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Abstract

Humans are at risk from exposure to extremes iim #revzironment, yet there is no consistent way to
fully quantify and understand the risk when consite more than just meteorological variables. An
outdoor ‘bio-comfort’ threshold is defined for Mellrne, Australia using a combination of heat stress
air particulate concentration and grass pollen touhere comfortable conditions imply an ideal rang
of temperature, humidity and wind speed, acceptigviels of air particulates and a low pollen count.
This is a new approach to defining the comfort wfnlan populations. While other works have looked
into the separate impacts of different variablbs is the first time that a unified bio-comfortéshold

is suggested.

Composite maps of surface pressure are used strilte the genesis and evolution of the atmospheric
structures conducive to an uncomfortable day. Wthere is an uncomfortable day due to heat stress
conditions in Melbourne, there is a high pressurenzaly to the east bringing warm air from the
northern interior of Australia. This anomaly is fpaf a slow moving blocking high originating ovéret
Indian Ocean. Uncomfortable days due to high paldte levels have an approaching cold front.
However, for air particulate cases during the ceddison there are stable atmospheric conditions
enhanced by a blocking high emanating from Australihd linking with the Antarctic continent.
Finally, when grass pollen levels are high, theme rortherly winds carrying the pollen from rural

grass lands to Melbourne, due to a stationary tramidow pressure inland.

Analysis into days with multiple types of stressealed that the atmospheric signals associated with

each type of discomfort is present regardless oétidr the day is uncomfortable due to one or

multiple variables. Therefore, these bio-comforules are significant because they offer a degfee o

predictability for future uncomfortable days in Melrne.

Keywords

Apparent temperature, heat stress, & Mir pollution, pollen, thermal comfort
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1. Introduction

Local environmental extremes can have many advyerakth impacts on urban populatiohsimerous
studies have found links between high temperataneshospital admissions (Basu and Samet 2002;
Johnson et al. 2005; Linares and Diaz 2008; Pauntatal. 2008; Loughnan et al. 2010; Li et al. 2012
and extreme temperatures with mortality (Currierale2002; Gosling et al. 2007; Anderson and Bell
2011; Laaidi et al. 2012; Schaffer et al. 2012; ®oral. 2012; Tobias et al. 2012). Air pollution is
known to aggravate the respiratory system (Dockexy Pope 1994; Barnett et al. 2005; Simpson et al.
2005; Hansen et al. 2012) while grass pollen leeels negatively influence hayfever and asthma
sufferers resulting in hospital admissions @& et al. 1998; Erbas et al. 2007). Furthermoegth
stress coupled with high levels of air pollutiorsh@een shown to increase mortality risk (Filleualket
2006; Ren and Tong 2006; Stafoggia et28I08). This study combines the impacts of heatstrair
pollution and pollen into one ‘bio-comfort’ thredbdoThis enables a broader classification of outdoo
‘discomfort’ where an average person will potehigxperience heat stress, respiratory problems due

to air particulate concentrations or hayfever syonps.

There are many ways of describing human ‘comfavith the most popular using a thermal basis.
These can be explored via different indices suchhasHeat Index (Steadman 1979), Wind Chill

Temperature (OFCM 2003), Wet Bulb Globe TemperafW&BT) (Yaglou and Minard 1957) and

the new Universal Thermal Comfort Index (UTCI) (Bedet al. 2012). However, there is a distinction
between indices that measure both thermal comfodt feat stress (e.g. UTCI) and indices that
measure only stress such as the Heat Index. The&li@tn (1994) apparent temperature (AT) equation
is a universal index used in Australia by the Bure& Meteorology to measure both thermal comfort
and extremes such as heat stress. As discussecbglifd-Ramon et al. (2006) there are significant
variations among the population for how differeebple handle meteorological extremes, yet for a
broad study and in the creation of the indicesdisabove parametrisations, such as for clothing

thickness, are used to create models based ongaveopulations.

Heat stress has been thoroughly studied with isgisech as the ones mentioned above, modelling and

quantifying an average human's physiological respoto different climatic variables. Thermal



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

discomfort usually occurs on warm days coupled witth humidity, where a reduction in the body's
ability to dissipate heat occurs. This can leadridncreased heart rate and hyperthermia (Pantivou
al. 2008). While there can be adverse health efflscthumans in extreme heat and extreme cold (e.g.
Curriero et al2002), Nicholls et al. (2008) and Bi et al. (201dynd that mortality in Melbourne due
to extremely hot days is a significant issue f@gent and future generations. However, mortaliigsra
due to cold temperatures are impacted by seaswaedges rather than extremely cold days (Nicholls
et al. 2008). Therefore, this study has chosenotud only on the potential for heat stress in

