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Abstract 
Determination of population exposure to particles is an air quality topic of
increasing interest, not the least because of the requirement for Australian
jurisdictions to report this under the varied National Environmental Protection
Measure.

The topic is of special importance in Tasmanian, where elevated PM2.5 levels
occur in many cities and towns in winter, due to smoke from the use of wood
heaters (wood burners) for residential  heating,  coupled with cold weather
and  local  microclimates.  Launceston,  for  example,  is  well  known  as
experiencing  poor  winter  air  quality,  albeit  much  improved  from  several
decades ago.

The air monitoring station at Ti Tree Bend in Launceston was established in
1992.  The  South  Launceston  BLANkET  (Base-Line  Air  Network  of  EPA
Tasmania) station was installed in mid 2010. Typically each station records
around  10  to  15  winter  exceedences  of  the  Australian  24-hour  PM2.5

standard of 25  μg/m3.  Time-series of day-averaged PM2.5 data from these
stations  are  similar,  and  suggested  the  measured  air  quality  may  be
representative of the broader area.

More recently however, car-based smoke measurement  surveys revealed
large spatial variation in night-time PM2.5 around Launceston. Some areas
(such  as  Ravenswood  and  Mayfield)  were  consistently  smokier  than
elsewhere. 

Launceston smoke surveys from winter 2015 and 2017 have been used, in
conjunction with  the fixed-location station data,  to  derive spatial  maps of
mean  winter-time  PM2.5.  The  survey  data  were  spatially-gridded  and
correlated with the contemporaneous PM2.5 levels recorded at the station.
The linear relationship between PM2.5 levels in a grid cell and at the stations
are derived. The gradient of this relation provides a ‘grid–cell multiplier’. A
mean winter–time PM2.5 is found by applying the cell-specific multiplier to the
winter–time  mean  PM2.5 from  the  fixed  station.   The  method  potentially
provides a direct measurement-based approach towards particle population-
exposure estimation.
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1. Introduction
An  emerging  air  quality  theme  of  increasing
importance is the estimation of population exposure
to  pollutants.  Approaches  using  measurements,
inventories,  land-use  information,  remote-sensing
and  dispersion  modelling  are  all  under  active
development.

In  the  Tasmanian  context  the  major  pollutant  of
concern  is  PM2.5,  as  woodsmoke,  arising  from
residential heating, planned burning, and bushfires.

Launceston  (pop  ~100,000)  is  well  known  as
experiencing  poor  winter-time  air  quality  due  to
smoke  from  residential  woodheaters.  In  recent
decades  the  air  quality  in  this  city  has  improved
significantly, but exceedences of the 24-hour PM2.5

standard of 25  μg/m3 still occur, typically about 10
to  15  instances  in  a  winter,  as  measured  at  the
reference level air station at Ti Tree Bend.

A  second  air  station  was  established  at  South
Launceston, about 3.5 km south of Ti Tree Bend, in
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July  2010.  This  was  one  of  the  early  BLANkET
(Base-Line Air Network of EPA Tasmania) stations,
using  a  specifically-calibrated  DRX  DustTrak  for
particle measurements.  The time-series of  winter-
time  day-averaged  PM2.5 for  Ti  Tree  Bend  and
South Launceston were found to be very similar.

However, smoke measurement  surveys using the
car-based  'Travel  BLANkET'  instrument  in  2012
and  2013  provided  evidence  that  some  areas  of
Launceston appeared to often exhibit higher smoke
levels  that  were  recorded  at  either  of  the
Launceston stations. Consequently, in winter 2015
a comprehensive series of  evening surveys were
conducted in Launceston to attempt to map out the
spatial distribution of  winter-time smoke. A further
survey programme was conducted in Launceston in
winter 2017. This paper presents the survey data
and results,  and  introduces  an  analytical  method
that looks to combine the spatial information from
the surveys with the temporal information from the
fixed  station  data  in  order  to  derive  estimates  of
winter-time PM2.5 across Launceston.

2. The Launceston surveys, 2015 
and 2017 

2.1 Travel BLANkET
The Travel BLANkET instrument was designed and
built by EPA Tasmania as a means of mapping the
spatial distribution of smoke in Tasmanian towns. A
description is  given in Innis  et  al.  (2013).  A DRX
DustTrak  (TSIinc.)  samples  the  ambient  air,
recording a PM2.5 measurement every 5-seconds. A
GPS  device  provides  geo-location  information.  A
laptop with purpose-written software logs the PM2.5

value and the location of the measurement. 

