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A publicly available atmospheric transport model, the Weather
ResearchandForecastingChemistryModel(http://ruc.noaa.gov/
wrf/WG11/), was used to simulate atmospheric perfluorooctanoic
acid (PFOA) and perfluorooctanoate (PFO) emitted from a
point source in the Osaka urban area (also known as Keihanshin),
Japan. The time period of the simulation was from 1983 to
2008. The modeled air concentrations were highly correlated
(r ) 0.91) with the observed air concentrations. Intake levels by
inhalation of simulated air concentrations and through the
gastrointestinal tract as estimated by the food duplicate method
were input to a pharmacokinetic model of the human body
to simulate serum concentrations of PFOA and PFO (PFO(A)).
For validation of the atmospheric model, simulated values were
compared with those observed in serum samples. The
simulated values generally agreed with those observed in
serum samples from residents of the Keihanshin area (r ) 0.93).
It was confirmed that the atmospheric model was generally
capable of projecting features of atmospheric PFO(A) as well as
serum concentrations of PFO(A) in this case. The results
indicated a dominant contribution of the atmospheric component
to serum PFO(A) in humans near the point source in the
Keihanshin area. In 2008, that contribution was about 70%.

Introduction
Perfluorooctanoic acid (PFOA) and its conjugate base,
perfluorooctanoate (PFO), are artificial carboxylic acid and
carboxylate used for industrial and commercial purposes
such as lubricants, paints, surfactants, and additives for
fluoropolymer (FP) production. PFOA and PFO are collectively referred to as PFO(A). PFO(A) has been produced
and widely used since the 1940s and has accumulated in the
environment because of its persistent character. In recent
years, PFO(A) has become recognized as a hazardous
substance owing to its toxicity and carcinogenic potential in
animals (1).
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The sources of human exposure to PFO(A) are still
unknown. PFO(A) concentrations in human serum collected
in the Keihanshin area of Japan have been reported to be
much higher than those collected in other regions (2, 3).
Contamination levels in wastewater and ecological samples
strongly suggest that the Daikin Industries plant in Settsu
city in Osaka prefecture is an emission source of PFO(A)
(4, 5). Assessment of the gastrointestinal tract (GIT) intake
of PFO(A) by females residing within 4.5 km of the Settsu
plant and females living in Karakuwa, a small town in
northern Japan (Figure 1A), in 2004 strongly suggests a large
contribution of inhaled PFO(A) to the total body burden of
PFO(A) (3). Although there have been several air monitoring
campaigns in the Keihanshin area (6-8), understanding of
the contribution of exposure through inhalation is incomplete. To obtain a more comprehensive understanding, we
propose a novel approach that combines atmospheric
modeling and pharmacokinetic (PK) modeling.
In this work, we applied an atmospheric transport model
to simulate long-term inhalation exposure to PFO(A) in the
Keihanshin area from 1983 to 2008. The modeled surface air
concentrations of PFO(A) served as inputs to a PK model to
calculate PFO(A) concentrations in human serum. The
current study demonstrated that a unified model could
simulate effects of exposure by inhalation under the scenario
in which a point emission source and its industrial activity
are reasonably well-characterized.