Melbourne, as bio-comfort is discussed on a daifes

Climatic conditions relating to air pollution legehave also been investigated. For instance, atrece
study showsthat, in Greece, the sea breeze circulation iscés®d with an increase in particulate
matter less than 10n (PMy) concentrations (Papanastasiou and Melas 200%rR@afasiou et al.
2010). This is primarily due to the higher statiabdlity associated with sea breezes, which do not
favour the horizontal dispersion of pollutanthe dangerous synergy between air pollution arad he
waves is well known in the literature. Warmer tenapéres increase the rates of chemical reactions,
enhancing natural emissions (e.g. nitrogen oxides fsoil, volatile organic compounds from trees,
etc.), increasing emissions from human sources &r.gonditioning use), the prevalence of buskfire
and more frequent stagnation of hot air that altbes types of pollutants persisting in the urban
boundary layer (see for instance Seguin and B&09g) and references thereioreover, Ren and
Tong (2006) found a statistically significant réat between health, PiMland temperature with PiM
having more adverse health effects on warm days ¢hacold days. This was quantified by Stafoggia
et al. (2008) who used data from nine Italian sis@d estimated that the risk of mortality increldsg

2.54% in summer and 0.2% in winter when there weim@rease in PM concentration of Jgm>.

Particulate matter is thisiggest pollutant in Melbourne, Australia (Envirommtal Protection Agency
(EPA) for the state of Victoria Air Monitoring Repid2011) and can travel large distances from rural
areas to impact urban air quality (Hansen et &l220This is due to Australia being an inherently, d
dusty country subject to very high temperaturese Tajority of epidemiological studies focus on
PMyo, which encompasses both coarse (2.pri0and fine (less than 2iB) grains (World Health

Organisation (WHO) global update 2005). The ass$iatidetween air pollution and human respiratory
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problems has been well documented (Barnett et @52Simpson et al. 2005) and is of specific
concern to this study as the fine particles cainbaled easily, thereby negatively affecting theo#t

and lungs (Dockery and Pope 1994).

Exposure to airborne grass pollen during the spmiogths is another concern in Australia. Ong et al.
(1995) found that the grass pollen count in Mellbbeuis comparable to other temperate climates in
Europe and this is associated with severe seasmtbieaks of hayfever symptoms (Sgppi et al.
2007) and a dramatic increase in hospital admissitue to asthma (Erbas et al. 2007). Moreover, as
discussed by Ong et al. (1995), the atmosphere ebdlirne during spring and summer contains
approximately 70% of the total annual pollen counth more than twenty different types of pollen
identified over the two year study period. Treelgmis the most common type of pollen in late winte
and early spring, while grass pollen dominatessttmond half of spring and early summer. Ong et al.
(1995) confirmed that grass pollen is the majorrsewf allergenic pollen in the environment where
most of the pollen is transported from pasture @iredahe north to Melbourne. de Morton et al. (2011
studied airborne pollen variability finding that Melbourne days with high or extreme pollen levels
had winds of a continental origin (northerly windghile days with low pollen levels had winds of a

maritime origin.

This paper presents an assessment of the combimexheric and biological conditions that would
result in an average person feeling uncomfortadniéstressed’ outdoors. We define ‘bio-comfort’ as
an overall concept that encompasses not only thiabity of heat stress given by the apparent
temperature (AT), but also incorporates concemnati of airborne pollutants known to have
deleterious effects on human health. Using knowestiolds of heat stress, RMind pollen, this study
investigates the large-scale atmospheric circulatonducive to events in Melbourne when a bio-
comfort threshold has been exceeded. From thes,show that robust large-scale anomalies are
associated with the different types of ‘discomfoallowing us to draw a conceptual model of the
synoptic circulations leading to their occurrenthis method differentiates itself from other common
measures of human comfort such as the WBGT andJiel because it considers more than just
meteorological variablegzurthermore the results from this study offer a degree ofdm@bility for

future uncomfortable events in Melbourne.
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2. Materials and methods

In order to measure the bio-comfort thresholds imlddurne, meteorological data involving
temperature, wind speed and humidity, as well aspallution and grass pollen count data, were

obtained.

The Australian Bureau of Meteorology measures autdioermal comfort using the Steadman (1994)
AT, which incorporates the effects of dry bulb temperaturg ¢&pour pressure (e) and wind speed

(lU)and is calculated as follows:

AT =T +033e—0.7|U| — 4 (1)

where T is the dry bulb temperatuf€], e is the vapour pressure of air (hPa) ands|thle 10m wind

speed (m3).

To calculate the AT for Melbourne, 1.2m tempera{@€), 10m wind speed (rity and 1.2m dew point
temperature D°C) data from Melbourne Airport weather station 3%, 144.8E) were obtained.

Vapour pressures were derived from the dew pompegature D9C) using the moisture equation:

e(hPa) = exp (1.8096 + —2222) )(2

237.3+D

Melbourne Airport weather station was selectedtdués close proximity to the city of Melbournegth

length of the observational record and the homageimeits wind speed measurements.

