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Acid fog contains multiple stimuli that may have an
adverse effect on human airways. Fog water has been
shown to scavenge and concentrate airborne pollutants
and to imbue respirable particles with compounds poten-
tially injurious to the bronchial epithelium. Naturally oc-
curring fog has recently been shown to be quite acidic,
with pH values as low as 1.7 [1]. In Kushiro, a city with
only a small industrial area, located in north-eastern Japan,
where floating fog from the Pacific Ocean frequently oc-
curs every summer, the annual average pH of fog in 1991
was 4.91 and the minimum was 3.39. It was recently re-
ported that hospital visits for asthma increased on foggy
days in 8.8% of the adult asthmatics in Kushiro [2]. His-
torical air pollution disasters with high mortality and mor-
bidity have occurred during periods of fog [3]. The health
consequences of acid fog have provoked significant con-
cern in the light of results which reveal that fog water may
contain substantial concentrations of strong acid [4]. Acid
fog is associated with air pollutants including nitrogen
oxides (NOx), sulphur dioxides (SO2) and ozone (O3), and
most fog acidity is attributable to sulphuric acid (H2SO4)
and nitric acid (HNO3).

Exposure to acidic aerosols and sulphates has been as-
sociated with increased respiratory mortality, morbidity
and symptoms in a variety of settings [5–7]. Controlled-
exposure chamber studies suggest that asthma patients may

be more sensitive than normal volunteers to the negative
respiratory effects of acidic aerosols [8–10]. The effects of
exposure to ambient acid aerosol on asthmatic symptoms
have been studied epidemiologically [11–13], but there
have been no reports investigating the effects on nonatopic
or atopic asthmatic patients.

In the Harvard Six Cities Study, chronic coughs and
bronchitis were more closely correlated with hydrogen ion
(H+) concentration than with particle concentration [14].
Recently, DOCKERY et al. [15] reported that children living in
communities with the highest level of strongly acidic par-
ticles were more likely to report bronchitis than children
living in the least polluted communities. Daily ambient
concentrations of H+ in Denver, USA were associated with
reports of moderate or severe coughs and shortness of
breath in a large panel of adult asthmatics [11]. KOENIG et al.
[8] reported that acidic pollutants increased airway resist-
ance in asthmatics. Therefore, in order to test this hy-poth-
esis, the influence of acidity in the fog on airways in
asthmatic patients was investigated.

The purpose of this study was to elucidate the respira-
tory effects of naturally occurring acid fog on adult non-
atopic and atopic asthmatics. The results of the association
between ambient acid fog and daily hospital visits are re-
ported, including hospitalization, emergency room and out-
patient visits for asthma symptoms obtained by medical
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records, and compared with the effects of other meteoro-
logical variables and gaseous air pollutants in Kushiro city
during a 2 yr period from 1992 to 1993.

Materials and methods

Subjects

All subjects were recruited from Kushiro City General
Hospital and gave their informed consent. Of 257 asth-
matic patients who visited the hospital, 182 subjects were
residents of Kushiro city and medical records were ob-
tained for 102 of these 182 subjects from January 1992 to
December 1993. The subjects (15–79 yrs old) were 45
males and 57 females. A previous report on the same sub-
jects has been published [2]. The characteristics of the
patients are shown in table 1. The diagnosis of asthma was
defined as a history of recurrent episodes of wheezing,
chest tightness and Š20% variability in forced expiratory
volume in one second (FEV1) on a week-to-week basis,
confirmed by a chest physician. Nine patients were severe,
53 were moderate and 40 were mild asthmatics according
to the following definition [16]: severe (frequent exacer-
bations and FEV1 ð60% pred); moderate (daily symptoms
and FEV1 >60–<80% pred); and mild (symptoms Šonce
per week but ðonce per day and FEV1 Š80% pred). Forty
patients were treated with oral theophylline and inhaled
salbutamol, 62 patients received inhaled beclomethasone
dipropionate (300–1200 µg·day-1) and eight cases receiv-
ed oral prednisolone. Nonatopic asthmatics were defined
by a negative skin-prick test for common aeroallergens
(aqueous extracts of house dust, mite, mugwort and cat), a
total serum immunoglobulin-E (IgE) concentration within
the normal range (0–100 IU·mL-1) and no positive antigen-
specific serum IgE tested by the commercial kit (MAST
systems, Hitachi Kasei, Tokyo, Japan). The MAST system
includes 16 antigens (house dust, mite, ragweed, orchard
grass and two other grasses, Japanese cedar, Alternaria
and four other moulds, cat, dog, egg and soybean). When
patients had at least one of the following criteria they were
defined as atopic: 1) one or more positive skin-prick tests;
2) a total serum IgE level of more than 500 IU·mL-1; or 3)
one or more positive antigen-specific serum IgE. On the