Materials and Methods
Atmospheric Transport Model. We applied version 3.0 of
the fully coupled Weather Research and Forecasting/
Chemistry (WRF-Chem) model (9) (http://ruc.noaa.gov/wrf/
WG11/). WRF is a nonhydrostatic mesoscale meteorological
forecasting model developed by the collaboration of several
atmospheric research institutes (10). Various chemical
modules have been implemented in the WRF framework,
creating WRF-Chem. Meteorological fields such as wind and
precipitation are predicted simultaneously by the same
model. In WRF-Chem, air constituents are transported by
the predicted meteorological fields using the same grid, the
same time step, and the same physical schemes without
interpolation. The target domain was square (450 km wide)
and centered on Settsu (Figure 1A). The horizontal resolution
was 9 km. The vertical structure consisted of 18 layers from
the surface to 300 hPa. Typically, the depth of the lowest
layer was about 50 m. The boundary and initial conditions
for meteorological prediction were derived from 6-h meteorological fields determined from JRA-25 reanalysis data
sets provided by the Japan Meteorological Agency and the
Central Research Institute of Electric Power Industry (11).
Model options are described further in the Supporting
Information (section S1).
In WRF-Chem, PFO(A) is transported by grid-resolved
wind fields and subgrid scale mixing both as soluble gas and
as particulate matter without any chemical production or
degradation. The residence time of the chemical related to
advection (out of model domain) probably dominates at the
spatial scale of the model. The removal processes are wet
deposition and dry deposition. Model formulations for wet
deposition, including in-cloud and subcloud scavenging,
were modified as described in the Supporting Information
(section S2). Gravitational settling was considered in the
transport and dry deposition of particles.
Few observational data have been collected on the state
of atmospheric PFO(A). In 2005, we observed a bimodal size
distribution of atmospheric PFO(A) with peaks around
10.1021/es101948b
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FIGURE 1. (A) Geographical locations of Settsu, Karakuwa, and the target domain. (B) An enlargement of the central region of the
target domain. The characters represent the model grids corresponding to the observation sites (a-e for air and X-Z for serum) listed
in Tables S3 and S4 (2, 3, 6-8, 23, 24). (C) Location of the Daikin plant and the three target population areas in the serum PFO(A)
simulation of the Osaka urban area. Target areas have radii of 4.5 km and are centered at 34.761°N, 135.560°E (the Daikin plant
location) for Settsu, 35.011°N, 135.768°E for Kyoto, and 34.738°N, 135.342°E for Nishinomiya. (D) Locations of the five grid elements of
the atmospheric model used in the serum PFO(A) simulation for Osaka residents. The five grid elements are centered at 34.560°N,
135.470°E; 34.728°N, 135.470°E; 34.806°N, 135.470°E; 34.728°N, 135.770°E; and 34.482°N, 135.470°E. The position of the Daikin plant (+) is
shown.
diameters of 0.7 and 3.3 µm in the town of Oyamazaki, which
is about 20 km northeast of the Daikin plant (6), as shown
in Figure S1. Although we did not measure gaseous PFOA
directly, we trapped both gaseous PFOA and PFO(A) on
particulate matter using quartz fiber filters (QFFs), on which
gaseous PFOA has been reported to be absorbed irreversibly
(12). Therefore, gaseous PFOA was included in the observed
concentrations of atmospheric PFO(A). The air was collected
with an Andersen cascade impactor sampler (AN-200, Tokyo
Dylec Co., Tokyo, Japan). This sampler could divide atmospheric substances into nine size bins according to their
aerodynamic size. Molecules of gaseous constituents were
grouped as the smallest particles in the atmosphere. Accordingly, we recognized that gaseous PFOA belonged in the
smallest size bin, which contained less than 10% of the total
mass. In the present study, we assumed that 10% of PFO(A)
is gaseous PFOA and the rest is particulate PFO(A), for which
a fixed diameter of 5.0 µm was used. The effects of the fraction
of gas and particle diameter on atmospheric concentrations
were explored using sensitivity tests as described in the
Supporting Information (section S6). The simulation period

was from 1983 to 2008. An initial atmospheric concentration
of zero was assumed.
PFO(A) Emission from the Daikin Plant in Settsu. The
Daikin plant (34.761°N, 135.560°E) is the only major chemical
plant manufacturing FP in Settsu. We estimated the annual
flux of PFO(A) in discharged water at 6.6 t yr-1 in 2003 on the
basis of an investigation of wastewater at the Aikawa Ryuiki
disposal site (4). We derived the PFO(A) emission flux to
the air as 2.3 t yr-1 in 2003 using an estimated ratio of the
discharged portion in water to air of 65%:23% (13). The
remaining 12% was discharged into the soil. The volatilization
of gas from the surface water and soil was assumed to be
negligible relative to the direct emission from the plant. The
magnitude of the estimated emission flux was evaluated in
relation to the national FP production, as described in the
Supporting Information (section S3).
Annual emission rates were estimated from those in 2003
using the scale factors listed in Table S1. The scale factors
were equal to the ratio of yearly national FP production to
that for 2003 (14) before 2004; thereafter, they decreased
following the values given in a press release from Daikin
VOL. 44, NO. 20, 2010 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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(15). Estimated emission rates from the Daikin plant in Settsu
peaked in 2000 and decreased after 2005 (Figure S2). Emission
was assumed to occur exclusively in the lowest layer at the
point corresponding to Settsu.
PFO(A) may originate from the degradation of fluorotelomer-based precursors. However, these indirect sources
were considered to be negligible near such a strong point
source in the Keihanshin area because they contribute very
little even at the global scale (13). Wallington et al. used a
three-dimensional global model to simulate PFO(A) production in the atmosphere from the oxidation of 8:2 fluorotelomer
alcohols (16). The highest simulated PFO(A) concentration
at 50 m was approximately 3 × 103 molecules cm-3, which
corresponds to 2 × 10-2 pg m-3 and is thus negligible in the
context of the present study.
Air Monitoring Data Sets. We conducted air sampling to
observe atmospheric PFO(A) concentrations in the town of
Oyamazaki in 2001 and 2005, and in Fukuchiyama city
(northern Kyoto prefecture) in 2005 (Figure 1B) (6, 7). We
also used atmospheric concentrations observed in the
Keihanshin area during an environmental survey sponsored
by the Ministry of Environment of Japan in 2004 (8) (Table
S3). Since those air samples were collected on QFFs, the data
represent the sum of gaseous PFOA and particulate PFO(A).
The total amounts of gaseous PFOA and particulate PFO(A)
simulated by the current model were compared to those
data.
Target Population and the PK Model. We simulated
serum levels of PFO(A) in residents of three urban areas
having radii of 4.5 km in the Keihanshin area. The three
urban areas were Settsu, Kyoto, and Nishinomiya as shown
in Figure 1C. The urban areas were centered at 34.761°N,
135.560°E (the location of the Daikin plant) for Settsu,
35.011°N, 135.768°E for Kyoto, and 34.738°N, 135.342°E for
Nishinomiya. In addition, we simulated inhaled amounts of
PFO(A) for Osaka residents, for which the geometric mean
(GM) serum concentration of PFO(A) in 2003 was known (2).
Inhaled amounts for Osaka residents were derived from
surface air concentrations averaged over five grid elements
determined from their geographical addresses (Figure 1D).
The serum level of PFO(A) was predicted using a onecompartment PK model (17)
V