To identify heat stress conditions in relation b tMelbourne climate a percentile approach was

implemented. Percentiles are commonly used in iteeature for region dependent analysis and to

identify heat waves (e.g. Pezza et al. 2012). Gaffied Ross (1998) found that thetrbﬁercentile of

AT is closely correlated with weather related miistawhere the g¥ percentile was defined using AT

data from the two warmest months of the year oweference climatology. This study has adapted the

method from Gaffen and Ross (1998) with heat steesslitions in Melbourne defined as when the

daily 3pm AT exceeds the §15percentile. The €8 percentile was derived using the 3pm AT from
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January and February (the two warmest months ilb®Mehe) over the reference climatology of 1981-

2000. This resulted in an AT heat stress thresbb?.2C.

Daily 3pm AT data from Melbourne Airport weatheatstn were used to assess the number of days
during which people felt thermal discomfort due heat stress conditions. While the maximum
temperature can occur at a different time in thg dataining accurate dew point temperature anaiwin
speed data at this time is difficult, therefore 3gdata was chosen to represent the daily maximum
temperature. The study period for heat stress tiondiin Melbourne was taken from 1 January 1973

to 31 December 2011.

Continuous 10m observational wind speed datasefsugiralia have come under scrutiny since the
replacement of pressure tube anemometers (Dingh) naiating cup anemometers (Synchrotac) in
Automatic Weather Stations. Dines anemometers daeoword very low wind speeds (Gold 1936),

while Synchrotac anemometers are known to overastinvind speeds due to instrumental inertia
(Gorman 2004). This has resulted in a discontinmitynany wind speed data sets, which is highlighted
when the wind speeds are averaged over time (J28b0). Melbourne Airport weather station 10m

observational wind speeds were independently chitcked proved to be continuous. Therefore,

Melbourne Airport weather station was deemed apjatgpfor thermal comfort AT analysis.

The World Health Organisation (WHO) daily averagecmality concentration guideline for Pylis
50ugm* (WHO global update 2005However, this guideline is not a classificatidnsafe or unsafe
levels of PMy and does not attempt to quantify the long-terrksrisom exposure to PM Indeed,
since there appears to be no threshold within iteeature below which there are no adverse health
effects from air pollution (Brunekreef et al. 20,18)e WHO air particulates guidelines are baseitién
context of local constraints, capabilities and pubkalth priorities. This study has classified afay
that exceeds the WHO daily air quality guidelinePdfl;; as an uncomfortable day. It is expected that
when this guideline has been surpassed, the gronteffects of PM, such as respiratory problems,

may be felt immediately rendering the day unconafiole to an average person.
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Daily average PM (ugm®) data were obtained from the Footscray (33,5144.8E) air pollution
monitoring station. Footscray is an industrial/desitial suburb of Melbourne with Rilevels that are
slightly higher than that of other urban air pdbbat monitoring stations in Melbourne. Nevertheless,
Footscray air pollution monitoring station was afrofor comfort analysis due to the length of its
dataset and for its close proximity to the Melb@uAirport weather station. Detailed analysis irite t
source of the P in Melbourne can be found in Delaney and Mars{2006) and shall be discussed

briefly in the context of this research in sectibn

Hyde (1972) found that, in London, hayfever sympiomanifest themselves in 100% of sufferers
when the grass pollen count exceeded 50 grassnpgtkins rit. Moreover, Antépara et al. (1995)
discovered that in Bilbao Spain 100% of hayfeveffesars experienced symptoms when exposed to
grass pollen counts greater than 37 grass polleingym®. While grass pollen is not necessarily the
most abundant type of pollen it is highly allergeeven when in small quantities compared to the tot
pollen count (Gioulekas et al. 2004). The Asthmatdfia Foundation, the local governing body for
Melbourne regarding pollen counts and forecasténelea grass pollen count as high when it is great
than or equal to 50 grass pollen graind ffherefore, when the pollen count in Melbournaigh, the

day will be deemed uncomfortable due to the likaith of havfever sufferers experiencing symptoms.

Grass pollen count data are collected daily byStieool of Botany at the University of Melbourne, in
conjunction with the Asthma Victoria Foundationorir October to December each year. The study
period for air pollution and grass pollen spansgbieod 1 January 1997 to 31 December 2011. Figure
1 shows a map with the locations of Melbourne Aitpeeather station, Footscray air pollution

monitoring station and the University of Melbourne.

European Centre for Medium-Range Weather Fore&d#s Interim reanalysis (Dee et al. 2011) daily

6Z (or 6GMT, which corresponds to 4pm Melbourneefirean sea level pressure (MSLP) data were
used to investigate the large scale atmosphemalations of when an uncomfortable day occurred in
Melbourne. 6Z MSLP data was chosen as this is libgest available reanalysis time step to when the

maximum temperature and, hence, heat stress islikglgtto occur in Melbourne.
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The one-sample two-tailed Students t test was eyadlto calculate whether the atmospheric averages

and anomalies calculated with ERA Interim wereistiaally significant.