2.2 2015 surveys
In winter 2015 a total of 10 surveys were conducted
in Launceston between the 22nd of May and the 9th

of  September.  Over  30,000  individual  PM2.5

measurements  were  made.  The  surveys  typically
commenced around 20-h (8 pm) in the evening and
continued to 01-h the next morning, to coincide with
the typical diurnal peak in PM2.5 concentrations.

2.3 2017 surveys
In  winter  2017  surveys  were  conducted  on  10
separate nights between the 3rd of May and the 20th

of July. On five of these nights two cars were used,
each with a Travel BLANkET instrument, effectively
meaning  15  separate  surveys  were  conducted.
Surveys usually ran from 20-h (8 pm) to 02-h. Over
50,000 separate PM2.5 measurements were made.

2.4 Survey results

The raw survey measurement  data  are shown in
Figure 1, with the 2015 survey in the upper panel
and  the  2017  survey  below.  Individual  PM2.5

measurements are colour-coded (see the key in the
figures  for  representative  values)  and  also  are
represented  by  height  above  local  ground  level.
Some some suburbs  have  been  identified  in  the
upper panel.

In  general  the  winter  2015  surveys  encountered
more smoke than in 2017, probably in part as the
surveys  in  2015  tended  to  be  on  colder  nights,
hence with presumed stronger inversion layers. In
general  however  there  is  a  large  measure  of
similarity in that the smokiest areas seen in 2015
(e.g. Mayfield, Ravenswood, Newstead) tend to be
the smokiest areas seen in 2017.  

Note  for  2017:  On  one  survey  night  smoke  was
measured from a small  (less than 1 ha)  planned
burn in a reserve adjoining a residential area in the
Summerhill  area  (purple  symbols  in  Summerhill,
lower panel).  Many of  these measurements were
over 150  μg/m3.  These data have been excluded
from the analysis to follow.
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Illustration  1:  Smoke  surveys  of
Launceston.  Instantaneous  PM2.5

measurements are represented by symbol
colour and height above local ground level.
Upper  panel:  winter  2015;  lower  panel:
winter 2017.



3. Analysis – rationale and 
implementation

3.1 Correlation of hour-averaged PM2.5 at Ti 
Tree Bend and South Launceston 
Figure  2  shows  'composite'-day  hour-averaged
winter  2015 PM2.5 data from Ti Tree Bend (upper
panel) and South Launceston (lower). These have
been formed by combining all data for a given hour
of the day, regardless of date.  The composite-day
for  all  winter  days  (May-August)  is  shown,  along
with  the  composite-day  for  days  with  a  day-
averaged temperature below 10 C ('cold days').

The diurnal cycle at both stations is well  defined.
PM2.5 concentrations rise in the late afternoon and
peak  at  23:00.  A smaller  subsidiary  peak  occurs
near  08:00.  The  diurnal  pattern  almost  certainly
arises  from  woodheater  use,  combined  with
meteorological contributions such as the formation
of a near-ground inversion layer after sunset.

An inter-station correlation plot of these composite-
day, hour-averaged,  PM2.5 values  for  winter  2015
and winter 2017 (to mid July) are shown in Figure
3. The hour-averaged PM2.5 values at each station
are highly correlated, and are very similar for both
years.  Correlation  plots  between  hour-averaged
data for individual nights do not show this level of
similarity.  However,  when  averaging  over  the
several  months  the  inter-station  correlation
becomes apparent.

The  locations  of  these  two stations  were  chosen
independently of each other, and were not selected
with  any  knowledge of  the  level  of  correlation  of
winter PM2.5 at each site. The correlation that exists
suggests  that  other  locations  around  Launceston
may also show similar behaviour. The analysis of
the 2015 and 2017 proceeds on this basis.

3.2 Survey Analysis
The  analysis  of  the  2015  survey  data  was
developed prior to the collection of the 2017 data,
and was subsequently also applied to these later
data.  The area of greater Launceston was divided
into  a  12x12  grid,  with  each  grid  square  being
approximately 1 km on each side. PM2.5 survey data
from  a  given  night  that  fell  within  the  grid  were
formed  into  hour  averages,  and  were  correlated
with contemporaneous hour-averaged PM2.5 station
data  from  South  Launceston  (being  the  station
nearer  to the geographic  centre  of  the city).  Grid
cells  were included in  the analysis  only  if  five  or
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Illustration  2:  Composite-day  hour-
averaged PM2.5 for  Ti  Tree Bend (upper)
and South Launceston (lower) air stations,
for winter 2015.

