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Abstract

This study describes the application of a novel technique for obtaining vertical profiles (0–400 m above ground level)

of PM size distributions in a highly polluted setting dominated by domestic burning of wood and coal. At night, smoke

from domestic fires is emitted into a highly stable and shallow katabatic flow layer. This layer is only �20–40 m in depth

and gives rise to very high concentrations that may persist late into the night. The mass size distribution of wood/coal

smoke in Christchurch is overwhelmingly dominated by fine particles (o1 mm in aerodynamic diameter). The vertical

profiles reveal that layers of pollutants (with distinct PM signatures) may be found in such wintertime nocturnal

settings. In Christchurch (population �400,000) a dominant mechanism appears to be undercutting by shallow

drainage flows. This creates elevated layers with a daytime surface PM signature (predominately coarse material with

modes at 2.5 and 6:25 mm). These results confirm the usefulness of the deployment of miniature optical PM instruments

on tethered balloons in cool, humid, polluted conditions. Such measurements allow the proper evaluation of the current

generation of air pollution dispersion models.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Epidemiological studies suggest a causal relationship

between fine particulate matter (PM) in the atmosphere

and human morbidity and mortality. Particles of less

than 10 mm in diameter (PM10) are known to cause

general malaise and to aggravate asthma. The fine

component of PM10 (PM2:5) can be inhaled deep into the

lungs and thus lead to heart disease and cause premature

death (Wilson and Suh, 1997). PM also significantly
e front matter r 2004 Elsevier Ltd. All rights reserve
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reduces visibility with the extent of reduced visibility

shown to be dependent on particle size (QUARG, 1996).

PM is very diverse with respect to its physical and

chemical properties, and has a wide variety of sources.

Primary particles are those that are emitted directly into

the atmosphere from sources that include road traffic,

industry, windblown soil and dust, coal burning and sea

spray. In addition, secondary particles may be formed in

the atmosphere by chemical reactions or condensation

of gases. In urban contexts, PM is often dominated by

transportation emissions (i.e. from combustion engines

and road dust). For example 86% of PM10 emissions in

London (UK) arise from that source (QUARG, 1996).
d.
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However, in some urban settings, the domestic burning

of coal and wood for winter home heating represents a

very significant source of elevated PM concentrations.

The physico-chemical characteristics of particles in such

settings are not well known (Keywood et al., 2000),

despite the fact that concentrations may be very high

due to the nocturnal emission of pollutants into a very

stable nocturnal boundary layer. Recently, the chemical

composition and size distribution of PM associated with

this source has been documented for Launceston,

Australia (Keywood et al., 2000). In a setting not

dissimilar to the case of Christchurch described herein,

wintertime PM concentrations in Launceston are

dominated by fine particles (o1 mm in diameter)

associated with domestic wood burning. This produces

high PM2:5/PM10 ratios (0.8–0.9) and chemical species

dominated by nssKþ (a biomass-burning marker), Cl�

and acidity species (e.g. SO2�
4 , Hþ, NHþ

4 ). When

domestic burning was not a significant source, chemical

species indicating crustal and oceanic (sea salt) sources

were evident.

To date, most PM observations have been made at

ground level (Morawska et al., 1999; Keywood et al.,

2000) and in broad size ranges (generally PM2:5, PM10 or

total suspended particulate (TSP)). However, air pollu-

tion modelling and management requires an under-

standing of pollutant size distributions in three-

dimensions, especially within the lower troposphere

and in particular the planetary boundary layer (PBL,

generally o2 km above ground). Attempts to measure

the vertical size-segregated distribution of particulate

matter in the PBL have been constrained by the size and

weight of instrumentation. Successful measurements

have been made from aircraft, but at considerable

expense, while attempts to establish vertical profiles with

tethered balloon platforms have been limited to low

altitudes (� 300 m) and very large balloons supporting

gravimetric samplers for PM2:5 (Clark, 2000). However,

the recent successful deployment of a miniature optical

particle counter on a tethered balloon (Maletto et al.,

2003) has paved the way for routine, cost-effective and

detailed size segregated measurements of PM within the

PBL.