basis of these criteria. Forty four patients were nonatopic
and 58 patients were considered to be atopic. There were
significant differences between atopic and nonatopic sub-
jects in sex and age, but there were no significant diff-
erences in blood eosinophil count, asthma severity and
medication (table 1). Individual hospital visits for asthma
were noted retrospectively from the patients' medical re-
cords. The number of visits was counted as follows. If the
same patient visited for 2 or more consecutive days due to
one asthma exacerbation, this was counted as one visit.
Any visit within 2 weeks after the acute exacerbation were
not counted. To obtain information on personal exposure
to the fog, the questionnaire asked each participant to
answer "yes" or "no" as to whether they refrained from
going outside the house during the duration of the fog.

Meteorological data

The following daily meteorological data were collected
from the Kushiro Meteorological Observatories: fog oc-
currence and duration, barometric pressure, temperature,
water vapour pressure, relative humidity, wind velocity and
wind direction. Fog was defined as an atmospheric state
existing when normal horizontal vision was reduced to
less than 1.0 km. Fog water was sampled using a screen
collector in which droplets were collected by inertial im-
paction, and the acidity of the fog water was measured
immediately with a pH meter (Toadenpakougyou, Tokyo,
Japan). Daily data regarding the 24 h average on air pol-
lutants, suspended particulate matter (SPM) of less than
10 µm, SO2, nitrogen oxide (NO), nitrogen dioxide (NO2),
NOx and ozone, were obtained from the department of
Health and Environment, Hokkaido Prefecture.

Statistical analysis

The descriptive factors of age, eosinophil count and ser-
um IgE level are given as mean±SD. Unpaired t-tests, Chi-
squared tests, and post hoc tests were performed for these
background factors, and air pollutants or meteorological
factors were measured to compare between foggy days
and fog-free days. The cut-off values were mean±SD for
each of the air pollutant and meteorological factors (see
table 3). Odds ratios (OR) and 95% confidence intervals
(95% CI) of hospital visits were calculated based on these
values [17]. For example, the presence of fog (+) has a
2.5-fold higher risk than that of no fog (-). Poisson regres-
sion analysis was performed for the same dichotomized
air pollutants and meteorological factors [18]. Pearson's
correlation was used to assess the relation among air pol-
lutants and meteorological factors, and the correlation
between the number of hospital visits and the mean fog
pH of that day. Values of pð0.05 were considered statisti-
cally significant.

Results

Fog occurred on 378 out of 731 days, and fog acidity
ranged from pH 3.32–6.91 (mean pH 4.95). The duration
of fog and number of individual foggy days were as fol-
lows: <3 h, 229 days; >3 h and <6 h, 62 days; >6 h and <9

Table 1.  –  Characteristics of patients

Nonatopic
(n=44)

Atopic
(n=58) p-value

Gender  M/F
Age  yrs* 
Eosinophils+

Total serum 
  IgE+ IU·mL-1

Severity of asthma†

  Mild/moderate/
  severe
BDP +/-
  ð400 µg·day-1  n
  >400 µg·day-1  n
PSL p.o. 
  >5 mg·day-1 n 

12/32
52±16 (21–79)

386±51
43±28

16/24/4

18/26
12
14
4

33/25
41±16 (15–70)

488±61
876±100

24/29/5

22/36
23
13
4

<0.01
<0.01

NS

<0.0001

NS

NS

NS

NS

†: asthma severity was defined in reference [16]; *: mean±SD

(range); +: mean±SD. M: male; F: female; IgE: immunoglobulin-
E; BDP: beclomethasone dipropionate; PSL: prednisolone; NS:
nonsignificant.
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h, 36 days; and >9 h, 51 days. The differences in air pol-
lutants and meteorological variables between foggy days
and fog-free days are shown in table 2. NO, NO2, SO2 and
ozone on the foggy days were significantly (p<0.01) lower
than on the fog-free days. Daily temperature difference,
day-to-day temperature difference and mean wind veloc-
ity on foggy days were significantly (p<0.001) lower than
those on fog-free days. Water vapour pressure, relative
humidity (mean and minimum) and per cent of southerly
(ocean direction) wind on foggy days were significantly
(p<0.001) higher than on fog-free days. The time-course
of air pollutants, temperature, relative humidity, hospital
visits of asthmatic patients, and fog duration in the period
from January 1992 to December 1993 are shown in figure
1. Over 100 h of fog per month was observed in June, July
and August 1992 and in June and August 1993. The mean
pH of fog during the 2 yr was 4.95 (range 3.32–6.91). The
number of nonatopic asthma exacerbation cases had three
peaks, in July and November 1992 and June 1993, two
of which coincided with the foggy season. In atopic asth-
ma attack cases there were three peaks, in October 1992,
April and July 1993.