dC(t)
E
)
- (kt + km) · C(t)
dt
W
kt )

Vm
ln(2)
V, km )
T(1/2)
W · Nd

(1)

(2)

where V is the volume distribution (300 mL kg-1 (17)), and
C is the serum concentration (ng mL-1) of PFO(A). E is the
PFO(A) intake (ng day-1), and W is the body weight (50 kg
(17)). kt and km represent the total clearance of males and
menstrual serum loss (mL kg-1 day-1), respectively. T(1/2)
is the biological half-life (1273 day (18)) of PFO(A). Vm is the
menstrual serum loss volume (42.0 mL (19)), and Nd is the
total number of days in the month.
In some previous studies, much greater values of V were
applied (20). The rationale for selecting the current value
(300 mL kg-1) for the volume distribution was based on
the total mass balance observed in our previous study (21)
(see discussion in the Supporting Information; section S7).
The Euler forward time step was set to 1 day. The initial
concentrations were set at 2.6 ng mL-1 based on a linear
regression of serum sample observations (2). In preliminary
tests, we confirmed that the effects of initial concentrations
persisted for only a few years.
The current PK model has two routes of exposure to
PFO(A): inhalation and GIT intake. The exposure concentration of PFO(A) in inhaled air was derived from the surface
7854
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air concentration calculated by the atmospheric model. The
inhaled volume was assumed to be 20 m3 day-1 (22). PFO(A)
in the lungs was assumed to be absorbed completely by the
respiratory tract. The absorption rates through respiration
did not have significant effects as discussed in the Supporting
Information (section S6). Intake, which represents GIT intake
including PFO(A) intake from both diet and drinking water
(3), was considered to be a function of time and proportional
to the emission rate of PFO(A) from the plant until 2004. We
assumed the lower and upper limits of intake for 2004 to be
the 25th (43.4 ng day-1) and the 75th (98.0 ng day-1)
percentiles of the GIT PFO(A) intake observations in food
duplicate samples collected in Settsu in 2004 (3). Intake was
assumed to be constant after 2004.
Diet, Drinking Water, and Serum Samples. To estimate
intake of PFO(A) by the GIT, we used concentrations in food
and drinking water consumed during 24-h periods by
participants in the Settsu area by the food duplicate method
(23). Those participants also donated serum samples. Daily
intake of PFO(A) estimated from those samples was 61.4 ng
day-1 [GM] with a standard deviation of 1.62 [geometric
standard deviation (GSD)] (3). Serum samples for adult
females living in the Settsu area, Kyoto area, Nishinomiya
area, and Osaka areas (2, 3, 24, 25) (Table S4) were used for
comparison with serum levels simulated by the PK model.
The samples were donated by the Kyoto University Human
Specimen Bank (23).
Evaluation of Model Fit. The fit of the simulated values
to the observed values was evaluated by the fractional
difference f (26) averaged over all samples
f)

Vmdl - Vobs
Vmdl + Vobs

(3)

where Vmdl and Vobs are the modeled value and observed
value, respectively. |f| < 0.33 indicates an error factor of less
than 2.