3. Results

Comfort condition

AT > 27.2°C
(1997-2011)

PMyo > 5Qugm™
(1997-2011)

Pollen > 50 grains m
(1997-2011)

AT >27.2°C 231 14 20
PMyo > 5Qugm’> 14 62 0
Pollen> 50 grains m | 20 0 289

Table 1 The number of uncomfortable days in Melbourne tuthe three bio-comfort thresholds over

the period 1997-2011

Table 1 shows the total number of uncomfortablesdayMelbourne due to the three different bio-
comfort thresholds over the period 1997-2011. ¢hhghts that pollen is the most common form of
discomfort in Melbourne with 289 days observed dherwhole period, followed by ATs greater than
27.2C (i.e. heat stress, 231 days) d@d,o (62 days).Table 1 also shows that there are only 34 days
over the analysis period 1997-2011 where Melbousimeultaneously experiences two types of
discomfort. Throughout the study period, uncomfagadays due to pollen are not observed
simultaneously with uncomfortable days due to;PNheaning that there are no days that experience

all three forms of discomfort during 1997-2011.

3.1 Heat stress

Figures 2a and 2b show the number of days per ipeahich the 3pm temperature and AT exceed
27.2C at Melbourne Airport weather station over the parl973-2011. It can be seen that there are no
long term trends with either variable, but a markaterannual variability is presemnwith the
temperature values ranging from 22 to 54 days per,yand the AT values varying from 3 to more
than 29 days per year. There is a short statiltisajnificant increasing trend in the temperatdes/s
from 1995-2010 (seen in Figure 2a) which is noeéd in the AT values, showing that in Melbourne
the impact of wind and humidity are responsiblerf@intaining relatively unchanged thermal comfort
conditions despite the number of warm temperatangs dncreasing in recent years. This is further

highlighted by the trend in Figure 2c, showing thereasing difference between the number of days
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per year where the temperature exceRd2 C and the number of days per year where the AT is
greater than27.2C. Furthermore, Figure 2c illustrates that there aignificantly more days in
Melbourne where the temperature exceeds°Z7than when the AT exceeds 2C2 This indicates
that, on average, the AT in Melbourne is almostagfsvcooler than the temperature highlighting the

greater influence of cooling winds on Melbourne theaand thermal comfort conditions.

Figure 3, which shows the MSLP average and anofoalthe days in which the AT excee?8.2C in
Melbourne, allows us to understand the atmosphmnicitions that are conducive to a high AT day
(i.e. heat stress conditions). For consistency wfitter bio-comfort variables (PMand pollen) to be

explored later in this section, this MSLP analysésiod was reduced to 1997-2011.

Figure 3a shows an average high pressure systatetbover the Tasman Sea, with a continental low
pressure anomaly highlighting the passage of warnfram the Australian interior to Melbourne
(Figure 3b). Heat waves often occur in southeadtralia due to the presence of an anticyclone over
the Tasman Sea (Pezza et al. 2012). Here, antiwgldraw hot dry continental air from the north to

Melbourne.

To assess the origins and dynamics of the antiogglpolar stereographic plots of the MSLP anomaly
for the 5 days preceding and day of an uncomfcgtdaly due to heat stress in Melbourne are shown in
Figure 4. This figure is different from Figure 3timat it only includes days that do not have arebt
forms of discomfort. Therefore this plot is mutyatixclusive from the other bio-comfort variablesisr
separation is useful because, as shown in Taltleeltotal counts associated with different indicato
are not independent. Figure 4 shows a slow movittigylone that acts to amplify the inland trough
and the geostrophic circulation arising from th@mbination enhances the northerly winds. From
Figure 4 it is also clear that the weather systentseate heat stress conditions in Melbourne areqgf
atmospheric wave trains originating over the Ind@oean. This is similar to the results of Pezzal.et

(2012) during a heat wave.

1C
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3.2 PMy

Footscray air pollution monitoring station recordéd days in which the WHO daily average
concentration guideline level for RM(50ugm®) was exceeded during the study period 1997-2011.
Figure 5 shows the number of uncomfortable daysyear due to PM. According to Australian
legislation (EPA Victoria), the maximum number afyd that can exceed regulation levels is five,
marked by the horizontal line in Figure 5. Yearshwactive bushfire seasons (2003, 2006, 2009) had
total numbers of days exceeding this limit. Thisfgons that bushfire is a major source of partitella
pollution in Melbourne, which raises the PMwell above the background level in active years

(Delaney and Marshall 2006).