Pearson's correlation coefficients between air pollutants
and meteorological factors on the 731 days were calcu-
lated. NOx was correlated with SPM (r=0.70, p<0.001) and
ozone was negatively correlated with water vapour pres-
sure (r=-0.44, p<0.001). Water vapour pressure was cor-
related with temperature (r=0.94, p<0.001) and relative
humidity (r=0.64, p<0.001).

The number of hospital visits for asthma was 706 for
nonatopic asthmatic subjects and 546 for atopic asthmatic
patients during this survey. In the nonatopic patients NO,
NO2, SPM, and day-to-day temperature differences show-
ed significantly decreased OR. Fog and water vapour
pressure, in contrast, showed significantly increased OR
(table 3). Since these factors interact with one another,
they were used to perform a Poisson regression analysis
(table 4). Day-to-day temperature differences and water
vapour pre-ssure revealed no significant difference, indi-
cating that they contributed not to the increase in asth-
matic attacks, but to the development of fog. In this
multiple regression analysis low concentrations of NO
and the existence of fog remained significant, i.e. NO

Table 2.  –  Air pollutants and meteorological factors on foggy and fog-free days

Foggy day
n=378

Fog-free
n=353 p-value

NO ppb
NO2 ppb
SO2  ppb
SPM  µg·m-3

O3  ppb
Barometric pressure  hPa
Daily temperature difference °C
   (max minus min)
Day-to-day temperature difference °C
   (max of previous day minus min)
Water vapour pressure  hPa
Relative humidity (mean)  %
Relative humidity (minimum)  %
Wind velocity (mean)  m·min-1

Wind velocity (maximum)  m·min-1

Wind direction (south) at maximal velocity  %

5.9±4.8
9.2±4.6
3.2±2.4

23.2±13.0
19.2±9.9

1006±7
5.5±6.4

6.1±5.4

11.3±4.4
86.6±8.6
70.5±15.3
3.3±1.3
6.7±2.4

             59.4

7.8±6.1
11.5±5.7
3.7±1.9

24.8±12.4
21.4±8.4

1010±7
8.6±3.3

9.0±3.3

5.3±3.2
68.3±10.9
49.0±12.8
3.6±1.4
7.0±2.2

             34.6

<0.001
<0.001
<0.01

              NS

<0.01
<0.001
<0.001

<0.001

<0.001
<0.001
<0.001
<0.001

              NS

<0.001
ppb: parts per billion; SPM: suspended particulate matter; NS: nonsignificant.
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Fig. 1.  –  Monthly mean values of air pollutants, climatic factors, dura-
tion of fog and respiratory hospital visits from January 1992 to Decem-
ber 1993. Nitrogen oxides (A), ozone (B) and sulphur dioxides (D) are
presented as parts per billion (ppb), and suspended particulate matter of
less than 10 µm (C) is expressed as µg·m-3. E: Monthly mean tempera-
ture; F: relative humidity; and number of hospital visits for asthma in
nonatopic (G) and atopic (H) asthmatics.
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absorbed in fog particles increases the risk of asthmatic
attack. An apparent concentration of NO becomes low
after its absorption by fog. In the group of atopic patients,
although low SO2, low NO2, high water vapour pressure
and the existence of fog showed significantly (p<0.05)
increased OR (table 3), the Poisson regression analysis
(table 4) suggested that the contribution of air pollutants
absorbed by fog was not as great as in nonatopic patients,
since the coefficient value of the fog existence was not
significant.

Pearson's correlations between the number of hospital
visits and the mean fog pH of the day were performed sep-
arately in atopic and nonatopic asthma. There was a sig-
nificant inverse correlation in nonatopic asthmatics (r= -
0.38, p<0.05), as visits would increase on low pH foggy
days. However, no such correlation was found in atopic
asthmatics (r=-0.19, nonsignificant).

The questionnaire demonstrated that six out of 44 pat-
ients from the nonatopic and nine out of 57 atopic subjects
refrained from going out during foggy periods. There was
no significant difference (p=0.98) between the two groups.

