respect to the ssbepe and chemical properties of the particlest Bu
mostly formed by turbulent wind action accompanyitige release of gaseous emissions. The
concentration of particles in the atmosphere camallysrange from a few micrograms to hundreds of
micrograms per cubic metre. There have been a nuafilstudies assessing the risk of dust as a health
issue for mine workers and surrounding natural remments [8].

In this study we focused on one dominant emissaurce, the temporary coal storage and sorting
site, which was identified by the classificationgatellite images or aerial images. In order toanor
precisely determine its location and shape, temsasurements with a GPS were used to create a map
layer in the framework of the GIS project. Figursl®ws the area around the temporary storage and
sorting site, and the inset shows the current statith mining installations and temporary stocésil
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Figure 8. The temporary storage and sorting site located GRS measurements. The
attached image illustrates the actual status ositee

2.5 Other data sources

Data sources for the DTM are complemented by coniloess from existing digital map sources at a
scale of 1:10,000. These maps do not just covestinace mining area, but extend the DTM to the
larger area of the surface mine and its neighbguziones. Other thematic map sources are Internet
based geographic data. For this surface mine, ddcat the western part of the Czech Republic,
Internet mapping servers based on ESRI technolbgiy:{/geoprotal.cenia.cz and http://mapy.kr-
karlovarsky.cz) were used to add thematic map $ayaraddition to the laser scanning, the locaaare
of the temporary storage site was extended byap#dia obtained from a mining company mapping
survey (transport routes, locations of the minimgfallations, and a set of 3D points).

Satellite images can display larger surface emissaurces such as whole surface mine regions. In
the case of passive optical sensors, the natueabgrdetected is emitted or reflected by the object
themselves or by the surrounding area being obderVeen, the spectral, spatial and temporal
properties of the gathered information are analysethe remote sensing software tools. In additmon
the natural energy of the visible electromagneightl spectrum, satellites (LANDSAT, ASTER,
SPOT) can detect infrared light that human eyes@aperceive. Bands in the infrared spectral range
can be used for the discrimination of geologic rogkes, soil boundaries and soil moisture content
which affect the rate of surface emission sour&dationships with known features on the ground
(bare land, vegetation, urban, forest) can be fawsidg multispectral classification. In this study
orthorectified image from LANDSAT 7 ETM+ (192/25M8 = 0.63 pixel, approximately 19 meters)
was used to display the entire area including tinease mine and residential zones in the framewbrk
the visualization phase.
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2.6 The GIS approach

Spatio-temporal modelling including spatial anayand extensions for the analysis of time series
offers a wide range of advanced functions for daacessing, visualization and digital mapping
outputs [9-11], and thus can support environmguitaining and policy making. Direct access to large
volumes of data allows more complex informatiorbéoused in decision-making processes, while the
ability to reach a broad audience and to generdsege number of options, scenario analyses and
forecasts can help to more efficiently solve enwinental problems [12]. In the case of dust trartspor
insight into wind flows together with the DTM, aariimages and pre-processed data from
meteorological stations and existing thematic nagprs helps in the exploration of the mechanisms of
dust dispersion and deposition. This approach fetus the integration of spatio-temporal data and
the workflow of data processing is illustrated igu¥e 9.

Figure 9. The general workflow of data processing in the &iSironment.
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The GIS project based on spatio-temporal data seagethe main data storage for numerical
modelling. Data inputs for the numerical simulasocontain the DTM and time series from the
meteorological stations. Data outputs from numérgianulations are represented by the three
dimensional domain over the DTM. The domain formets, which in turn contain a set of nodes. The
attributes of each node include the coordinate3Drspace, the velocity vector, atmospheric pressure
and the concentration of the passive pollutanortter to import data into the GIS project, the post
processing phase is focused on georeferencingeofidta domain, transformation of the internal data
and import into the GIS database.

2.7 The modelling approach

The dispersion of dust particles near an emissioncg can be described by mathematical equations
based on physical principles [13]. However, in diotual environment with a huge number of various
surface objects (i.e., the temporary storage siiaing installations and buildings) and other fasto
(climate, soil conditions), the models reflect oblsic phenomena and have to be improved through
many corrections depending on the selected minieg and field measurements [14, 15].

Due to this approximate character of the resultsnfrmathematical modelling, an alternative
method is to use wind tunnels for physical modgllifhese types of experiments can be performed on
down-scaled models of the studied area, with sitedldlow conditions similar to the conditions
observed in the atmosphere. In order to validaie fields and pollution dispersion in simplified®-
and 3-D space, field measurements are necessagyplore all the spatio-temporal characteristics
which depend on surface objects [16].