Illustration 3: Correlation plot of 'composite
day' hour-averaged PM2.5 for Ti Tree Bend
and  South  Launceston  for  winter  2015
(circle  symbols)  and  winter  2017
(squares). Note: Winter 2017 data are to
mid July.



more  independent  survey  measurements  were
obtained in the cell. The correlation coefficient and
the significance of the correlation (expressed as the
probability of the correlation occurring by chance)
were calculated.

In  many cases  the significance  of  the correlation
was found to be better than 10% (i.e. a probability
of the correlation coefficient of that value occurring
by chance of less than 0.1). An example of such a
correlation for  the 2015 survey  for  a  grid  square
from the central  suburb of  Newstead is shown in
Figure  4.  The  top  panel  shows  the  correlation
between  the  hour-averaged  PM2.5 survey  data
(vertical axis) and the hour-averaged PM2.5 station
data (horizontal axis). The correlation co-efficient is
0.638, with a probability  of  chance occurrence of

0.011 (~1%). The gradient of the line of minimum
absolute deviation (which is forced to pass through
the origin  of  the axes)  is  1.23.   The lower panel
shows  the  original  (5-second)  survey  PM2.5

measurements  plotted  against  hour-of-day  (i.e.
ignoring the date of the measurement) to show the
level of cover over the evening hours.

Figure 5 shows the probability of chance correlation
for each grid cell over the Launceston area for the
2015  survey.  As  noted,  many  cells  shows
correlations significant  at  the 10% level  or better.
The pattern of green dots show the locations of the
individual survey measurements and delineate the
Launceston  streetscape.  The  existence  of  these
significant  correlations  is  considered  to  have  a
largely  statistical  origin:  When  meteorological
conditions allow elevated smoke concentrations to
occur in one part of the city they are also conducive
to smoke concentrations increasing in other parts of
town.

The analysis was repeated for the more extensive
2017 surveys.  The 2017 results for the Newstead
grid cell are given in Figure 6, as was presented for
this grid cell in Figure 4 for the 2015 survey. The
correlation coefficient found from the 2017 survey is
0.647, with a significance of better than 1%. 

The  gradient  of  the  line  of  minimum  absolute
deviation, found for these 2017 data, is 1.25. This is
very similar to the value of 1.23 derived for this cell
from the 2015 survey (see Figure 4).
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Illustration  4:  Example  of  a  grid  cell
correlation plot from the 2015 Launceston
survey. Top panel:  hour averaged survey
PM2.5 data  (vertical  axis)  plotted  against
contemporaneous  hour-averaged  PM2.5

data  from the  South  Launceston  station.
Lower panel: Survey PM2.5 (5-second) data
plotted  against  hour  of  day  (i.e.
independent of the date). 

Illustration  5:  Launceston  2015  survey
data-grid  showing the  significance of  the
correlation for each cell.  The green lines
are locations of the survey measurements
and hence show the streetscape.



The  consistency  between  the  2015  and  2017
surveys  for  the  derived  gradients  for  the
Launceston grid cells is in general considered to be
very  good.  This  is  shown in  Figure 7,  where the
grid  cell  gradients  derived  in  2015  are  plotted
against the grid cell gradients found for 2017.  Also
shown is  a  1:1  line.  The  figure  includes  all  cells
where  five  or  more  independent  survey
measurements  were  made in  each  year. A small
number of data appear far from a 1:1 relationship.
In  some  cases  these  arise  for  grid  cells  that
encompass only a few streets, and often adjoin a
more populated area. 

With  respect  to  Figure  7,  and  the  relationship
between  the  survey  results,  it  is  worth  noting
explicitly  that  each data pair  of  (2015, 2017) grid
cell  gradients  comes  from  a  comparison  of  that
years' survey data, recorded each in cell, compared
to  the  contemporaneous  hour-averaged  South
Launceston station data. Hence the two data sets
(2015  and  2017)  are  completely  independent,
excepting that some common instrumentation was
used.