In order to study potential seasonal effects onctheulation leading to polluted days in Melbounwe
have split the air pollution analysis into warm rtten(November to April) and cool months (May to
October).Figures 6a and 6b show the MSLP average and aresyfali when an uncomfortable RM
day occurs during the warm period and Figures &t @thshow the MSLP average and anomalies for
when an uncomfortable day due to BMccurs during the cool period. Analogous to Figae Figures

6a and 6¢ show a region of high pressure preseattbe Tasman Sea. However, in the cool months the
high pressure is larger and extends onto the camttinndicating that the high concentration of jg vk

cool months is associated with stable, stagnamhagses over Melbourne. Moreover, Figures 6b and 6d
display an anomalous low pressure to the soutthefcontinent. This is indicative of a cold front
approaching, a signal not seen in the days with sass conditions. Figure 6b also highlights the
passage of continental northwesterly winds appriogcklelbourne, bringing dust and particulates from

inland during the warm months.

Polar stereographic plots of the MSLP anomaly fier 5 days before and the day of an uncomfortable
event due to PM in Melbourne during the warm months are shown igufe 7. These plots are
mutually exclusive from other bio-comfort variablesd the P\ events that occur during the cooler
months. From Figure 7 it is clear that, like haedss in Melbourne, these systems are not statiarat

are part of wave trains that originate over thaandDcean. The high pressure system (shown ond-igur
7) intensifies and becomes mobile three days befmeuncomfortable event. Two days before the

uncomfortable Ply} event a trough begins to form and travel towaradbidurne bringing a cold front

11



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

that reaches Melbourne on the day of the uncontitetevent. Cold fronts bring a change in wind
direction, which can then spread bushfires creatioge airborne particulate matter and, hence, résul

events where the Plyiconcentration exceeds guideline levels.

Figure 8 shows polar stereographic plots for thdM&nomaly of the 5 days before and the day of an
uncomfortable event due to RiMn Melbourne during the cool months. Like Figutel® days used in
these plots are mutually exclusive from the otherdmmfort variables. In contrast to the moving wav
train weather systems associated with warmfPvents, Figure 8 shows stable and stagnant asesas
present when an uncomfortable day due tqfddcurs during the cooler months in Melbourne. Ayve
strong blocking high is present covering most ofsthalia from five days before the uncomfortable
event. This high evolves projecting a crest to sbath which links up with another blocking high
emanating from the Antarctic continent two daysobefthe uncomfortable event. The blocking highs
reinforce each other and contribute to the compdtagnation of the flow, preventing the westerly

changes from arriving into Melbourne and dispershegpollutants.

3.3 Grass pollen

Figure 9 shows the number of uncomfortable daysypar due to the pollen count being greater than
or equal to 50 grass pollen graing im Melbourne. It should be noted that this stueyied largely
coincides with the ‘Big Dry’, a severe drought tlefected southeastern Australia from 1997-2009
(e.g. Ummenhofer et al. 2009). This drought sloykht growth resulting in four consecutive years
(2006-2009 inclusive) of below average numbersrafomfortable days due to pollen. However, once
the drought ended, the number of uncomfortable daysyear nearly tripled from eight days in 2009 to

22 days in 2010.

Figure 10 shows the MSLP average and anomaly fanwd high grass pollen count day occurs in
Melbourne. Consistent with uncomfortable heat stieasd PM, days, Figure 10a has an area of high
pressure over the Tasman Sea; however, the magnigudot as large as in Figures 3a, 6a and 6c.
Moreover, Figure 10b features a low pressure anpmatr the continent, with another low pressure
anomaly east of New Zealand. Figure 10b demonstréitat winds on a high grass pollen day in

Melbourne are of a continental (northerly) origagreeing with de Morton et al. (2011). Analysiint

12
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the five days preceding an uncomfortable day dugditen (figure not shown), indicate that the
circulation conducive to high grass pollen dayseisitively stationary. This is in contrast to theah
stress and warm month RMbio-comfort atmospheric signals, which presentetigh degree of

mobility.

3.4 Simultaneous types of discomfort

As shown in Table 1, there are a small number g&dhat simultaneously experience two types of
discomfort. Incidentally, the 14 days that are unfmtable due to heat stress conditions and five
between December and March and, hence, usg Bd§s from the warm period only, while the 20
uncomfortable days due to heat stress and gralenpmrke between October and December. This is due

to the seasonality of extremely warm weather inddatne and grass pollen levels.

Figures 11a and 11b show the MSLP average and daypdanethe uncomfortable days in Melbourne
that have heat stress conditions and above guéetincentrations of P}l Interestingly, Figure 11a is
similar to Figures 3a and 6a where there is a lpgFssure system present over the Tasman sea
suggesting that the average atmospheric structusr the continent is very similar for both
uncomfortable heat stress and BMays. However, in Figure 11b the MSLP anomaly appéo be a
hybrid between Figures 3b and 6b. Indeed, theeehigh pressure anomaly over the Tasman sea and,
similar to days with heat stress conditions, thirea low pressure anomaly over the continent.
However, similar to the warm month RMuncomfortable days, there is also a low pressnoenaly
below the continent. Moreover, the weather systam§&igure 11b are again part of wave trains

originating from the Indian Ocean.