Tethered balloon observations of PM using this novel

technique are currently underway in a variety of settings

as part of an ongoing research agenda directed at

understanding processes governing the vertical distribu-

tion and mixing of PM in the PBL (e.g. Maletto et al.,

2003). In this paper, observations are presented for

Christchurch, New Zealand, a city for which wintertime

PM concentrations are largely dominated by emissions

from domestic fires burning wood and/or coal. The main

goals of this research are to:
�
 Document the particle size distributions associated

with the domestic burning of coal and wood.
�
 Describe the manner in which these size distributions

vary with altitude.
�
 Identify meteorological factors contributing to the

observed vertical distributions.

As such, this study represents an attempt to complement

and extend the work of Keywood et al. (2000) for

Launceston, Australia. Results are based on a single

case study from a typical night of elevated concentra-

tions in the winter of 2003.
2. Christchurch air pollution meteorology

The city of Christchurch (population �400,000) is

located on the eastern edge of the Canterbury Plains on

the central east coast of the South Island, New Zealand

(Fig. 1). Historically, winter domestic space heating has

been achieved by a variety of wood and coal burning

devices. Currently, on a typical winter’s night in

Christchurch, there are about 16,000 open fires burning

both wood and coal producing about 40% of the PM10,

34,000 wood-burning devices producing about 50% of

the PM10, and 2200 enclosed coal-burning devices

producing about 8% of the PM10. Motor vehicles can

produce about 4% of PM10 on such nights (www.e-

can.govt.nz). When combined with a local wintertime

meteorology that is conducive to poor dispersion

conditions, domestic fires contribute to significant

episodes of elevated PM concentrations. Typically, the

24 h guideline for PM10 of 50 mg m�3 is exceeded on �30

days per year at central city locations, with maximum

24 h concentrations occasionally exceeding 200 mg m�3.

Hourly concentrations of PM10 may reach

300–400 mg m�3.

The main meteorological factors contributing to such

high nocturnal PM concentrations are low wind speeds,

strong shallow surface-based inversions, and topogra-

phically influenced local wind systems that occur during

periods of stable anticyclonic weather (Spronken-Smith

et al., 2001). Nocturnal radiational cooling of the

ground surface leads to the development of cold air

drainage from both the adjacent Canterbury Plains and

the nearby (400 m high) Port Hills (Fig. 1). The

convergence of these drainage winds contributes to

stagnation of air over the city (Kossmann and Sturman,

2004; Sturman and Zawar-Reza, 2002).

In a study of the relationships between mortality,

weather variables and ambient particulate air pollution

in Christchurch, Hales et al. (1999) found that a

10 mg m�3 increase in PM10 concentration was asso-

ciated (after a lag of one day) with a 1% increase in

mortality from all causes, and a 4% increase in

respiratory mortality. This effect was found to be

independent of temperature and co-pollutants.

http:www.ecan.govt.nz
http:www.ecan.govt.nz
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Fig. 1. Location map of the Christchurch urban area, the main air pollution monitoring site (marked by a circle), and vertical

atmospheric profiling site used in this study (marked by a tethered balloon symbol).
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3. Methods

3.1. Aerosol spectrometer

The deployment and evaluation of a commercially

available GRIMM 1.108 ‘‘Dustcheck’’ (Labortechnik

Ltd., 1996), on a tethered balloon is described in detail

by Maletto et al. (2003). In summary, a 2:4 kg (including
rechargeable battery) light scattering instrument was

deployed on a 7 m�3 kytoon. The GRIMM provides PM

particle counts in 15 different size classes from 0.3 to

20 mm. These data may be converted to a volume

distribution (based on the PM diameter and assuming

spherical particles) or a mass distribution (mg m�3). In

calculating the latter, particulate density information is

required. Generally, as such information is generally not

available, a uniform density is assumed. Consequently,

calibration of the instrument is essential in order to

accurately represent the PM mass distribution at a given

site. This may be achieved by comparing the GRIMM

mass distribution with data collected using other

measurement principles (e.g. gravimetric techniques).