Results and Discussion
Surface Air Concentration. Since PFO(A) has one strong
point source and it is not produced in the atmosphere in
these simulations, modeled air concentrations were quite
variable and dependent on the wind field. The predicted
winds agreed well with observed data in all seasons as
described in the Supporting Information (section S4). The
monthly average concentrations of PFO(A) modeled reflected
wind directions, which were mainly northerly in January and
southerly in July as shown in Figure S3, demonstrating the
seasonality of modeled surface air concentrations in 2001.
The monthly average concentration modeled in the town of
Oyamazaki, which is grid point “a” in Figure S3, was 168 pg
m-3 in January and 677 pg m-3 in July, whereas the
instantaneous modeled concentrations in the 2-h interval
changed markedly from greater than 2 ng m-3 to less than
10 pg m-3 depending on whether the location was downwind
or upwind of the point source. The annual average distribution simulated showed no particular horizontal tendency.
The modeled concentrations were greatest (>1 ng m-3) near
the source and were more than 100 pg m-3 throughout the
Keihanshin area (Figure S3). Almost half (48%) of the PFO(A)
emitted to the atmosphere was transported out of the domain
area by air flow. The percentage of PFO(A) removed within
the domain by dry and wet deposition were 46% and 6%,
respectively (Supporting Information; section S5).
Modeled surface air concentrations of PFO(A) were
compared with observations in the target domain listed in
Table S3 (6-8). Predicted concentrations were averaged over
the same periods as the observations. Observed PFO(A)
concentrations ranged widely from 15.2 pg m-3 in Fukuchiyama city to 1261 pg m-3 in Osaka city (Table S3). The

FIGURE 2. Comparison of observed and modeled surface air
concentrations in the 2000s (pg m-3) at various sampling sites.
Agreement is indicated by a correlation coefficient r of 0.91 (p
) 2.6 × 10-4) and an averaged fractional difference f of 0.12.
Observations at sampling sites (6-8) are denoted A, B, and so
on. Geographical locations are given in Table S3. Symbols on
the solid line indicate a perfect fit between observation and
calculation, and those lying between the two dashed lines
indicate error factors of less than 2.
model simulations generally matched observed concentrations in the 2000s as indicated by a high correlation coefficient

of 0.91 (p ) 2.6 × 10-4) as shown in Figure 2. General
agreement was also indicated by an f value of 0.12. Seven out
of ten samples were reproduced with an error factor lower
than 2. The error factors of the three other samples (C, D,
and H) were lower than 5. The presence of error factors higher
than 2 may have been due to an inaccuracy of the predicted
wind fields or of the topography around the sampling sites.
Additional observations are necessary to further evaluate the
atmospheric model.
Estimated PFO(A) Intake. Reflecting surface air concentrations, estimated inhaled intake in Settsu was 1 order of
magnitude greater than that in Kyoto and Nishinomiya, which
was comparable to our previous estimate of 3.9 ng day-1 (6)
(Figure S4). Likewise, the inhaled intake in Osaka was
negligible, although it was consistently greater than in Kyoto
and Nishinomiya. The inhaled intake in Settsu exceeded 50
ng day-1 for most of the period, and it was much greater than
the estimated GIT intake until 2005. Spikes in inhaled intake
levels resulted from variability in air concentrations.
Serum Levels of PFO(A) in Residents of the Keihanshin Area. Figure 3 shows temporal trends of serum PFO(A)
levels on a logarithmic scale for residents of the Settsu area,
Kyoto area, Nishinomiya area, and Osaka areas. Inhaled
intakes were assumed to be homogeneous for each target
population, whereas GIT intakes were variable among
individuals in general population. The model results represented variable in GIT intakes by the lower and upper
bounds. Figure 3 also compares calculated serum levels with
observed levels in the samples collected in these areas
(2, 3, 24, 25). The model reproduces temporal trends found
in the samples in Settsu and Kyoto, where levels increased
until 2005 and then decreased. Calculated serum levels
generally agreed with observations as indicated by a high
correlation coefficient r of 0.93 (p ) 9.5 × 10-5) and a small