Discussion

In this study, fog had the highest positive value of all
the measured meteorological variables and air pollutants
in nonatopic asthma, and a significant correlation between
the number of visits and fog pH was also found. These
results suggest that the inhalation of naturally occurring

acid fog might have adverse respiratory effects, especially
on nonatopic asthma. To our knowledge, this is the first
published study to compare the respiratory effects of nat-
urally occurring acid fog on nonatopic and atopic adult
asthmatics. MCMANUS et al. [19] reported that nonallergic
asthmatics are more sensitive to short-term, low-level SO2
exposure than are healthy, age-matched control subjects.
As nonallergic asthma was more responsive than allergic
asthma to ipratropium bromide [20], nonallergic asthmat-
ics may have increased resting parasympathetic tone. It
was estimated that H+ air pollutants would produce bron-
chospasm as a result of postsynaptic muscarinic receptor
stimulation. However, the magnitude of this response was
highly variable between individual subjects in groups of
both nonallergic and allergic asthmatics [20, 21].

The results revealed that hospital visits by nonatopic
asthma patients increased on days with low levels of NO
and those by atopic subjects increased on low SO2 days.
This observation is inconsistent with most air pollution
epidemiology as high levels of air pollutants have conven-
tionally been linked with asthma exacerbation [22]. The
levels of atmospheric NO and SO2 on foggy days decre-
ased in comparison with fog-free days. In this study, the
level of these air pollutants was measured in the gaseous
phase, excluding fog water. Gaseous air pollutants may
be scavenged and concentrate themselves in fog water.
Therefore, the levels of NO and SO2 in the ambient air
may be low and these compounds, including H+, might be
concentrated in fog water, which could decrease the pH
levels. Therefore, the fact that hospital visits increased on
foggy days with low levels of air pollution might be due to

Table 3.  –  Odds ratio of hospital visits and 95% confidence intervals for air pollutants and meteo-
rological variables

    Nonatopic patients     Atopic patients
Air pollutant and meteorological parameter OR (95% CI) OR (95% CI)
NO Š10 vs <10 ppb
NO2 Š15 vs <15  ppb
SO2 Š5 vs <5 ppb
SPM Š30 vs <30 µg·m-3

O3 Š25 vs <25  ppb
Fog  yes vs no
Barometric pressure Š1000 vs <1000 hPa
Daily temperature difference Š10 vs <10°C
Day-to-day temperature difference Š10 vs <10°C
Water vapour pressure Š12 vs <12 hPa
Relative humidity (mean) Š90 vs <90%
Relative humidity (minimum) Š75 vs <75%
Wind velocity (mean) Š4 vs <4  m·min-1

Wind velocity (maximum) Š9 vs <9  m·min-1

Wind direction at maximal velocity  south vs others

0.52
0.62
1.18
0.77
1.27
2.50
0.65
0.53
0.40
1.87
1.14
1.15
0.64
0.78
1.09

(0.40–0.68)
(0.45–0.84)
(0.96–1.46)
(0.61–0.98)
(1.04–1.55)
(1.26–4.93)
(0.30–1.40)
(0.22–1.30)
(0.16–0.96)
(1.02–3.43)
(0.58–2.24)
(0.82–2.88)
(0.31–1.34)
(0.35–1.73)
(0.59–1.99)

0.87
0.81
0.78
0.87
0.99
1.66
1.78
0.86
0.78
1.54
1.24
0.83
0.77
0.66
1.33

(0.74–1.02)
(0.67–0.97)
(0.66–0.93)
(0.75–1.02)
(0.86–1.14)
(1.09–2.51)
(0.89–3.53)
(0.52–1.41)
(0.48–1.25)
(1.00 –2.37)
(0.78–1.96)
(0.52–1.34)
(0.48–1.24)
(0.38–1.16)
(0.88–1.99)

OR: odds ratio; CI: confidence interval; ppb: parts per billion; SPM: suspended particulate matter.

Table 4.  –  Results of Poisson regression analysis

NO
Š10 ppb

NO2
Š15 ppb

SO2
>5 ppb

SPM
Š30 µg·m-3

O3
Š25 ppb

Fog
yes

Temp.
Š10°C

Vapour press.
Š12 hPa

Nonatopic
  Coefficient estimate
  Standard error
Atopic
  Coefficient estimate
  Standard error