The accurate measurement of PM (and particularly its

size distribution) is notoriously difficult. Standard

instruments such as the tapered element oscillating

microbalance (TEOM) suffer from a variety of deficien-

cies, including the volatilisation of small particles due to
heated inlets and humidity effects (Charron et al., 2004).

In an intercomparison between two TEOMs and two

gravimetric (filter based) Partisol samplers, Charron et

al. (2004) found that TEOMs on average only capture

half of the total mass recorded by the gravimetric

instruments. Most of the mass lost is in the fine mode

(PM2:5). Furthermore, this effect is accentuated when

temperatures are low, humidity is high, or when

pollutant concentrations are elevated. Charron et al.

(2004) also emphasised that the filtration based mass

measurements are prone to significant errors associated

with volatilisation, temperature, humidity and other

effects (including particle bound water). In the present

study, given the cool, moist and heavily polluted

environment and the availability of only TEOM and

gravimetric instruments for calibration, the GRIMM

measurements were not corrected on the basis of

comparison with other instruments. Instead, the

GRIMM was run with the calibration factor (1.0) shown

to be appropriate in a marine urban setting (Maletto et

al., 2003). Support for this choice was based on extensive

inter-comparisons of instruments in a field setting prior

to the field measurements described below. Using

10 min averages, the GRIMM was compared with a

collocated TEOM (25 �C heated inlet) in suburban

Christchurch for the period 12–16 May 2004

when GRIMM PM10 concentrations varied from
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0–200 mg m�3. Based on linear regression, GRIMM

measurements were 1.4 times greater than TEOM

measurements. This is similar to the calibration con-

ducted by Maletto et al. (2003) and is consistent with the

results of Charron et al. (2004).

On the night described herein, GRIMM PM10

measurements (1 min averages at the lowest above

ground level (AGL) height of 8 m, interpolated from

all balloon profiles) were compared with nearby (250 m

away) TEOM (PM10—25 �C inlet at about 2 m height)

10 min averages. GRIMM measurements were on

average 2.8 times greater than the TEOM measurements

ðs ¼ 1:2; N ¼ 17Þ. Given (a) the closer proximity of the

GRIMM measurements to plume height and (b) the

shorter averaging time, these results are again consistent

with the findings of Charron et al. (2004) and suggest
Fig. 2. Time series of meteorological variables and pollutants for Co

location is shown in Fig. 1. The period of the intensive observatio

conducted is shown in the bottom panel.
that a calibration factor of 1.0 is still reasonable in the

absence of more rigorous calibration information.

Furthermore, these comparisons suggest that the

GRIMM instrument at least provides a good relative

indication of mass concentrations. Given no significant

changes in relative humidity throughout the evening or

with altitude (Fig. 2), variations in PM mass were

deemed to reflect real differences in concentration rather

than humidity related instrumental errors.

3.2. Tethered balloon

For vertical profiling through the boundary layer, the

mini-aerosol-spectrometer was suspended approxi-

mately 1 m below a 7 m�3 helium filled kytoon. In

addition, a locally made meteorological package was
les Place surface monitoring station on 5–6 August 2003. Site

nal period (IOP) in which tethered balloon operations were
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slung immediately below the GRIMM in order to

provide wind speed, wind direction, temperature,

humidity and pressure approximately every 10 s during

the ascent and descent sequence. Meteorological in-

formation was telemetered to a ground station, while

PM data were recorded on a memory card in the

spectrometer as 1 min averages. Timing information

enabled the meteorological data and spectrometer data

to be merged (most importantly, heights AGL could be

established based on the pressure and temperature data).