In this paper, wind flows and pollution dispersionatmospheric boundary layers were simulated
through numerical models based on Reynolds averageder-Stokes equations (RANS) in non-
conservative form:

u, +v, +w, =0 (1)
Ve uv, £ vV, +wV, = - 2+ [KV,], + [kv,] + &V, )

whereV = col(u,v,w) is the velocity vectomp pressure, density.

The transport equations for concentrations of pagsollutants are:
Ci +uCi +vC + wCi = [K "’—] + [K EL_] + [Ki] | @)

& i . & i ¥ & i =
whereC' is the concentration of thig, pollutant and denotes the turbulent Prandtl’s number. The
turbulence model is based on the Boussinesq hygistb&the turbulent diffusion coefficient:

K=v+v, (4)

that is represented by the sum of molecular ang ewdosity. Thus, the final implemented algebraic
turbulence model is in the form:

| 5 5 .
_ 2 [[rau)? ary? _ xlztz,) _ 27lvglio—*
K=v+l "‘ql [(ﬂs} + (ﬂs) ]' wherel 14t Lee i ' (5)

leo
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The parametef, = 0.00011msdenotes the Coriolis parameter. The paramétdas the geostrophic
wind. The numerical simulation was carried out wattsemi-implicit finite-difference scheme [17]
extended by a number of other simulation tools $ecuon pollution dispersion in 3D atmospheric
boundary layers [18].

The outputs from numerical simulations were forrnrethe 3D domain and divided into layers with
a set of spatial points. These layers are located the area of interest. An example of data exghan
by shared files is illustrated in Figure 10. Idiyathe DTM was exported into an ASCII grid as the
input file for the numerical simulation of wind i and pollutant concentrations (cell size: 1 meter
national coordinate system in the Czech RepubldTSK). The outputs from numerical modelling
were then backward imported into the GIS datababe. text file contained 3D pointsX(Y, Z
coordinates) and their attributes: atmosphericsuresp), wind speeds in the y andz direction (i, v,

w), and dust concentration)( Finally, the GIS database (ESRI's geodatabaged¢®lS) contained 21
point layers from the imported 3D domain locatedrahe area of interest. The outputs from numerical
simulation (values of variableg, u, v, w and c) were then transferred into attribute tables for
subsequent processing and visualization.

2.8 Visualization of the dust transport

There are various methods for visualization thgiedel on available computer simulation tools.
Existing visualization tools are mostly included tlwisimulation packages as extensions or
programming libraries [19]. Some visualization ®ale included directly into the user interface][20
Many methods are implemented in the GISs that cally employ a two-dimensional framework
included into the map layers. But, wind flows angtdtransport require a more dynamic way of data
processing and visualization, because the processgshrough three-dimensional space and through
time. In spite of the fact that conventional GI&s tandle the third dimension and time as attribafe
basic geographical objects, other standalone sodt@pplications are needed to offer more advanced
visualization functions. In many cases, existingS§&lare extended by modules that provide
visualization toolkits for 3D spatial data and thverying data [21]. In this instance, ArcScene in
ArcGIS was used for the visualization of atmosph@ressure, wind flows and dust concentrations
over the area of interest. As an example, Figureilllétrates the 3D visualization of the dust
concentration in one selected layer. The imageageth on spatial data exported into the graphis file
that allow only a limited demonstration of full ftironality.

The 3D domain transferred into the GIS containda3&rs with a height increment of 1 meter for
the 15 bottom layers, and a height increment of m@@ers for the 6 upper layers. For example, the 2
bottom layers with the prediction map of dust coriaion over the area of interest are shown in
Figure 12. The first bottom layer (L1) is 1 meteeothe DTM, and the second layer (L2) is 2 meters
over the DTM. In order to study wind erosion pramssover the coal stockpiles in a more precise way,
Figure 13 illustrates a detailed view of the fipgtttom layer over the temporary storage and sorting
site. The arrows show the wind direction and wipeesl over the stockpiles. Vertical drift is illuegtd
by the prediction map in the background.
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Figure 10.The data exchange by shared files between the @l®@americal simulation
(a) An example of the DTM exported into the ASCII gfat numerical simulation(b)
An example of the outputs from numerical simulatiepresented by 3D pointX,(Y, Z
coordinates) and their attributes: atmospheric qunes ), wind speeds in thg, vy, z
direction (i, v, w), and dust concentratiort)( (c) An example of the geodatabase
(mine.mdb in ArcGIS containing selection of the point layeith the attribute table
based on data from the numerical simulation (itetsd on the left)(d) An example of
the geodatabasen{ne.mdpin ArcGIS containing selection of a point.
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Figure 11. (a) An example of the visualization of dust concembratin the selected
horizontal layer 5 meters over the DTM (extendedHsy simulation grid and exported
from ArcScene)(b) A more detailed view of the visualization.
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Figure 12. An aerial image of the area of interest followedtbg two bottom layers
(L1, L2) with the prediction maps of dust concetitna The prediction maps are based
on spatial interpolation (ordinary kriging) of tliata transferred from the numerical