FIGURE 3. Serum PFO(A) levels on a logarithmic scale (lines, in ng mL-1) calculated using simulated surface air concentrations and
observed in samples from residents. The model reproduced the temporal trend of serum concentrations of PFO(A) in residents living
in the Settsu area (a) and the Kyoto area (b). The modeled levels also agreed with observations in 2003 from the Nishinomiya area
(c) and from Osaka residents (d). The case without respiratory exposure (no-air) is also shown (a). The results of the no-air run
almost overlapped with those of the control run for Kyoto, Nishinomiya, and Osaka. Symbols represent GM of observed serum PFO(A)
levels (2, 3, 24, 25) for Settsu (circle), Kyoto (square), Nishinomiya (diamond), and Osaka (triangle). Error bars represent one GSD.
Lower and upper bounds of calculated serum values are shown by belts. The values correspond to serum levels for GIT intake at the
25th and 75th percentiles of values extrapolated from observed values in 2004 (3).
VOL. 44, NO. 20, 2010 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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FIGURE 4. Comparison of serum PFO(A) levels (ng mL-1)
between model results and observations listed in Table S4
(2, 3, 24, 25). Agreement is indicated by a correlation coefficient
r of 0.93 (p ) 9.6 × 10-5) and an averaged fractional difference
f of -0.02. The calculated concentrations are represented by
line segments using the lower and the upper limits of GIT
intake (black for Settsu, red for Kyoto, green for Nishinomiya,
and blue for Osaka). The observed concentrations are GM from
each set of samples. The two dashed lines indicate an error
factor of 2; r and f were calculated using the average of the
lower and upper limits of modeled concentrations.
fractional difference f of -0.02 (Figure 4). All eleven samples
were reproduced by error factors less than 2.
Serum levels for the case without inhaled intake (no-air
run) are also shown in Figure 3. Differences between the
control run and the no-air run represent the atmospheric
PFO(A) contribution to total serum levels. The atmospheric
contributions are dominant in Settsu (from 67.4% in the upper
oral intake case to 79.8% in the lower oral intake case in
2008) but negligible in Kyoto and Nishinomiya. Modeled
PFO(A) levels for Osaka residents are similar to those of the
Kyoto area and Nishinomiya area. The model results reveal
that the high PFO(A) level of 31.4 ng mL-1 observed in Settsu
in 2004 is attributed mainly to the atmospheric component.
It should be noted that serum concentration levels of PFO(A)
in the Keihanshin area are greater than those in other areas
(2, 3). Excess PFO(A) intake by residents of the Keihanshin
area may be attributed to their consumption of drinking water
(4). However, specifying contributions of various sources of
intake requires further study.
The serum levels of Settsu residents decreased after 2005
as a result of emission control by the manufacturer. However,
PFO(A) levels in Keihanshin residents remained higher than
levels in other areas, which were less than 5 ng mL-1 in the
2000s (2, 3). The persistence of PFO(A) is attributed to its
long half-life.
Recent epidemiological studies have suggested that
PFO(A) may have adverse health effects on fetal growth at
much lower serum concentrations in mothers (27, 28) than
those observed in females of Settsu in 2008. For this reason,
adverse health effects on fetal and neonatal growth should
7856
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be evaluated epidemiologically in the population within a
4.5 km radius of the Daikin plant.
In this study, we combined an atmospheric model and
a PK model to evaluate long-term inhalation exposure to
PFO(A) in the Osaka urban area. The model results for PFO(A)
concentrations both in surface air and in human serum
generally agree with observations. Sensitivity analysis demonstrated that changes in model parameters did not have
profound effects on the simulation results [Supporting
Information (section S6)]. However, it is necessary to
characterize chemical and physical properties in the atmosphere as well as the pharmacokinetic behavior of PFO(A)
in greater detail. For example, particle size and absorption
by the respiratory tract are not fully understood.
It should be noted that the target domain in this study is
small and near a strong point source. Other sources are
assumed to be negligible. For large-scale modeling, other
sources should be included such as gaseous PFOA emission
by volatilization from the surface of the earth (29) and by
release from marine aerosols enriched with surfactant PFO
(30). It should be also noted that there is an argument
regarding the irreversibility of gaseous PFOA sorption by QFFs
(31, 32). To observe the atmospheric PFO(A) more accurately,
it might be necessary that PFO(A) on particulate matter and
gaseous PFOA are collected separately and simultaneously
by appropriate devices, such as surface-deactivated QFFs
and downstream sorbents (12).
The combination of atmospheric transport modeling and
PK modeling has great potential. When modeling results are
validated by comparisons with monitoring samples from
human specimen banks, they can aid in reconstruction of
human exposure intensity over previous decades. This
approach can be applied to other chemicals and to other
regions where both human blood and food duplicate samples
are available. In an earlier study, we developed a global
atmospheric transport model for long-term simulation of
atmospheric lead (33). Using the approach described herein,
we are now expanding that work to the study of human
exposure to atmospheric lead from 1979 to 2009 in four East
Asian countries: Japan, Korea, China, and Vietnam.
Here, we have demonstrated an approach to reconstruction of historical human exposure using existing estimates
of emissions. Atmospheric modeling in combination with
PK modeling can also serve to assess unknown emissions or
to predict human exposure trends in the future using various
emission scenarios. Therefore, this approach will be useful
not only in emission control but also in environmental
decision making.
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