Ascent and descent of the balloon was controlled by an

electric winch with a typical ascent/descent sequence

reaching 300–400 m AGL within a total duration of

70 min. This gave a vertical resolution for the meteor-

ological and PM data of � 2 m and � 12 m respectively.

A total of 10 flights (giving 20 individual profiles were

conducted between 1709 NZST (New Zealand Standard

Time) 5 August and 0733 NZST 6 August.

3.3. Site

Measurements were made at a single site (Coles Place)

located in northern central Christchurch (Fig. 1). The

site is located in a relatively open urban area comprised

of small single-story retirement units. There are sig-

nificant areas of grass and tennis courts, and the units do

not use solid fuel for domestic heating. The urban fabric

of most of Christchurch is reasonably homogeneous and

consists of single story detached homes. Coles Place, a

primary monitoring site for the local air quality agency,

is considered to be representative of residential portions

of the city. It is influenced by both nearby residential

sources (within 100–200 m) and those to the west and

northwest during high pollution episodes (Sturman et

al., 2003). The measurements from Coles Place should

therefore be representative of the surrounding residen-

tial area.
4. Results

4.1. Background

The variation in pollutant concentrations and meteor-

ological variables (at ground level) obtained from the

surface monitoring station at Coles Place over the

period of time including the night of 5–6 August 2003 is

shown in Fig. 2. The patterns evident are typical of

winter nights in Christchurch, with primary pollutants

PM10 and CO (a marker of anthropogenic combustion)

building to a major evening peak between 2200 and 0100

NZST, with PM10 concentrations (10 min average

values) reaching 200 mg m�3 (TEOMmeasurements with

25 �C heated inlet). This compares with maximum

wintertime values of 300–400 mg m�3. This nocturnal

peak is the result of increased emissions from domestic
fires at this time, combined with the development of a

strong temperature inversion and low wind speeds. A

secondary peak was also evident between �0700-1000

NZST when fires were restarted for morning home

heating and morning traffic commenced.

Both pollutant peaks are associated with a significant

decrease in wind speeds (to o1 ms�1) and a switch in

wind direction from the predominant daytime easterlies

to significantly lighter west to north-westerly flow. This

wind change is associated with the onset of katabatic

flows eastward across the gently sloping Canterbury

Plains. The katabatic origin of this flow is evident in the

significantly cooler temperatures associated with the

onset of the westerlies. In the early morning of 6 August,

ambient PM10 concentrations decreased significantly as

a result of decreased emissions (as home fires are

extinguished) and the advection of pollutants seaward.

Throughout the night of 5–6 August relative humidity

remained high (�90%), with no indication of fog or

cloud development during the night. Consequently,

humidity is not considered to be a significant factor

contributing to the observed variations in PM concen-

trations.

4.2. Vertical profiles

In Fig. 3, selected profiles of meteorological variables,

as well as PM2:5 and PM10, are presented to highlight the

salient features observed during the night of 5–6 August.

Note that relative humidity was consistently in the

90–95% range for all profiles and consequently is not

presented. Also, ‘‘PM2:5’’ is based on the size range

0.3–3:0 mm measured by the GRIMM and therefore

represents an approximation to the fine mode.

In early evening (1713-1747 NZST), easterly winds

prevailed throughout the lowest 400 m of the PBL, with

relatively light winds near the surface and neutral

stability. PM10 and PM2:5 (Fig. 3d) concentrations show

only slight decrease with elevation, reflecting the well-

mixed state of the atmosphere. PM2:5/PM10 ratios, an

indication of the dominance of fine material as a

proportion of total PM, are less than 0.5 throughout

the profile. By midnight (0042-0101 NZST) the onset of

katabatic flow and associated build up of near surface

PM concentrations shown in Fig. 2 is evident in a

surface layer approximately 40 m in depth (Fig. 3e).