3.3 Estimating the spatial distribution of 
ambient winter-time PM2.5

From the above results, it appears that, on average,
the PM2.5 measured in a given grid cell  is linearly
related to the hour-averaged PM2.5 measured at the
South Launceston station. The multiplicative factor
that relates these quantities is taken as the gradient
of the line of minimum deviation as found using the
above  approach.  It  is  postulated  that  this  factor
provides a means to relate the station PM2.5 to the
grid cell PM2.5 for other times, i.e. for nights when
surveys were not conducted. Hence it is suggested
that an approach to estimate the mean winter-time
PM2.5 for a given grid cell is to multiply the station
mean winter PM2.5 by the relevant factor, being the
derived gradient for that cell.

Figure 8 shows the result of using the derived grid
cell  multipliers  to  estimate  the  mean  winter-time
PM2.5  for  the  Launceston  grid  cells  where  the
correlation significance was 10% or better.

The consistency of  the relationships between the
2015  and  the  2017  surveys,  and  the  inter-year
consistency  between  the  composite-day  hour-
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Illustration  7:   Scatter  plot  of  grid  cell
gradients  for  2015  (horizontal  axis)  and
2017 (vertical axis). The 1:1 relationship is
also  shown  as  the  dashed  line  for
guidance.

Illustration 6: Grid cell data from the 2017
survey for the Newstead cell in Figure 4.



averaged  South  Launceston  and  Ti  Tree  Bend,
indicate that the grid cell gradients (i.e. the adopted
multiplicative factors) are likely to be applicable in
other years as well. 

3.4 Error estimates
An investigation into the types and magnitudes of
the errors that  are likely to contribute to the final
uncertainty in  the spatial  estimate of  winter PM2.5

has been conducted, but cannot be presented in full
here. For the grid cells,  the standard error of the
survey  measurements  about  the  fitted  line  was
found  to  be  approximately  10%  of  the  mean
measured PM2.5 in the cell, as shown in Figure 9.
This can be taken as an estimate of the statistical
uncertainty in the winter mean PM2.5 in each cell.

4. Discussion 
The  analysis  presented  here  has  combined  the
spatial  information  provided  by  a  relatively  small
number  of  smoke measurement  surveys  with  the
continuous time-series of  PM2.5 data  from a fixed
station to derive an estimate of the spatial variation
in mean ambient winter PM2.5 in Launceston, albeit
on a relatively coarse grid of approximately 1 km
square.

The  rationale  for  seeking  a  linear  correlation
between  PM2.5 measured  during  the  survey, in  a
given grid  cell,  with  the  contemporaneous PM2.5
measured at South Launceston station was in part
provided by the observed correlation seen between
'composite  day'  hour-averaged  PM2.5 at  Ti  Tree

Bend and South Launceston. An exploration as to
why linear correlations may be expected between
the averaged PM2.5 measured at any two locations
in Launceston is presented in Appendix A.

It is considered likely that there is variation in mean
winter  PM2.5 within  such  a  grid  cell,  so  the  work
presented  here  should  be  regarded  as  progress
towards  a  more  complete  understanding  of
population exposure to PM2.5 in Launceston. 
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Illustration  8:  Spatial  map of  estimated
mean winter PM2.5 for Launceston 2015,
derived using the grid cell multipliers and
the  mean  South  Launceston  station
2015 winter PM2.5.

Illustration  9:  Standard  error  about  the
fitted  line  for  the  grid  cells  versus mean
measured PM2.5 in  the  cell,  for  the  2015
survey data.



Appendix A – Why should winter PM2.5

concentrations at  different  Launceston
locations appear to be linearly related?

Evidence  presented  in  this  paper  suggests  that,
averaged over time (i.e. weeks to months), there is
a linear relationship between PM2.5 concentrationin
different areas of Launceston. This appendix offers
some  discussion  as  to  how  this  may  arise.

For a given volume element (however defined) of
the city, the PM2.5 concentration in the element can
be considered, in a simple sense, to change with
time as:

C(t)=(1/V) ∫ E(t) – L(t) dt (1)

where  C(t) is  the PM2.5 concentration at a given
time  t,  V is the volume,  E(t) is  a measure of the
particle  emission  into  the  volume,  and  L(t)
represents the loss of particles from the box. In the
most  general  sense  L(t) could  be  considered  as
negative,  at  times,  if  more  particles flow into  the
volume from adjoining volume elements  than are
lost.  The  hypothetical  integration  would  be
calculated over an appropriate time interval.

As a further simplification, given that C(t) increases
from  low  levels  (clean  air)  to  high  concentration
(~100 μg/m3) during the evening, assume that for
this  interval  L(t) is  smaller  than  E(t), and can be
neglected.  This leaves  C(t) as dependent  on  E(t)
only.