simulation.
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Figure 13. An aerial image of the temporary storage site cemgehted by the wind

flows in the first bottom layer over the storagee diapproximately 1 meter over the
stockpiles). The arrows show the horizontal spe®tidirection; the filled line contours
on the background show the vertical speed.
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3. Discussion and suggested future research

This study describes the extension of the capegslior spatio-temporal analysis, with an emphasis
on physically based dust transport and couplingy i@tS. This more precise numerical simulation of
dust transport requires a more complex DTM constanc This DTM is extended by additional
surface objects, some spatial data sources amdnfieasurements, which are then used for constructio
in the GIS environment. At the same time, variesults can be compared depending on accuracy and
capture efficiency.

The use of 3D laser scanners enables more acaoat®muous mapping of smaller areas for the
DTM, but multiple scans from different locationsaequired to obtain complete data sources from
parts that are obscured. Also, more powerful saftviaols are needed to bring the clouds of spatial
points into a common reference system and to editairincorrect spatial points, originating for
example from vegetation, pylons and mining equipimiengeneral, a reduced data set is first used for
integration into the GIS database in order to er¢a¢ DTM. Then, the DTM based on point clouds
captured with average grid 0.2 meters are a negespatial data source for representing the vdrtica
slopes of the surface mines.

GPS measurements with a final accuracy of 0.5 er #ife postprocessing phase complement the
data from 3D laser scanners. Besides capturing @Depoints and 3D lines for the DTM, the GPS
was used for the localization of other surface disjdor thematic mapping (i.e. boundaries of the
temporary storage site with its coal stockpilegualctransport routes, coordinates of meteoroldgica
stations), and also to complement existing thenmatips of the neighbouring residential zones.

Other 3D spatial data, mostly based on 1:10,00th#tie maps, are not used for the DTM which
supports the numerical simulations, but are deeécdd the overall visualization of larger areas
extended by data from numerical modelling and apatalyses. Also, the aerial images and satellite
images from Landsat 7 ETM+ are used to more rézit display the area of interest.

Pre-processed data from the DTM and time seridbefvind speed and direction from the local
meteorological stations are used as data inputs tineé numerical simulation based on RANS
equations. The simulation output represents a 3@ailo of nodes with defined velocity vectors,
atmospheric pressure values and dust concentrafibiesspatial projection of the 3D domain over the
DTM enables the identification of areas of highendvspeed with vertical drift near the stockpiles,
where dust emissions are most likely to occur. dditeon to the spatial linkage of the simulation
outputs with the DTM, this integration of thematmcap layers and aerial images in the GIS
environment allows new ways to interpret resultsud, more precise terrain mapping of the surface by
GPS and classification of the aerial images cap kelimprove estimates of dust emission and the
modelling of dust transport. Until recently, a nwentof studies focused on flows over simplified
objects such as stockpiles or man-made barriers baen carried out using numerical modelling or
simulations in wind tunnels [22, 23]. However stdifficult to apply these partial results in thengral
scale of wind flow spatio-temporal modelling ovletDTM in real conditions. Thus, to improve
model accuracy, more complex measurements of emigsbcesses which depend on meteorological
conditions and soil properties are needed to th&reffects and to propose more efficient procesiur
for decreasing dust emissions and deposition.
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In order to implement spatio-temporal modellinghe framework of dust transport risk assessment,
a standalone application in the GIS environmentgade be developed that can share a wide range of
existing spatial data and provide on-line numersalulations, spatial analysis of dust concentregtio
and final visualization. Various case studies cothldn be tested by mining authorities and local
agencies, in order to minimize the actual coal siois and transport.

4. Conclusions

The presented spatio-temporal modelling of dushspart over a surface mining area and
neighbouring residential zones offers an excelpportunity for an exploration into dust emission,
transport and deposition coupled with data from atemsensors like 3D laser scanning and aerial
images. The created GIS project is able to anays#de range of data in order to assist in decision
making processes for decreasing dust depositiorsitential zones. Various configurations of man-
made barriers as well as different flow conditicas be tested to find the most appropriate solstion
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