With high emissions at this time from domestic fires,

light north-westerly winds prevailing and a strong

ground-based inversion, PM concentrations reached �

250 mg m�3 at ground level. In this shallow layer, PM

was dominated by fine material (PM ratios of �0.8),

while immediately above (40–100 m) a layer of more

coarse PM is evident (PM ratio �0.3). By morning

(0612–0650 NZST) PM concentrations had decreased

markedly, despite continuation of katabatic flow and

highly stable conditions. This may be attributed to the
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Fig. 3. Vertical profiles of (a) temperature, (b) wind speed, and (c) wind direction at 1713–1747 NZ Local Standard Time (LST) (light

gray) 0042–0101 LST (dark gray) and 0612–0650 LST (black) from Coles Place on 5–6 August 2003. The corresponding three profiles

of PM10 (black) and PM2:5(grey) are shown in (d)–(f).
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fact that domestic fires from the previous night were

extinguished, while morning emissions had not yet

commenced. PM ratios of 0.4–0.5 are consistent with

the loss of this major source of fine material. In this

profile (Fig. 3f), there is also an indication of a layer

extending from 50 to 275 m in which PM concentrations

were similar to those experienced during daytime. It is

likely that this is the ‘‘residual layer’’, representing a

layer of weak turbulence persisting from the previous

days PBL (McKendry and Lundgren, 2000). Above this,

the atmosphere is noticeably cleaner with respect to PM.

Contoured values of PM2:5/PM10 ratios are plotted by

time and height up to 250 m AGL in Fig. 4a, along with

characteristic size distributions (Fig. 4b). Contoured

fields are based on gridded values from the ten ascent-

descent sequences. A dominant feature of the vertical

distribution of ratios is the high ratios (0.8–0.9) in the

layer 0–40 m AGL between 2200 and 0300 NZST. Size

distributions associated with this layer (‘‘C’’ in Fig. 4b)
are characterised by fine mode PM, with the bulk of

mass associated with mean aerodynamic diameters of

o1 mm. This distribution matches those associated with

wood burning in Launceston (Keywood et al., 2000) and

is markedly different from that observed in late after-

noon (‘‘B’’ in Fig. 4b). For the latter, PM2:5/PM10 ratios

are in the range 0.3–0.4 with dominant modes at 2.5 and

6:25 mm. A mode at 2:5 mm is consistent with volume/

mass size distributions from traffic dominated sites in

Australia (coarse modes at 3 and 4 mm, Morawska et al.,

1999). The mode at 6:5 mm is consistent with those

expected for daytime conditions in relatively clean

coastal environments, where crustal material and/or

sea salts dominate the size distribution (Morawska et al.,

1999 noted a broad mode at 4 mm for sea salt dominated

environments and 8 mm for deserts). In late afternoon

and early evening, slightly higher ratios (0.4–0.5) are

evident between 150 and 250 m. Size distributions in this

case (‘‘D’’ in Fig. 4b) are characterised by low total mass



ARTICLE IN PRESS

Fig. 4. (a) Time-height section of PM2:5/PM10 ratio based on gridded values from vertical profiles for 5–6 August 2003, (b) mass size

distributions corresponding to the four times and heights labelled A–D in (a).
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concentrations, sparse fine material and a dominant

mode at 2:5 mm. The decline in significance of the

6:25 mm mode is likely due to the fact that coarse

material is primarily derived from the surface, and as a

result of gravitational settling it tends to be found

predominately near the surface (Maletto et al., 2003).

Finally, between 0000 and 0400 NZST, a layer

dominated by coarse particulate matter (PM2:5/PM10

ratios 0.2–0.3) was evident between 40 and 90 m AGL,

immediately above the shallow layer of smoke asso-

ciated with domestic burning. The size distribution in
this layer (‘‘A’’ in Fig. 4b) has a similar form to that of

the daytime near surface case (‘‘B’’), but with higher

concentrations. Again, there is almost a complete

absence of fine material (associated with combustion)

in this layer. Meteorological data at this time (Fig. 3)

indicates that the layer was associated with advection

from the north-northwest (where rural areas may

contribute to higher concentrations of coarse material).