Figures 11c and 11d show the MSLP average and dpdorauncomfortable days with heat stress
conditions and high grass pollen levels in Melbeurmterestingly, the average atmospheric structure
in Figure 11c is similar to Figure 3a i.e. the age MSLP for all days in Melbourne with heat stress
conditions, since both figures have a distinct hjghssure system located over the Tasman Sea.
However, in Figure 11d the atmospheric MSLP anormf@lyincomfortable days due to heat stress and
grass pollen is similar to Figure 10b (the MSLPraaty for all uncomfortable days due to grass pollen

in Melbourne) albeit Figure 11d has larger highsptee anomalies over the Tasman Sea.
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The results in Figure 11 suggest that the threferdifit atmospheric bio-comfort signals identified f
uncomfortable days in Melbourne due to heat sitesslitions, PMg during warm monthaindgrass

pollen are robust. Therefore, when a particulamfoof bio-comfort threshold is exceeded, its
atmospheric signal will be present regardless cétiwer the day has two forms of discomfort or only

one.

4. Discussion and conclusions

This study looked at biological as well as atmosigheariables to understand conditions that could
make a person feel uncomfortable outdoors in Melh@uThree ‘bio-comfort’ indicators were defined:
the AT when it exceed27.2C creating heat stress conditiprBM,, when it exceeds the WHO
regulation daily average concentration ofi§067°, and when the pollen count is greater than or lequa
to 50 grass pollen grainsThe large-scale atmospheric structure conduciantuncomfortable day
was then investigated using MSLP averages and diespavith each of the three bio-comfort
variables exhibiting a different signal. On uncontdble days due to heat stress condititires wind
patterns in Melbourne were found to be northerfigsn the hot and dry continental interior of
Australia. This is due to a non-stationary antiope located east of Melbourne over the Tasman Sea.
When PM, exceeds regulation levels during warm months & feand that a trough located below the
continent indicated a cold front is approaching iheirne. This trough would bring a change of wind
direction that could spread bushfires creating mairborne particulates. In contrast, uncomfortable
PM,q days during the cool months tend to have morenstaigstable air masses, yet still with a trough
located below the continent. This is due to the;fP&tcumulating in the boundary layer prior to the
arrival of a cold front and the shift of the winftem northerlies to southerlieginally, high pollen
days in Melbourne were found to have northerly wittght originate inland from a stationary weather

pattern given by an inland trough without necessleing associated with passing cold fronts.

The majority of uncomfortable days due to heatsstr@nd/or Pl occur during summer and autumn
due to the warm dry conditions in these seasorisctieate a favourable setting for heat waves and
bushfires. In contrast, uncomfortable days duer&sgpollen occur only during late spring and early

summer, since this is when grass pollen, the nilesganic pollen, is most prominent. It is notatiat
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the study period (1997-2011) largely coincides vetbevere drought in southeastern Australia called
the Big Dry (as mentioned in section 3). This mayéaffected the number of airborne particles é th
atmosphere during this period, as top soil is daied dust is more common in drought, yet pollen

levels decrease.

There are no significant differences in atmosphstriacture for uncomfortable days due to gMthen

the air pollution is from local or non-local sousce¥ears with active bushfire seasons (2003, 2006,
2009) produce 47% of the total number of uncomfdetePM days in Melbourne and 63% of the
warm month uncomfortable PiMdays over the period 1997-2011. This suggestsnioa¢ than half of
the warm month uncomfortable Rjvtdays in Melbourne are due to a non-local sourcpaoficulates
such as smoke and dust from bushfires that areghtdo Melbourne by northerly winds, as shown in
Figure 6a. However, when comparing warm month apiesc composites from uncomfortable days
during bushfire years to uncomfortable days dumrag-bushfire years, both composites reveal an
almost identical atmospheric structure to Figures ahd 6b, the composite of all warm month
uncomfortable days due to RM This shows that regardless of whether thg AMMelbourne is from
local or non-local sources, the atmospheric strectn uncomfortable days due to BMuring the
warm months will be the same. Moreover, this inplieat the seasonality between warm month and
cool month PM, days is associated with much more variation inatmospheric structure than the

source of the particulates.

