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Abstract

With the use of published temporal/seasonal size characteristics of fungal spores and meteorological data in the
subtropical climate, we estimated the airborne fungal concentration indoor/outdoor (I/O) ratios in a wind-induced
naturally ventilated home. We expanded previous size-dependent indoor air quality model based on a hygroscopic
growth factor as a function of relative humidity (RH) on aerodynamic diameter and concentration of fungal spores.
The average geometric mean diameters of airborne fungi decreased from outdoor 2.58 +0.37 to indoor 1.91+0.12 pm in
summer, whereas decreased from outdoor 2.79+0.32 to indoor 1.73+0.10 um in winter, resulting from the effect of
hygroscopicity of airborne fungi. The higher indoor airborne fungal concentrations occurred in early and late afternoon
in which median values were 699.29 and 626.20 CFUm > in summer as well as 138.71 and 99.01 CFU m ™~ in winter,
respectively, at 2 a.m. and 8 p.m. In the absence of indoor sources, summer has higher mean I/O ratios of airborne
fungal concentration (0.29 — 0.58) than that in winter (0.12 — 0.16). Parsimoniously, our proposed RH-corrected I/O
ratio model could be used to estimate the indoor source concentrations of bioaerosols provided that the actual
measured fungus-specific I/O ratios are available.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction relationships of airborne fungal concentrations is
important.

Fungus allergen is one of the predominant allergens in Burge et al. (1995) indicated that the extent of
Taiwan. The main source of airborne fungi in indoor air airborne fungi is closely related to indoor relative
is usually from outdoor air (Wu et al., 2000). Su et al. humidity (RH), while above 70% RH conditions may
(2001) reported that human exposure to airborne fungal be optimal for fungal growth. The hygroscopic growth,
spores might cause adverse health effects, especially which means increase of a particle diameter by
respiratory symptoms. As most time of 70-90% is spend condensation or water absorption, influences the
indoors, information on the indoor and outdoor kinetics of aerosol. Therefore, we expanded previous

size-dependent indoor air quality model (Liao et al.,
2003) based on a hygroscopic growth factor. The
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2. Materials and methods

2.1. Reanalysis of outdoor fungal spores data

We adopted the research results of Lin and Li (1996)
as our major database to appraise the temporal/seasonal
variations of size-dependent airborne fungi indoor/
outdoor relationships in a wind-induced naturally
ventilated airspace. Box and whisker plots are used to
demonstrate the seasonal variation of wind speed,
temporal/seasonal variations of indoor/outdoor RH
and outdoor airborne fungal concentrations data
(Figs. 1A-D). Furthermore, we employed an opening
effectiveness model to predict the flow through a sidewall
opening (Liao et al., 2003) depending on wind speed and
window/door openings to estimate air exchange rates.

2.2. Effects of relative humidity on fungal spores

We developed a relative humidity versus aerodynamic
equivalent diameter (RH-AED) growth coefficient
profile and a RH-concentration profile for airborne
fungi to correct the proposed indoor/outdoor (I/O) ratio
model by Liao et al. (2003). Our approach applied the
research findings obtained from Reponon et al. (1996),
Johnson et al. (1999), and Lee et al. (2002) to derive a
RH-AED profile so as to determine the specific growth
coefficient versus AED of airborne fungi (Fig. 1E).
Fig. 1E indicates that specific growth coefficient (g,
dimensionless) and RH (%) has a linear relationship as:
g(RH)=0.0027 RH+0.84 (> = 0.80, p<0.05) for RH
ranging from 10% to 100%. Based on Fig. 1E, we could
obtain a corrected factor for AED of airborne fungi due
to RH changes as

_ g(RH))
Rl = RH,y

where RHy;, is the AED corrected factor due to RH
changes, g(RH;) is the specific growth coefficient due to
indoor RH (RH;, %), and g(RH,) is the specific growth
coefficient due to outdoor RH (RH,, %). Thus, AED-
corrected I/O ratio model due to RH changes can be
expressed as

Ci(k) Jn

Colk) ~ I+ (kY &)

(M

where k' = k x RHg,, is the AED-corrected size range
number, in which k is the size range number; Cj(k’) is the
indoor concentration of fungal spores in the k’th size
range (CFU m™); C,(k’) is the outdoor concentration of
fungal spores in the k'th size range (CFUm™>); 4, is the
air exchange rate of natural ventilation through open
windows and doors (hfl) in which 4,=Q,/V, Q, is the
natural ventilation rate (m*h™'); V is the volume (m?);
and Aq(k’) is the deposition rate of indoor fungal spores
due to Brownian and turbulent diffusive deposition and

gravitational sedimentation in the k’th size range (h™").
The particles are divided into geometrically equal sized
bins in the size range of interest.

We analyzed the available data from Lin and Li
(1996) regarding the relationship between concentra-
tions and RH to derive a region-specific seasonal
variation RH-concentration profile in order to correct
the indoor concentration of airborne fungi due to
RH changes in northern Taiwan region (Figs. 1F,G).
Figs. 1F and G show that linear RH-concentration
relationships prevailed for both summer and winter in
that specific concentration correction factors due to RH
in summer and in winter are log C(RH)=0.0314 RH +
1.36 (12 =080, p<0.05) and log C((RH)=0.0165
RH+1.73 (r* = 0.74, p<0.05), respectively. The con-
centration correction factor (RH.), for example, in
summer has the form as

G (k/)[log Cy(RH)/log C(RHo)]
(k")

The corrected indoor airborne fungal concentration,
Ci(k), in summer can be written as

Gi(k") = Gi(K') x RH,
A [log C(RH;)/log C(RH,)]
n + id(k’)) '

RH, = (3)

- (aw @)
In this basic model, the impact of RH effect on airborne
fungal concentration is almost completely captured by a
simple expression for I/O ratio in the absent of indoor
sources.