-0.52**
0.17

0.08
0.01

0.21
0.22

-0.15
0.14

-0.09
0.11

-0.24*
0.09

-0.01
0.15

-0.002
0.09

0.16
0.12

0.12
0.08

-0.33**
0.10

0.04
0.07

-0.14
0.13

0.04
0.08

-0.04
-0.11

0.19*
0.09

ppb: parts per billion; Temp.: day-to-day temperature difference; Vapour press.: water vapour pressure; SPM: suspended particulate
matter. *: p<0.05; **: p<0.01.
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the scavenging of air pollutants by the fog. Many possible
mechanisms of oxidative injury have been associated with
HNO3, H2SO4 and O3, and H+ itself might have adverse
effects on the bronchial epithelium. Increased airway re-
sistance caused by acidic pollutants may have been due to
the reduced buffer or H+ ion absorption capacity of the air-
way mucus, which is mainly a function of high molecu-
lar weight mucous proteins, especially glycoproteins [23].
The normal pH of the fluid lining human airways ranges
from 6.5–7.5, with a mean value of about 6.9 [23], or 6.6
[24]. Intracellular and intercellular oedema begins to oc-
cur at approximately pH 6.5 in the mucosa of cow trachea,
and below pH 6 the epithelium loosens itself from the
basement membrane [25]. London air pollution data from
1958–1972, including daily measurements of smog, SO2
and aerosol acidity, showed aerosol acidity to be more
predictive of daily mortality than either smog of SO2 [6].
Ontario, Canada and New York, USA have also shown
levels of atmospheric acidity or sulphate that correlate with
rates of hospital admission for acute respiratory disease
during the summer months when acid hazes occur [26]. In
contrast, some reports suggested that daily mortality was
associated with particulate matter but not with aerosol
acidity [27].

The limitation of this study is that the use of outdoor
fog-monitoring data to estimate personal exposure intro-
duces error into the exposure assessment. QUAKENBOSS et al.
[28] reported an indoor:outdoor ratio of 0.5 for particulate
matter under 10 µm in the homes of nonsmokers in Tuc-
son, Arizona. DOCKERY and SPENGLER [29] reported an
indoor:outdoor ratio of 0.55 for total suspended particu-
lates in Steubenville, Ohio. In general, the diameter of fog
droplets is in the order of 10–15 nm [30], and therefore
fog particles may be capable of floating indoors.

Hospital visits by nonatopic patients increased on low
pH foggy days, but the relation was weak. Neutralization
of strong acid fog with endogeneous ammonia may re-
duce the effects of the inhaled acid aerosol. The results of
the reaction of ammonia with the acid aerosol suggested
that inhaled aerosol might be neutralized inside the air-
ways or outside in the breathing zone [31]. However, CLARK

et al. [32] reported that endogenous ammonia did not
effectively prevent the inhalation of ambient acid, but
might neutralize approximately one-quarter of inhalable
acid in healthy volunteers.

In this study fog occurred under conditions of low baro-
metric pressure, with minimum differences in temperature
and a weak coastal wind. High water vapour pressure and
high relative humidity seemed to occur as a result of the
fog. The level of water vapour pressure was positively cor-
related with hospital visits by atopic patients. Relatively
high humidity may often have a favourable effect on air-
ways, but it may also facilitate the production of fungal
spores, which might be a cause of allergic reactions in
atopic subjects. In the Six-City Study of schoolchildren,
indoor dampness was strongly associated with lung dys-
function, and could result in more fungal spores indoors
[33, 34].

In Kushiro city, dense fogs occurred on about half of
the total number of foggy days. The diameter of the fog
droplets was not measured. In general, fog droplets can
have a median diameter in the order of 10–15 µm [30],
and mean droplet diameter may range from >10 µm in
dense fog to <1 µm during relatively low humidity. In this

study droplets of 10 µm or larger in diameter might consti-
tute a large part of the total number. LINN et al. [35] men-
tioned that such droplet size (i.e. fog) tended to exacerbate
short-term symptomatic respiratory responses. Aerosols
of a mean aerodynamic diameter of 1 µm or less have
received the most attention in health studies because they
are typical of acidic ambient pollution and are respirable
into the deep lung. 

The present results showed a trend towards an increase
in hospital visits for asthma during periods of fog. The
foggy seasons occurred during the late spring and thro-
ughout the summer in Kushiro, whereas respiratory exac-
erbation of adult asthma occurred more frequently in the
spring and autumn in Japan [36]. Therefore, the trend of
hospital visits in this study might be attributable to the
foggy conditions in Kushiro and not to seasonal variations
in Japan. Not all peaks of hospital visits in nonatopic
patients could be explained by the fog. The reason for the
second peak in 1992 could not be elucidated, but the com-
mon colds that were prevalent during this period may have
been a trigger factor.

In conclusion, hospital visits for asthma exacerbation in
nonatopic asthmatic patients were found to increase on
foggy days, especially on days with lower pH fog. Be-
cause levels of gaseous air pollutants on foggy days were
lower than those on fog-free days, air pollutants may have
been absorbed by the fog and the acidity of fog water may
then be increased. Naturally occurring acid fog may have
a weak bronchoconstrictive effect, which appears to be
more influential in nonatopic asthmatic patients than in
atopic subjects.
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