A limitation of this study is that the Steadman 949 AT formula implies that winds always act to
decrease the AT, such that when wind comes in comtth a warmer body, it acts to withdraw heat
from that body to the environment. However, whea #lir temperature exceeds the skin temperature
the wind no longer has a cooling effect, exceptlierevaporation induced by the sun. In Austratia,
surface temperature can greatly surpass the bodyetaturein the warm season, therefore the use of
the Steadman (1994) AT equation can lead to a sewederestimation of the heat stress. Hot dry
winds commonly observed in Australia during extrémat waves can also result in rapid loss of water
from the body posing very dangerous dehydratingditiams for anyone exposed to such extremes,

even for a short exposure time.
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Operationally, weather forecasters could easilylement the three bio-comfort indicators and their
MSLP signals identified in this study. As shown edgothe signals are robust, even when there are two
types of uncomfortable conditions acting simultarstgp. While climate models cannot simulate
reliable trends in grass pollen count and ;PMver specific areas, the knowledge of how these
pollutants react to conventional meteorologicalapseters will place us a step further toward a more
realistic impact assessment of future liveabilipnditions. Moreover, the use of known thresholds

allows this method to be implemented anywhere énvtborld.
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Figure captions

Fig. 1 Map of Melbourne showing the locations of MelbairAirport weather station (square),

Footscray air pollution monitoring station (triaegband the University of Melbourne (circle)

Fig. 2 Number of days per year the 3pm (a) temperatuce (B AT exceeds 27.2°C and (c) the
difference between (a) and (b) over the study peti®73-2011. The solid line indicates the average
number of days for the total period. The dot-dashees indicate trends of statistical significance

greater than 99%

Fig. 36Z MSLP (a) average and (b) anomaly of when theek@eeds 27.2°C in Melbourne over the
period 1997-2011 using ERA Interim daily data. 28lys were used in this composite. Anomalies
were based on mean MSLP over the period 1997-28tippling indicates regions of statistical

significance greater than 95%

Fig. 4 Polar stereographic plots of the 6Z MSLP anomélthe 5 days before and the day of an event
where the AT exceeds 27.2°C (i.e. heat stress tiond) in Melbourne over the period 1997-2011
using ERA Interim. 197 days were used in this cositpo Anomalies were based on mean MSLP over

the period 1997-2011. Stippling indicates regiohstatistical significance greater than 95%

Fig. 5 Number of days per year the PMexceeds WHO air quality guideline levels at Foatgcair
pollution monitoring station over the study perit@297-2011. Black columns indicate years with active
bushfire seasons. The solid line indicates the rmrmbdays allowed by Australian legislation thahc

exceed WHO guideline levels per year

Fig. 6 6Z MSLP (a) average and (b) anomaly of when thgdR¥IFootscray air pollution monitoring
station exceeds WHO guideline levels in warm montN®vember to April, 46 days used in
composites) and the (c) composite and (d) anomalyhen PM, exceeds WHO guideline levels in

cool months (May to October, 16 days used in cortgg)sover the period 1997-2011. Anomalies were
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based on mean MSLP over period 1997-2011. Stippldicates regions of statistical significance

greater than 95%

Fig. 7 Polar stereographic plots of ti& MSLP anomalies of the 5 days before and daynoé\aent
when the PNy exceeds guideline levels during warm months (Ndxeamto April) in Melbourne over
the period 1997-2011 using ERA Interim. 32 daysengsed in this composite. Anomalies were based
on mean MSLP over the period 1997-2011. Stipplindicates regions of statistical significance

greater than 95%. Note: the high is only traceé&iole 3 days before the uncomfortable event

Fig. 8 Polar stereographic plots of tl&&Z MSLP anomalies of the 5 days before and daynoéeent
where the P, exceeds guideline levels during cool months (Mapttober) in Melbourne over the
period 1997-2011 using ERA Interim. 16 days weredus these composites. Anomalies were based
on mean MSLP over the period 1997-2011. Stipplindidates regions of statistical significance

greater than 95%

Fig. 9 Number of uncomfortable days per year in Melboudue to the grass pollen count being
greater than or equal to 50 graing mwver the study period 1997-2011. The solid lindidates the

average number of days over the study period

Fig. 106Z MSLP (a) average and (b) anomaly of when tlesgpollen count in Melbourne is greater
than or equal to 50 grass pollen graing ewer the period 1997-2011. 289 days were usedeén th
composites. Anomalies were based on mean MSLP theeperiod 1997-2011. Stippling indicates

regions of statistical significance greater thaf95

Fig. 116Z MSLP (a) average and (b) anomaly of days inkdeine that are uncomfortable due to heat
stress conditions and above regulation;Pébncentrations and (c) average and (d) anomatiags$ in

Melbourne that are uncomfortable due to heat stadshigh grass pollen levels over the period 1997-
2011. Plots (a) and (b) include 14 days and (c) @)duse 20 days. Stippling indicates regions of

statistical significance greater than 95%
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Tables

Comfort condition AT > 27.2°C PMyo > 5Qugm’ Pollen > 50 grains m
(1997-2011) (1997-2011) (1997-2011)