3. Results and discussion

Table 1 gives the measured and predicted mean values
of the total concentrations and geometric mean diameter
(GMD) with geometric standard deviation (GSD) of
particle size distribution for indoor/outdoor airborne
fungi in summer/winter at different time periods.
Airborne fungi in summer have higher indoor/outdoor
concentrations than that in winter at selected time
periods. There were major RH fluctuations being
observed in winter (ARH=16.59+2.63% in winter
(RH, > RHj), and 9.94+6.63% in summer (RH,<RHj)
(Figs. 1C,D) result in a larger difference in outdoor/
indoor airborne fungal concentrations than that in
summer. The average GMDs airborne fungi decrease
from outdoor 2.58 +0.37 um to indoor 1.91+0.12 um in
summer, whereas decrease from outdoor 2.79+0.32 um
to indoor 1.7340.10 um in winter (Table 1). The results
suggest that the hygroscopicity of airborne fungi as a
function of RH significantly affect their AED in a wind-
induced naturally ventilated airspace (Chen et al., 2003).

The predicted indoor airborne fungal concentrations
are presented in Figs. 2A and B, in that box and whisker
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Fig. 1. Box and whisker plot representations of seasonal variation on (A) wind speed, (B) outdoor airborne fungal concentrations, (C)
outdoor relative humidity, (D) indoor relative humidity analyzed from the measured data by Lin and Li (1996), (E) the correction
factor profiles of hygroscopic changes on aerodynamic diameter and concentration of airborne fungi, (F) a relative humidity-
aerodynamic diameter growth coefficient profile and a relative humidity—concentration profile in summer and (G) in winter. The error

bars represent one standard deviation from the mean.

plots are used to represent uncertainty. The predicted
mean values all fall within the interquartile. The higher
indoor airborne fungal concentrations occurred in early
and late afternoon in which median values were 699.29

and 626.20 CFUm ™ at 2 a.m. and 8 p.m., respectively,
in summer; whereas 138.71 and 99.01 CFUm > at 2 a.m.
and 8 p.m., respectively, in winter. Fig. 2A indicates that
the 95th-percentile predictions of indoor airborne fungal
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Table 1

Measured and predicted mean value of the total concentration (CFUm™ %), GMD (um) and GSD of particle size distribution of
outdoor/indoor airborne fungi in summer/winter at different time periods

Summer Winter
Outdoor Indoor Outdoor Indoor
LN(gmd, gsd) Measure LN(gmd, gsd) Predicted LN(gmd, gsd) Measure LN(gmd, gsd) Predicted

Mean Mean

Mean Mean

2am. (228, 1.45) 3768 (2506)*  (1.80, 1.10) 1105

8am. (2.76, 1.60) 633 (213) (1.96, 1.18) 367
2pm. (3.09, 1.80) 454 (140) (1.79, 1.27) 192
8 pm. (2.18, 1.48) 2139 (1339)  (2.09, 1.16) 736

(2.62, 1.63) 1326 (627 (1.72, 1.24) 204
(3.01, 1.68) 824 (465) (1.79, 1.51) 122
(3.16, 1.72) 557 (127) (1.84, 1.45) 66
(2.36, 1.62) 1118 417)  (1.58, 1.27) 175

?Parentheses represent the one standard deviation from the mean.
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Fig. 2. Box and whisker plot presentations of (A) predicted indoor airborne fungal concentrations in summer and (B) in winter at
certain time periods, and (C) the temporal/seasonal variations of calculated concentration I/O ratios of airborne fungi.

concentrations in summer are far above 1000 CFUm >

at 2 a.m. and 8 p.m., indicating the indoor environment
needs investigation and improvement. The variation in
the total airborne fungal concentrations at 2 p.m. was
lower than that at other time periods for both summer

and winter. Strength of higher indoor airborne fungal
concentrations in summer is partly explained by higher
outdoor concentrations (Fig. 1B), and higher slope of
the fitted relationships between concentration and RH in
summer (Fig. 1F).
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In the absence of indoor sources of bioaerosol,
summer has higher I/O ratios of airborne fungal
concentration (mean ranging from 0.29 to 0.58)
than that in winter (mean ranging from 0.12 to 0.16)
(Fig. 2C). Fig. 2C shows that the variation in the
concentration I/O ratio for summer was higher than that
in winter partly due to the variation of outdoor
concentrations in summer is greater than that in winter
(Fig. 1B). The 95th percentile I/O ratios are all greater
than 1 in summer, whereas in winter all 95th percentile I/
O ratios are less than 1. Generally, the I/O ratios of
interquartile are all less than 1.

4. Conclusions

We have successfully coupled a well-defined size-
dependent indoor air quality approach with a hygro-
scopic growth factor as a function of relative humidity in
aerodynamic diameter and concentration of fungal
spores. Our results demonstrate the importance of
knowing the information of temporal/seasonal- and
particle size distribution of outdoor bioaerosol for
understanding residential exposure to airborne fungi of
outdoor origin. More importantly, this research illus-
trates that an exposure assessment based on total
bioaerosol measured outdoors may obscure the actual
causal relationships to indoor fungal spores of outdoor
origin without considering the hygroscopic growth
effect.
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