E(t) in  this  case  depends  on  the  ensemble
emissions of  the woodheaters contributing smoke
to the volume, V. The emission rate from any given
woodheater is likely to vary greatly from day to day
and hour to hour.  However the seemingly constant
linear relationship present in the spatial distribution
of  PM2.5  concentrations  in  Launceston  suggests
that the ensemble-average of the heater emissions
into  a  given  volume,  averaged  over  time,  is
relatively constant. This appears to be the simplest
interpretation  of  the  origin  of  the  spatial
correlations. The number of operating woodheaters
in a given volume (e.g. a suburb) could presumably
change over time, but the change from year to year
is likely to be relatively small.

The  hypothesis  proposed  here  is  that  the  linear
relationships arise, in large part, due to the number
of  woodheaters  contributing  smoke  to  each  grid
cell. A test of the hypothesis would be to see if the
gradients (the adopted 'multiplicative factors') found
for each grid cell bear any relation to the number of
woodheaters in the cell.

In  2011  EPA Tasmania  commissioned  a  home-
heating  telephone  survey  over  a  wide  area  of

Tasmania, including Launceston.  From these data
a  spatial  map  (250  m  x  250  m  resolution)  of
woodheater numbers was derived for Launceston.
The greatest  number of  woodheaters were in the
suburbs  of  Mayfield,  Invermay,  Waverley  and
Ravenswood. (Data for open fireplaces were also
collected.  The  number  of  residences  with  open
fireplaces was low overall.)

The  woodheater  survey  data  were  re-binned into
the approximately 1 km grid squares used for the
2015 and 2017 Travel  BLANkET smoke surveys.
Figure  10  shows  in  the  top  panel  the  grid  cell
gradients, averaged for the 2015 and 2017 surveys.
The lower panel shows the woodheater numbers in
each  smoke  survey  grid  cell.  While  there  are
similarities between the pattern in each panel there
are also differences, most notably that the grid cell
gradients appear higher than would  be expected,
based on woodheater numbers alone, in cells with
a  low  woodheater  total  but  adjoining  cells  with
relatively high woodheater numbers. This could be
interpreted  as  indicating  that  smoke  from  high
woodheater cells can move into adjacent cells

A scatter plot of woodheater number and grid cell
gradient  (averaged  from  the  2015  and  2017
surveys) is given in Figure 11. There is a measure
of a linear relation between these quantities, with a
correlation  coefficient  of  0.566,  with  a  high
significance.  Hence, in some way, a high grid cell
gradient  is  associated  with  a  greater  number  of
woodheaters in the cell, which is at least a measure
of consistency with the hypothesis noted earlier.

Inspection  of  the  individual  data  point  pairs  in
Figure  11  revealed  that  some  of  the  points
furtherest  from a simple linear  relation were from
the outer edge of the grid,  while  others were,  as
noted, in cells with a relatively low woodheater total
but adjacent to a 'high woodheater' cell.

As a very crude first attempt to account for possible
movement of smoke from a high woodheater cell to
an  adjacent  cell,  the  following  'adjustment'  was
made to the woodheater cell count.  If a given cell
had  less  than  50  woodheaters,  the  woodheater
count in the adjacent 6 cells was found. If the one
of the neighbouring cells had a woodheater count
over 100, 25% of this cells' count was added to the
original  cell.  The  scatter  plot  of  'adjusted'
woodheater count and grid cell gradient is shown in
Figure 12. The linearity and correlation coefficient
have slightly improved. The improvement is similar
if a percentage contribution in the range of 15% to
50% is used instead of 25%.

This  'adjustment'  is  presented  for  completeness,
and to indicate that a full air-dispersion model study
appears  warranted,  and  could  prove  very
informative.
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Illustration  10:  Top  panel:  grid  cell
gradients,  averaged  from  the  2015  and
2017  surveys.  Lower  panel:  Woodheater
numbers in each grid cell, derived from the
2011 telephone survey  commissioned  by
EPA Tasmania. 

Illustration  11:  Scatter  plot  of  grid  cell
gradients (average of 2015 and 2017) and
woodheater numbers in each survey cell. 

Illustration  12:  Scatter  plot  of  'adjusted'
woodheater number and grid cell gradient
(average  of  2015  and  2017).  See  the
appendix text for explanation.
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