AT > 27.2°C 231 14 20

PM,o > 5Qugm’ 14 62 0

Pollen> 50 grains m | 20 0 289

Table 1 The number of uncomfortable days over the peri@@712011 in Melbourne due to the three

bio-comfort thresholds
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Fig. 1 Map of Australia with an inlet of the locations Melbourne Airport weather station (square),

Footscray air pollution monitoring station (triaegband the University of Melbourne (circle)

24



(a) . T»27.2°C (b) | AT>27.2°C (c) , . T minus AT>27.2°C

60 L L 60 L L 60 L
50 - ' s0 ' s0 4 =
N A
2adn [ dn n dmedidl o o404 I 40 4 o
o ul 1 0
2 A H -
2 30 3 AT H k30 3 _ E 30 - 1 E
5 | -
Qo n | e
£ il m 0 L o TR L
2 20 Fo2od L - ln B 2o TR il HF
N ] 7( —'>1’ 7<H | w{ ]’»{ _
0 T T T T 0 T T T T 0 T T T T
1980 1990 2000 2010 1980 1990 2000 2010 1980 1990 2000 2010

Fig. 2 Number of days per year the 3pm (a) temperatuck (B AT exceeds 27.2°C and (c) the
difference between (a) and (b) over the study peti®73-2011. The solid line indicates the average
number of days for the total period. The dot-daslieels indicate trends of statistical significance

greater than 99%
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Fig. 36Z MSLP (a) average and (b) anomaly of when theeA@eeds 27.2°C in Melbourne over the
period 1997-2011 using ERA Interim daily data. 28lys were used in this composite. Anomalies
were based on mean MSLP over the period 1997-28tippling indicates regions of statistical

significance greater than 95%
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Fig. 4 Polar stereographic plots of the 6Z MSLP anomélthe 5 days before and the day of an event
where the AT exceeds 27.2°C (i.e. heat stress tiond) in Melbourne over the period 1997-2011
using ERA Interim. 197 days were used in this cositpoAnomalies were based on mean MSLP over

the period 1997-2011. Stippling indicates regiohstatistical significance greater than 95%
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Fig. 5 Number of days per year the PMexceeds WHO air quality guideline levels at Foatgcair
pollution monitoring station over the study perit@B7-2011. Black columns indicate years with active
bushfire seasons. The solid line indicates the rmurobdays allowed by Australian legislation thahc

exceed WHO guideline levels for RMper year
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(a) Warm MSLP average (hPa) (b) Warm MSLP anomaly (hPa)
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Fig. 6 6Z MSLP (a) average and (b) anomaly of when thgRi¥IFootscray air pollution monitoring
station exceeds WHO guideline levels in warm montN®vember to April, 46 days used in
composites) and the (c) composite and (d) anomalyhen PM, exceeds WHO guideline levels in
cool months (May to October, 16 days used in corngg)sover the period 1997-2011. Anomalies were
based on mean MSLP over period 1997-2011. Stipghiicates regions of statistical significance

greater than 95%
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Fig. 7 Polar stereographic plots of tf&&Z MSLP anomalies of the 5 days before and daynoéent
when the PNy exceeds guideline levels during warm months (Ndxemto April) in Melbourne over
the period 1997-2011 using ERA Interim. 32 daysemgsed in this composite. Anomalies were based
on mean MSLP over the period 1997-2011. Stipplindicates regions of statistical significance

greater than 95%. Note: the high is only trace&iolen 3 days before the uncomfortable event
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Fig. 8 Polar stereographic plots of tf&&Z MSLP anomalies of the 5 days before and daynoéent
where the PN exceeds guideline levels during cool months (Ma@ttober) in Melbourne over the
period 1997-2011 using ERA Interim. 16 days weredus these composites. Anomalies were based
on mean MSLP over the period 1997-2011. Stipplindicates regions of statistical significance

greater than 95%
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Fig. 9 Number of uncomfortable days per year due to thegypollen count being greater than or equal

to 50 grains i1 over the study period 1997-2011. The solid lindidates the average number of days

over the study period

32



(a) MSLP average (hPa) (b) MSLP anomaly (hPa)
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Fig. 106Z MSLP (a) average and (b) anomaly of when tlegpollen count is greater than or equal
to 50 grass pollen grains fover the period 1997-2011. 289 days were used énctimposites.
Anomalies were based on mean MSLP over the perfia/-P011. Stippling indicates regions of

statistical significance greater than 95%
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(c) MSLP average (hPa) (d) MSLP anomaly (hPa)
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Fig. 116Z MSLP (a) average and (b) anomaly of days inbddetne that are uncomfortable due to heat
stress conditions and above regulation;pPébncentrations and (c) average and (d) anomatiags in

Melbourne that are uncomfortable due to heat saadshigh grass pollen levels over the period 1997-
2011. Plots (a) and (b) include 14 days and (c) @)duse 20 days. Stippling indicates regions of

statistical significance greater than 95%
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