Given that the size distribution in this layer is consistent

with surface daytime distributions, and that it existed

above a shallow drainage flow, a likely explanation is
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that the layer represents a residual daytime rural surface

layer that has been undercut by the evening katabatic

flow. This process has been previously postulated by

Sturman et al. (2003).
5. Discussion and conclusions

This study reports on the application of a novel

technique for obtaining vertical profiles of PM size

distributions in a highly polluted setting dominated by

domestic burning of wood and coal. Despite high

humidity (a concern with optical instruments) and low

temperatures, the optical GRIMM instrument deployed

on a tethered balloon provided size distributions and

PM mass concentrations that are consistent with other

instruments using alternative measurement principles at

the same site and elsewhere (e.g. Launceston, Tasma-

nia). However, some uncertainty remains as to the exact

impact of high ambient humidity on the measurements

described in this study. In particular, further research is

required to examine the relative effects of high humidity

on the fine and coarse modes (and consequently PM2:5/

PM10 ratios). However, when combined with the

extensive evaluation (including comparison with lidar)

conducted by Maletto et al. (2003) for summer condi-

tions with moderate humidity and low PM concentra-

tions, this study provides further support for the broad

applicability of this robust and cost-effective instrument.

For Christchurch, the results described herein add

significantly to the local understanding of PM air

pollution meteorology. Furthermore, they provide con-

firmation of more subjective evidence (i.e. visual)

relating to the vertical distribution of PM. Firstly,

smoke from domestic fires in Christchurch is emitted

into a highly stable and shallow katabatic flow layer.

This layer is only �20–40 m in depth and gives rise to

very high concentrations that may persist late into the

night. Secondly, the mass size distribution of wood/coal

smoke in Christchurch is overwhelmingly dominated by

fine particles (o1 mm in aerodynamic diameter). This is

entirely consistent with observations from elsewhere

(esp. Launceston, Tasmania, Keywood et al., 2000).

Unfortunately, the GRIMM, with a minimum size cut of

0:3 mm misses the mode associated with this portion of

the mass and therefore likely underestimates the total

mass. Notwithstanding, these results confirm that

inhalable PM in the fine mode dominates the high

nocturnal concentrations observed in Christchurch, and

as such, it has significant potential health implications.

Finally, these novel vertical profiles demonstrate that

distinct layers of pollutants (with distinct PM signa-

tures) may be found in such wintertime nocturnal

settings. Such layers have been described elsewhere

(see McKendry and Lundgren, 2000 for a review,

Maletto et al., 2003) and appear to be ubiquitous in
regions of complex, coastal terrain. In Christchurch, a

dominant mechanism appears to be undercutting by

shallow drainage flows. This elevates layers with a

daytime surface PM signature (predominately coarse

material) above the highly polluted katabatic layer. This

process appears similar to the undercutting of the mixed

layer by an advancing sea breeze as observed in Los

Angeles and Israel, or by coastally trapped disturbances

on the west coast of North America (McKendry and

Lundgren, 2000). However, the low altitude and

katabatic origin of the layer development in this case

represents a novel example of this process.

Although vertical profiles of particle size distributions

in Christchurch provide valuable information, there

remains a pressing need for data pertaining to the

chemical composition of PM in the different size ranges.

This would remove speculation with respect to the

origins of the various modes evident in the mass size

distributions. In particular, the modes at 2.5 and

6:25 mm evident in virtually all mass size distributions

in Christchurch remain unexplained. Evidence from

other locales suggests that these modes are likely

associated with a combination of sea-salt, crustal

material (from rural land, riverbeds, etc.) and possibly

road dust (Keywood et al., 2000; Morawska et al., 1998,

1999). Finally, a detailed chemical analysis of wood/coal

smoke in Christchurch is a necessary precursor to the

apportionment of sources (Khalil and Rasmussen, 2003)

and the identification of significant health and environ-

mental impacts in such settings.
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